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Abstract

Rice is traditionally cultivated in flooded paddies under sub-oxic and anoxic conditions where non-
aerobic respiration pathways, such as iron (Fe) and sulfur (S) reduction, take place. These conditions
trigger arsenic (As) mobilization and, through abiotic and microbially mediated reactions, influence As
speciation. The speciation of As influences its mobility, toxicity, uptake by plants, and accumulation in
rice grains. Given the importance of rice as a staple food, As exposure through its consumption is a

global concern.

Long-term paddy cultivation triggers a specific soil development, characterized by soil organic carbon
(SOC) accumulation, formation of amorphous Fe phases, increased microbial biomass, and decreased
pH. These are soil properties reported to influence As mobility and speciation. Until now, a clear
connection between paddy soil development and aqueous redox biogeochemistry, including As

behavior, has not been established.

This thesis aimed to investigate the role of long-term paddy use on As mobility and speciation. Using
a paddy soil chronosequence spanning 2000 years of use, the links between changes in soil properties
and the biogeochemistry of Carbon (C), Fe, S, and As were evaluated. The influence of long-term paddy
use (or paddy soil “age”) in the transformation dynamics of well-known As species such as inorganic
and methylated oxyarsenic species was assessed. Moreover, pedological and biogeochemical factors
influencing the formation of thioarsenates, a group of species recently identified in paddy soils, were

also investigated.

Study 1 evaluated how long-term paddy soil development influences As redox dynamics. The formation
of amorphous Fe phases with long-term paddy use decreased As mobility. The abundance of

'in these phases delayed other anaerobic respiration pathways such as sulfate reduction

bioavailable Fe
and methanogenesis. Nonetheless, increased SOC supported higher microbial activity, soil respiration,
and methanogenesis. This higher microbial activity increased As methylation. Thioarsenate formation
was hindered by long-term paddy use due to the high availability of reducible Fe in older soils, which

scavenged the sulfide (S™) required for As thiolation.

Having established that long-term paddy use influences redox biogeochemistry and As dynamics,
Studies 2 and 3 evaluated if it also regulates biogeochemical responses to external influences.
Considering future climatic scenarios, Study 2 evaluated how higher temperatures influence As
biogeochemistry depending on soil development. Increasing temperatures triggered specific risks
depending on the soil’s developmental stage. Higher temperatures increased As mobilization in newly
established and young paddies due to a lack of sorption sites from amorphous Fe phases. Paddies of

100 and 300 years showed higher increases in As methylation, due to an enhanced microbial activity
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and SOC pool that supports it. Soil respiration and methanogenesis had the highest relative increase in

older soils, risking a positive feedback loop with climate change.

Study 3 evaluated how paddy soils at different stages of development could respond to sulfate
fertilization, a practice proposed to limit As mobility. In young paddies with low Fe and SOC
availability, sulfate fertilization caused an excess of S™ which increased As thiolation. Older paddies
with higher SOC and amorphous Fe phases buffered this increase. In young soils, lower sulfate
reduction rates compared to those in older ones, offered a small but constant supply of S™ for As
thiolation. Moreover, young paddies had the highest relative increase in As methylation after sulfate
fertilization. These results, together with observations from Study 1 suggest changes in the microbial
communities related to As methylation with increasing paddy soil age, from sulfate-reducing-bacteria-
driven to fermentative-bacteria-driven. Study 3 additionally determined that disruptions to paddy soil
development which decrease SOC, Fe availability, and microbial activity, cause their responses to

sulfate fertilization to be similar to that in young paddies.

In Studies 1 and 2, thioarsenate formation during incubation stages with low sulfate reduction suggested

an alternative source of S™. Sulfide reoxidation coupled to Fe'!!

reduction (so-called cryptic S cycle,
CSC) has been proposed to play a role in As thiolation. In Study 4, the youngest paddy was depleted
from excess S, Fe, and As using repetitive redox cycling, to evaluate the role of the CSC as a source of
ST for As thiolation. Zerovalent S and thiosulfate (products of S™ reoxidation) correlated positively
with the formation of methylated but not inorganic thioarsenates, suggesting that CSC plays a bigger
role in the formation of the former. Results from this Study also suggest that, in S-depleted soils,

dethiolation of inorganic thioarsenates takes place to form thermodynamically preferred

methylthioarsenates.

The findings of this thesis show that changes in soil properties related to long-term paddy use influence
redox processes and, in turn, As mobility and speciation. These findings could help evaluate current
and future risks associated with rice production, as well as tailor agronomical practices depending on
the specific requirements of each developmental stage. From an As speciation perspective, the findings
presented here expand on the current knowledge of the biogeochemical processes influencing the

dynamics of methylation and thiolation in paddy soils.

viii



Zusammenfassung

Reis wird traditionell in iiberfluteten Reisfeldern unter sub- und anoxischen Bedingungen angebaut.
Dort finden anaerobe Reaktionen, wie die Reduktion von Eisen (Fe) und Schwefel (S) statt. Dies fiihrt
zur Mobilisierung von Arsen (As) und beeinflusst durch abiotische Reaktionen und mikrobielle
Prozesse die As-Speziierung. Die Speziierung von As beeinflusst dessen Mobilitit, Toxizitit,
Aufnahme durch Pflanzen und Anreicherung in Reiskornern. Angesichts seiner Bedeutung als

Grundnahrungsmittel ist die As-Exposition durch den Verzehr von Reis ein globales Problem.

Langfristiger Reisanbau 16st charakteristische Prozesse im Boden aus. Dazu gehoren die Anreicherung
von organischem Kohlenstoff (SOC), die Bildung amorpher Fe-Phasen, eine erhohte mikrobielle
Biomasse und ein niedrigerer pH-Wert. Diese Bodeneigenschaften beeinflussen, Studien zufolge, die
Mobilitit und Speziierung von As. Bislang wurde jedoch kein eindeutiger Zusammenhang zwischen
der Bodenentwicklung in Reisfeldern und biogeochemischen Redoxreaktionen, einschlieBlich der As-

Mobililitdt, im Porenwasser festgestellt.

Das Ziel dieser Doktorarbeit war, die Rolle des langfristigen Reisanbaus fiir die Mobilitdt und
Speziierung von As zu untersuchen. Anhand von Reisfeldern in einer 2000-jdhrigen Chronosequenz
wurden die Zusammenhinge zwischen den Verdnderungen in Bodeneigenschaften und der
Biogeochemie von Kohlenstoff (C), Fe, S und As untersucht. Der Einfluss des langfristigen Reisanbaus
(oder des ,,Alters* der Reisboden) auf die Umwandlung bekannter As-Arten, wie anorganischer und
methylierter Oxyarsen-Spezies, wurde bewertet. Dariiber hinaus wurden bodenkundliche und
biogeochemische Faktoren untersucht, die die Bildung von Thioarsenaten beeinflussen, einer Gruppe

von Spezies, die kiirzlich in Reisboden identifiziert wurde.

In Studie 1 wurde untersucht, wie die langfristige Entwicklung von Reisbdden die Redoxdynamik von
As beeinflusst. Die Bildung von amorphen Fe-Phasen bei langfristigem Reisanbau verringerte die As-
Mobilitit. Das bioverfiigbare Fe'' in diesen Phasen verzogerte andere anaerobe Atmungswege, wie die
Sulfatreduktion und die Methanogenese. Gleichzeitig forderte der erhohte organische Kohlenstoft die
mikrobielle Aktivitit, die Bodenatmung und die Methanogenese. Die hohere mikrobielle Aktivitdt
fiihrte zu starkerer As-Methylierung. Die Bildung von Thioarsenaten wurde durch den langfristigen
Reisanbau verlangsamt. Der hohere Gehalt an reduzierbarem Fe in dlteren Boden fing den reduzierten

sulfid (S ab, der fiir die Thiolierung von As erforderlich ist.

Basierend auf diesen Ergebnissen wurde in den Studien 2 und 3 untersucht, ob langfristiger Reisanbau
die biogeochemischen Reaktionen der Boden auf externe Faktoren beeinflusst. Unter Beriicksichtigung
kiinftiger Klimaszenarien wurde in Studie 2 untersucht, wie sich hohere Temperaturen auf die
Biogeochemie von As in Abhéngigkeit von der Bodenentwicklung auswirken. Hohere Temperaturen

verstirkten die As-Mobilisierung in neu angelegten und jungen Reisfeldern, da hier nur wenige
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amorphe Fe-Phasen als Sorbenten vorhanden waren. Bei 100 und 300 Jahre alten Anbauflidchen stieg
die As-Methylierung stirker an. Das ist auf eine hohere mikrobielle Aktivitit und einen groBBeren Pool
organischer Substanz zuriickzufiihren, der die As-Methylierung unterstiitzt. Die relative Zunahme der
Bodenatmung und der Methanogenese war in dlteren Boden am groBten, was zu einer positive feedback

loop mit dem Klimawandel fithren konnte.

In Studie 3 wurde untersucht, wie Reisbdden in verschiedenen Entwicklungsstadien auf Sulfatdiingung
reagieren, eine Maflnahme, die zur Begrenzung der As-Mobilitit vorgeschlagen wurde. In jungen
Reisfeldern mit geringer Verfiigbarkeit von Fe und organischem Kohlenstoff fiihrte die Sulfatdiingung
zu einem Uberschuss an S, was die As-Thiolation erhohte. Altere Reisfelder mit mehr organischem
Kohlenstoff und amorphen Fe-Phasen pufferten diesen Anstieg ab. In jungen Boden boten die, im
Vergleich zu dlteren Boden, niedrigeren Sulfatreduktionsraten ein geringes, aber konstantes Angebot
an S fiir die As-Thiolierung. In jungen Boden war der relative Anstieg der As-Methylierung nach
Sulfatdiingung am hochsten. Diese Ergebnisse deuten zusammen mit den Ergebnissen aus Studie 1
darauf hin, dass sich die mikrobiellen Gemeinschaften, die fiir die As-Methylierung verantwortlich sind,
mit zunehmendem Alter der Reisfelder von sulfatreduzierenden zu fermentativen Bakterien
verschieben. In Studie 3 wurde zudem festgestellt, dass Stérungen in der Entwicklung von Reisboden,
dazu fiihren, dass die Reaktionen auf die Sulfatdiingung dhnlich sind wie in jungen Reisfeldern. Der
Grund dafiir ist, dass diese Storungen den organischen Kohlenstoff, die Fe-Verfiigbarkeit und die

mikrobielle Aktivitdt verringern.

In den Studien 1 und 2 deutete die Thioarsenatbildung wéhrend der Inkubationsphasen mit geringer
Sulfatreduktion auf eine alternative Quelle fiir S™ hin. Moglicherweise spielt die Reoxidation von

Sulfid in Verbindung mit der Reduktion von Fe™

(so genannter cryptic S cycle, CSC) eine Rolle bei
der Thiolierung von As. In Studie 4 wurde im jiingsten Reisfeld iiberschiissiger S, Fe und As durch
wiederholte Redoxzyklen entfernt, um den CSC als Quelle von S™ fiir die As-Thiolierung zu bewerten.
Nullwertiger S und Thiosulfat (Produkte der Sulfidreoxidation) korrelierten positiv mit der Bildung von
methylierten, aber nicht von anorganischen Thioarsenaten, was darauf hindeutet, dass der CSC eine
wichtige Rolle bei der Bildung von Methylthioarsenaten spielt. Die Ergebnisse dieser Studie deuten

darauf hin, dass in S-armen Boden eine Dethiolierung von anorganischen Thioarsenaten stattfindet, um

thermodynamisch bevorzugte Methylthioarsenate zu bilden.

Die Ergebnisse dieser Arbeit zeigen, dass Verdnderungen der Bodeneigenschaften, die mit
langfristigem Reisanbau einhergehen, die Redoxprozesse und damit auch die Mobilitét und Speziierung
von As beeinflussen. Diese Erkenntnisse konnten dazu beitragen, aktuelle und kiinftige Risiken im
Zusammenhang mit dem Reisanbau zu bewerten und landwirtschaftliche Praktiken auf die spezifischen
Anforderungen der Entwicklungsstadien abzustimmen. Aus der Perspektive der As-Speziierung
erweitern die hier vorgestellten Ergebnisse das Wissen iiber die biogeochemischen Prozesse, die die

Dynamik der Methylierung und Thiolierung in Reisboden beeinflussen.
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Extended summary

1. Introduction

1.1. Flooded rice cultivation — Biogeochemical implications and consequences

Rice is a crop of global importance since it is a staple food for half of the world’s population, and its
consumption is widespread mainly across Asia, Africa, and Latin America.'* The flooded conditions
under which rice is traditionally cultivated have direct consequences on soil and porewater
biogeochemistry.>* The standing water prevents direct interactions between the soil and the atmosphere,
limiting the diffusion of oxygen into the soil.> After flooding, aerobic microbial activity readily depletes
the porewater from oxygen, decreasing the redox potential and generating sub-oxic and then anoxic
conditions.®> This oxygen depletion triggers dynamic redox processes due to the use of alternative
electron acceptors in anaerobic microbial respiration pathways, including sulfur (S) and iron (Fe)

reduction, and methanogenesis.>>

These microbially mediated processes are directly linked with the biogeochemistry of arsenic (As) in
paddy soils and its accumulation in rice grains. Arsenic accumulation in rice grains is a consequence of
increased bioavailability under reducing conditions and the physiology of rice plants, which uptake As
through non-specific uptake pathways for phosphorus and silicon.*** Thus, rice consumption is
considered one of the main dietary exposure sources to As, a well-known carcinogen.”!® In comparison
to other cereals, such as wheat or barley, rice can contain up to 10 times more As.!! Considering the
high and worldwide spread consumption of rice, exposure to As through accumulation in rice grains is
of global concern.!> More importantly, a combination of microbially mediated and abiotic reactions

control As speciation, and, thus, its mobility and toxicity for rice plants and consumers. !>

1.1.1. Influence of flooded conditions on As mobility and speciation

Arsenic is ubiquitously present in the environment as a result of the weathering of As-containing
minerals, volcanic and geothermal activity, and anthropogenic sources.'> The global average of As
content in soils lies between 5 and 7.5 mg kg™, but concentrations can reach up to several hundreds of
mg kg depending on bedrock material or anthropogenic influences from mining activities or the use

of As-containing pesticides and fertilizers.'>'¢

Under oxic conditions, As is present in soils mainly as arsenate bound to Fe™

(oxy)hydroxide phases,
where it is immobile.!”!® Iron reductive dissolution under flooded conditions releases arsenate into the
porewater where it becomes available for plant uptake (Figure 1, lower left).!” Arsenate can be reduced
to arsenite either after release or while it is still adsorbed to mineral phases.?® Arsenate and arsenite

(summarized as inorganic As) are the major species in paddy soil porewater and rice grains.>''?! Being
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highly toxic for humans, they are classified as Class A Carcinogens, and their content is regulated in

rice grains and products.?>%

Oxymethylated arsenates ] Methyithioarsenates
'Y DMA @ | L 0 |
o0 .«%‘t s 0%
s ‘ 5 )
® CH; : ! DMMTA DMDTA
S 3 '-' H
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Figure 1: Formation of the different As species discussed in this thesis, and the groups in which they

are classified. For simplicity of the depiction, charges, oxidation states, and possible protonation have

been omitted.

The second major group of As species in paddy soil porewater are oxymethylated arsenates (Figure 1,
upper left).>*!** Soil microbes carrying the S-adenosylmethionine methyltransferase (arsM) gene can
biotically methylate arsenite in two consecutive steps to form monomethylarsenate (MMA) and
dimethylarsenate (DMA).'»*?¢ The two main microbial groups currently associated with As
methylation in paddy soils are sulfate reducing bacteria?’?® (SRB) and fermentative bacteria® (FB),
although the metabolic advantage behind the methylation process is still largely unknown. Some
hypotheses involve detoxification mechanisms?® or the use of trivalent methylated As species as

antibiotics against other microbial groups.’*!

In paddy soils, oxymethylated arsenates can be
demethylated back to arsenite by the activity of some methanogens.?’**** Arsenic methylation
dynamics largely influence As accumulation in rice grains. Rice plants have a wide range of As
detoxification strategies, such as complexation with glutathione or phytochelatins, which effectively
bind arsenate, arsenite, and MMA, and sequester them in the vacuoles.’**> However, a lack of effective
detoxification mechanisms for DMA causes this species to be enriched in the grains.’® Although
currently considered less toxic for humans than arsenate and arsenite,*”** DMA has strong phytotoxic

effects, causing so-called straighthead disease which limits grain filling and, thus, plant yield.***
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Besides the species groups mentioned above, thioarsenates have recently been identified in paddy

41,42 43,44

soils,**? rice plants,** and rice grains.*>* In paddy soil porewater, thioarsenate formation has been
linked to sulfide (S™) produced by SRB through dissimilatory sulfate reduction (DSR), which can
abiotically thiolate As.** Arsenite reaction with S and zerovalent S (S°) in consecutive steps produces
the inorganic thioarsenates mono-, di-, tri-, and tetrathioarsenate (MTA, DTA, TTA, and TetraTA,
respectively) depending on the S/As ratio (Figure 1, lower right).*’ Similarly, the nucleophilic reaction
of MMA or DMA with S™ produces the methylthioarsenates monomethylmonothioarsenate
(MMMTA), monomethyldithioarsenate (MMDTA), monomethyltrithioarsenate (MMTTA),
dimethylmonothioarsenate (DMMTA), and dimethyldithioarsenate (DMDTA), (Figure 1, upper

37,38,50,51

right).**% Growing evidence shows the toxic effects of thioarsenates on mammalian cells and

43,44,52 43,52

rice plants, uptake and accumulation in rice plants and grains, and formation during rice
product processing.”* However, under current standard methods for As extraction and speciation
determination in rice grain, the highly toxic methylthioarsenates are co-determined as non-regulated

45,54

oxymethylated arsenates. Given the hidden risk that thioarsenates can represent, a better

understanding of the redox dynamics influencing As thiolation in paddy soils is urgently needed.>*

1.1.2. Challenges of studying As speciation in paddy soil porewater

The redox dependency of the reactions regulating As speciation makes species contribution to the
aqueous phase highly dynamic. The distribution of As species in paddy soil porewater can be influenced
by temporal and spatial variations. For example, the presence of methylated As species is regulated by
the net effects of biotically mediated methylation and demethylation reactions, carried out by different
microbial groups, which thrive at different redox potentials.?’*>3*5 Thus, the rates of these reactions
can vary, depending on environmental and redox conditions and the availability of substrates that
sustain the metabolic processes of the involved microorganisms.?® Therefore, the content of methylated
As in the porewater can peak at a certain point before the rate of demethylation exceeds that of

methylation, decreasing then the net content of methylated As. 22332335

Besides temporal dynamics and transient peaks of species, the spatial distribution of As species might
also influence the dominance of species in a sample. In the paddy soil system, these differences are
most pronounced when comparing bulk soil and rhizosphere.’” Root oxygen loss by rice plants increases
redox potential around the roots, creating oxic or sub-oxic conditions that contrast with the anoxic ones
in the bulk soil.»* Re-oxidation of reduced S species around the rhizosphere, for example, has been
shown to play a major role in S redox dynamics in cultivated paddy soils.’”*® Such conditions around
the rice rhizosphere, as well as lower pH due to root exudates, have been shown to increase As mobility

and methylation.*!->%%

To overcome these challenges, microcosm experiments have been used to study the effects of redox

dynamics in paddy soil porewater.?”*4? These batch experiments allow a focus on biogeochemical




Introduction

dynamics through the application of several analytics techniques. Although a simplified system,
microcosms avoid influences from environmental and spatial variations, while conveniently allowing

regular samplings for evaluating temporal dynamics with an interdisciplinary approach.

Furthermore, since thioarsenates have only been recently identified in paddy soil porewaters,
information about the temporal and spatial dynamics influencing their formation in the soil is still
largely lacking. Since their formation is linked to S™ availability formed through DSR, they might be
also transient signals of thiolation, with dethiolation taking place when S™ is depleted.**> Moreover,
there are also analytical challenges related to the study of thioarsenate formation in paddy soils. Arsenic
speciation is normally investigated after separation with chromatographic methods.***”% Most
commonly established methods are not suitable for thioarsenate determination since acidic elution
conditions transform thioarsenates into their oxyarsenic homologs.*> Moreover, the sensitivity of
thioarsenates to pH, as well as to oxidation, makes common sample stabilization methods such as
acidification or oxidation unsuitable for thioarsenate preservation and later determination.®
Additionally, due to reductive Fe dissolution in paddy soils, porewater samples are often rich in
dissolved Fe. The oxidation of Fe''and its reprecipitation as Fe'! (oxy)hydroxides form sorption surfaces
where some As species are preferentially sorbed, influencing the species distribution in the sample.®'-%?
Different Fe complexation agents have been tried to keep the Fe in solution, avoiding reprecipitation.
However, the addition of these agents can affect the stability of certain As species, as well as the quality

of the chromatographic separation and species recoveries.*2646%

1.2. Influence of soil properties on As mobility and speciation

Global market surveys have shown that there are important variations in the As content and speciation
in rice grains, even suggesting, in some cases, geographic patterns.?'*® Increasing evidence suggests
that environmental factors and soil properties are responsible for such differences, rather than genetic
variations in rice cultivars.?** As described above, the biogeochemistry of As is closely linked to that

of C, S, and Fe.

Under flooded conditions, the main driver of As mobilization is the reductive dissolution of As-bearing
Fe' (oxy)hydroxides. Soil oxalate-extractable As has been identified as a good indicator of As
mobilization potential, suggesting that As is mainly mobilized from the reductive dissolution of
amorphous Fe' phases.®” Moreover, since the reductive dissolution of Fe is a microbially mediated
process, the availability of labile organic matter, including root exudates, can also indirectly influence
As mobilization.®*”! On the contrary, the formation of secondary Fe minerals, such as Fe sulfide phases,
has been suggested to limit As mobility in paddy soils due to sorption or incorporation of As.”>’* Based
on this process, sulfate fertilization has been proposed as an agronomic practice to decrease As mobility
in paddy soils and accumulation in grains. This practice has, however, shown contrasting results, where

no decreases and even increases in As mobilization have been observed after sulfate addition.”””’® The
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variables controlling the effectiveness of sulfate fertilization in decreasing As mobilization remain

currently unknown.

Once As is released into the aqueous phase, different soil properties can influence its speciation. Several
studies have shown that the addition of different forms of organic carbon increases As methylation.”-
Such an increase has been linked to enhanced microbial activity supported by the high availability of
labile organic carbon as substrate. Indirectly, the addition of organic matter accelerates the decrease in
redox potential, increasing the bioavailability of As for methylation and improving the conditions for
the anaerobic microorganisms associated with As methylation.!#?*2# Moreover, Zhao, et al. ' suggest
that although there might be more arsM-carrying microbes in soils with neutral to alkaline pH, their
activity is higher in acidic soils. Thus, measuring the expression of the arsM alone might not be a good
indicator of a soil’s methylation potential. Additionally, As bioavailability rather than total soil content

has been shown to have a major influence on methylation potential.®® In summary, methylation potential

is largely influenced by SOC, microbial community composition, pH, and As bioavailability.

Compared to methylation, much less is known about the properties regulating As thiolation in paddy
soil porewater. Until recent years, thioarsenate formation in paddy soils was considered unlikely, since
terrestrial systems are assumed to be S-poor.*>>® Moreover, as mentioned above, difficulties in their
analytical determination have hampered the advances of a better understanding of the biogeochemical

1. #* suggest that S® accumulation is

properties influencing As thiolation in paddy soils.*'** Wang, et a
an important indicator of a soil’s potential for the formation of inorganic thioarsenates, while the
formation of methylthioarsenates is mainly regulated by the availability of oxymethylated arsenates.
The same authors also identified that soil pH is a key parameter regulating the formation of either
inorganic or methylated thioarsenates. In alkaline soils, the formation of inorganic thioarsenates was
favored, while under acidic conditions, methylated thioarsenates were preferentially formed.
Additionally, the authors identified that HCI extractable Fe correlated negatively with thioarsenate

concentrations in the aqueous phase. In summary, pH and the availability of Fe and S™ are, until now,

the main known properties influencing thioarsenate formation.

Moreover, since sulfate can be readily depleted under anoxic conditions, it has been suggested that the
activity of SRB could only account for small fraction of the S™ necessary for thiolation in S-poor paddy
soils.” Alternatively, the role of a cryptic sulfur cycle (CSC) sustaining thioarsenate formation has been
proposed but not studied in detail yet.* The cryptic sulfur cycle refers to the partial reoxidation of S™
to S°, coupled with the reduction of Fe'" (oxy)hydroxides (Figure 2).>® The formed S° could be further
oxidized to thiosulfate and sulfate, acting again as a substrate for SRB. The CSC offers a constant supply
of reducible S, which could support the formation of thioarsenates, even as the main sulfate pool in the
soil has been consumed. Studies suggest that the role of the CSC is masked by relatively high S contents

in natural systems, making elusive the identification of its importance.3+%3
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Figure 2: Replenishment of sulfate by S™ reoxidation through the cryptic S cycle and its reported role

in the formation of inorganic and methylated thioarsenates in paddy soils.

1.2.1. Alterations to paddy soil biogeochemistry with climate change

Studies have shown that climate change will influence the dynamics of As speciation in paddy soils and
rice grains. This effect is related to the microbial processes that govern arsenic biogeochemistry, which
are intensified and accelerated by moderate increases in temperature.'*** For example, incubation
experiments carried out by Chen, et al. ** showed that increasing temperatures accelerated redox
dynamics in two Chinese paddy soils, including sulfate reduction and As mobilization and thiolation.
In their incubation experiments, the formation of methylated As species, including methylthioarsenates,
almost doubled by 5 °C increases in temperature. The same authors observed that increasing
temperatures caused As methylation to take place earlier in the incubation time. However,
demethylation processes were also enhanced, shifting the temporal dynamics of As methylation.
Moreover, in a pot experiment, Muehe, et al. *° determined that future climatic conditions cause an
earlier and higher release of As into the porewater, which translated to a 2-fold increase in inorganic As
content in rice grains. In these experiments, grain yield decreased by 39% when rice plants were
exposed to a higher temperature and As concentration, compared to only increases in temperature.
Temperature also affected As methylation, with a higher share of DMA being present in the grains when
the plant-soil system was exposed to a higher temperature. The authors highlight how alterations to the

As biogeochemical cycle by climate change pose a risk to food safety and food security in the future.

These studies provide important insights into the influence of climate change-related variables such as
temperature and CO; concentrations on As mobility and speciation. However, they are limited in the
number of soils used and, thus, by the range of soil properties evaluated. As mentioned above, soil

properties such as SOC, pH, microbial activity, and Fe mineralogy influence As biogeochemical
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dynamics. In this sense, it is key to evaluate how As redox dynamics could be influenced by future

climate considering a broad range of soil properties.

Moreover, under the anoxic conditions of paddy cultivation, methanogenic archaea produce CHs as a
metabolic by-product from the decomposition of organic matter.”> Even though it is produced in trace
amounts, CHy4 is an important greenhouse gas (GHG) since it has 27 times the warming potential of
CO» over a 100-year time frame.”® Rice is considered the cereal with the largest associated GHG

9395 and it is estimated that paddy soils globally account for 25 to 40 Tg CHs year!, which is

emissions
equivalent to around 12% of global anthropogenic CH4 emissions.”®®” Projections of future climate
scenarios show that CHy4 production could increase globally due to moderate increases in temperature
and an expansion of flooded areas.”®” Thus, accurate estimations of the CH4 emissions from rice
cultivation are necessary for global mitigation efforts. However, there are still important uncertainties
in such estimates, which have been related to a lack of data regarding the total area under paddy
management and different agricultural practices.'” Similarly, variations in climatic conditions and soil
properties, such as organic matter content and pH, influence microbial communities and, in turn, CHy4

production,®>101:102

1.3. Changes in soil properties with long-term paddy use

Chronosequence studies have shown that long-term paddy use on a multiyear scale is characterized by
a unique soil development as a direct consequence of redox fluctuations.'®® Several of these studies
have been carried out in a chronosequence located in Cixi, province of Zhejiang, China. There, for
approximately 2000 years, land reclamation for agriculture has been taking place through the deposition
of sediments from the Yangtze River and the building of dikes.!®® The construction records of these
structures allow the estimation of the age of the agricultural fields. The Cixi chronosequence represents
a unique case where long-term paddy soil development from salt marshes can be studied in soils
comprising ages between 50 and 2000 years of flooded rice cultivation. Moreover, the vast literature on
the area confirms the robustness of the chronosequence, which allows the identification of trends in soil

properties as a consequence of the long-term development of paddy soils.

Studies focused on the soil development in the Cixi chronosequence have shown that long-term paddy
use causes the washout of elements such as Ca, Mg, and Na, and the migration of Al, P, Mn, and Fe to
deeper soil layers.!* Moreover, since the anoxic environment under flooded conditions slows down the
decomposition of organic matter, the determining characteristic of paddy soil development is the
accumulation of SOC in the topsoil.!?*1% Increasing SOC with duration of use (or paddy soil “age”)

triggers changes in other soil properties, summarized in Figure 3.

Seasonally, once the cultivation period is over and soils are drained shortly before harvest, the increase

in redox potential causes the re-oxidation and re-precipitation of Fe'' previously produced by Fe
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reductive dissolution.*!%” With increasing paddy soil age, SOC accumulation leads to Fe re-precipitation

103 gtabilizing SOC and further enhancing its accumulation. %1919 Moreover,

as amorphous Fe phases,
SOC accumulation with long-term paddy use has been shown to increase microbial activity and shift

microbial community composition.'®-!!3 Lastly, SOC accumulation lowers paddy soil pH, together with

the washout of carbonates.'%

Long-term paddy soil development
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Figure 3: Changes in selected soil properties with long-term paddy use in paddies (P) of 50 to 2000
years of use. Numerical data has been previously reported by Kaolbl, et al. ', For SOC, Feo/Fepcs, and
soil pH, data is presented from a main site and two subsites (mean values + standard deviation). For
microbial C (Cmic), data is given as mean =+ standard deviation (n = 5). The standard deviation from
soil pH was <0.01 pH units. Feo: oxalate extractable Fe, Fepcs: dithionite-citrate-bicarbonate

extractable Fe.

Based on these changes, Kolbl, et al. ' divided the pedological development associated with long-term
paddy use into three phases. A first phase in the first 50 years of paddy use, is characterized by
desalinization and formation of the plough pan. In this phase, paddy-specific microbial communities
start to establish in the soil. A second phase, between 100 and 300 years of use is characterized by
decalcification and decreases in pH due to washout of carbonates. Microbially, this phase is
characterized by increases in microbial biomass, increasing microbial function, and strengthening the
structure of the microbial communities. Finally, a third phase in soils used for longer than 700 years is

characterized by an acceleration in the rates of SOC accumulation, accompanied by stronger changes
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in Fe mineralogy towards amorphous Fe phases.

While previous studies have largely focused on the effects that long-term paddy use has on soil
properties, a deep understanding of its effects on redox biogeochemistry and microbially regulated
processes is still lacking. Therefore, a comprehensive study is needed to understand how changes in
soil properties associated with long-term paddy use influence redox biogeochemistry and As mobility

and speciation.

1.4. Objectives

It is well established that soil properties can influence As mobility and speciation in paddy soils.
Chronosequence studies have shown that long-term paddy use influences soil development, altering
soil properties. However, a linkage between long-term paddy use and changes in soil properties
triggering changes in As speciation is still lacking. The overall aim of this thesis was to investigate the
impact of long-term paddy use on the As biogeochemical cycle, as well as to obtain a deeper
understanding of the general soil properties regulating As methylation and thiolation in paddy soils.

Additionally, the influence of long-term paddy use on CH4 production was investigated.
The specific objectives of this thesis were to:

o FElucidate the effects of long-term paddy use on redox biogeochemistry under flooded

conditions, with a focus on As speciation (Study 1).

e Determine if the response of CH4 production and As mobility and speciation to increased

temperatures is influenced by long-term paddy use (Study 2).

o Evaluate the effect of sulfate fertilization on As mobility and speciation in paddy soils at

different stages of development (Study 3).

o Investigate the role of cryptic S cycling in the formation of thioarsenates in paddy soils

(Study 4).

Study 1 aimed to understand how pedological changes resulting from long-term paddy use affect As
mobility and speciation, with an additional focus on microbiological processes associated with As
speciation. Study 2 focused on how increased temperatures related to climate change could influence
CHy,4 production and As mobility and speciation in already established and new paddy soils. Considering
the complex links between As and S biogeochemistry, Study 3 evaluated the effects of sulfate
fertilization on As biogeochemistry considering different stages of paddy soil development. Moreover,
since the cryptic S cycle has been proposed as a source of reducible sulfate for As thiolation in paddy
soils, Study 4 was designed to deplete a paddy soil from excess S, Fe, and As to unmask the role of the

cryptic S cycle in thioarsenate formation.







2. Methods

2.1. Soils from the paddy soil chronosequence

The soils used throughout studies 1-4 belong to the paddy soil chronosequence located in Cixi, province
of Zhejiang, China (30°10'N, 121°14'E). Figure 4 shows a map with the area, indicating the location of
the chronosequence soils, highlighting the ones used for this thesis. For all studies, the <2 mm soil
fraction of the Alp horizon of the main sites described by Kélbl, et al. 1 and Cheng, et al. ' were used.
These sites represent paddy soils (P) with 50, 100, 300, and 2000 years of paddy cultivation. These four
soils were selected as the main soils for this thesis since they represent the longest uninterrupted paddy
soil development. Selected additional soils from the chronosequence were used in studies 2 and 3,
depending on the individual objectives. Namely, non-paddy soils (NP) with ages of 50 and 700 years
were used in Study 2, and two paddy soils with a disrupted chronosequential development were used in

Study 3.
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Figure 4: Map of the Cixi chronosequence area indicating the fields from the chronosequence. Colored

points indicate the soils used in this thesis for Studies 1-4. Taken and modified from Kolbl, et al. '%.

2.2. Main experimental approach

Since the focus of Studies 1-3 was to investigate the different effects that long-term paddy soil
development has on redox biogeochemistry with a focus on mobility and speciation, microcosm
incubation experiments were carried out as the main methodological approach. The use of the same
experimental setup with varying conditions depending on the objectives of the individual studies
allowed direct comparison between them. For Study 4, a different incubation approach was used in
order to deplete the soil from bioavailable S, Fe, and As, in order to elucidate the role of cryptic S

cycling in As thiolation in paddy soils.
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All incubations, as well as the most relevant methods, will be described in this chapter, while further
analytical details can be found in the materials and methods sections of each of the studies included in
the Publications chapter. Table 1 gives a comprehensive summary of the different methods and analyses
carried out in Studies 1-4. All experiments and measurements were carried out in triplicate. Unless
stated otherwise, throughout the text, the experimental results are expressed as mean values followed

by the standard deviation of the measurements (n = 3).

Table 1: Summary of the methods used in this dissertation.

Method Study 1 Study 2 Study3 Study4

Standard incubation N v v

Long-term (depletion) incubation

GC-FID (CHs, CO»)
ICP-MS (Total Fe, As, S)
IC-ICP-MS (As and S speciation)

Photometry (Fey, Fe'l, ST

NN NN
NN N N RN

Aqueous phase

Redox potential, pH

SN N N

DOC determination

HPLC-RID (Acetate determination)

<

Soil digestion

Feo and Fepcp extractions

SN S

HPLC-DAD (S° determination)

N AR U SR U SR GRS

DNA & RNA extractions and qPCR analyses

Solid phase

<

Sequential Extraction Procedure v
Sulfate reduction rate determination v

Mossbauer spectroscopy and pXRD v

Abbreviations are clarified throughout the following text and in the list of abbreviations (page xv).

2.2.1. Standard incubation experiments (Studies 1-3)

Incubation experiments for studies 1-3 were carried out similarly, to compare observations between
different setups. Here, the incubation method used for Study 1 will be explained, before describing the

variations used for Studies 2 and 3.
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The focus of Study 1 was to investigate the effects of long-term paddy use on redox chemistry and As
mobility and speciation. For this, incubation experiments were carried out using P50, P100, P300 and
P2000. Anoxic incubations were set up in 120 mL septum vials inside a glovebox (COY, 95% No,
5% H»), by adding 10 g of soil and 20 mL of N»-purged tap water. After closing with butyl rubber
stoppers and aluminum caps, the vials were incubated at 30 °C (the average maximum temperature in
the Cixi region during the cropping season). Sacrificial samples were taken after 1, 3, 5, 7, 10, and 35
days of incubation. Based on the results from Study 1, it was determined that redox dynamics trends
based on paddy soil age were stable after 10 days in the studied conditions. Thus, this was the maximum

incubation time selected for Studies 2-4.

Study 2 aimed to evaluate if long-term paddy use influenced the biogeochemical responses to increases
in temperature as a consequence of climate change. Incubations for this study were carried out following
the same procedure as for Study 1, with increased incubation temperatures (32 and 35 °C), simulating
climate change scenarios according to the Intergovernmental Panel on Climate Change (IPCC.)**!'* In
addition to the four paddy soils used for Study 1, two non-paddy soils from the same area were also
anoxically incubated at 30, 32, and 35 °C to investigate if the biogeochemical responses on As
biogeochemistry and CH4 production were a consequence of long-term paddy management. Moreover,
these two soils aimed to elucidate how freshly reclaimed paddies would react to increasing temperatures

in the future.

In the case of Study 3, to investigate how sulfate fertilization could alter As speciation depending on a
broad range of soil properties, the aqueous phase used for the incubations were solutions either of
sodium sulfate (3 mmol SO4 kgsii™!, simulating sulfate fertilization) or sodium chloride (as an ionic
strength control). Both solutions were prepared using ultrapure water (MQ, >18.2 MQ cm,
TOC < 3 pg/L) and purged with N, before setting up the incubation as described in Study 1. Besides
the four chronosequential paddy soils used in Study 1, two additional paddy soils from the same area
of the chronosequence (P700 and P1000) were also incubated for this study. The chronosequential
development of these two soils has been affected chemically (by a fossil fuel spillage,''> P700) and
physically (removal of the topsoil,'?!% P1000). The use of these two additional soils allowed the
investigation of how disrupted paddy soil development could influence As mobility, speciation, and

their responses to sulfate fertilization.

2.2.2. Long-term soil depletion experiments (Study 4)

In order to elucidate the role of the cryptic S cycle in thioarsenate formation in paddy soils, an alternative
approach to the incubation experiments was used, involving repetitive redox cycling to deplete the soil
from excess S, Fe, and As. First, a soil with a high potential for As thiolation was selected. Based on
the results from Study 1, P50 was used for this study. Incubations were initially set up as described for

Study 1, with the addition of 0.13 g of finely milled rice straw as a C source for microbial activity. After
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10 days of anoxic incubation at 30 °C, the standing water was removed. The vials were then left standing
open in the incubator for an oxic period of 5 days before N>-purged water was added again inside the
glovebox, starting a new cycle. For the following one and a half years, the incubations went through 30
of these redox cycles. After 10, 20, and 30 redox cycles, sacrificial and temporally resolved samplings
of the aqueous and solid phases took place on days 1, 3, 5, 7, and 10 of the anoxic incubation period. A

constantly anoxic and flooded setup was carried out during the same time as a control.

2.3. Routine analytical methods (Studies 1-4)

Unless stated otherwise, all samples for the analyses described from here onwards were filtered through
0.2 um cellulose-acetate filters (Chromafil® Xtra). Photometric determinations of total Fe and Fe!!
(using the ferrozine method!'®!'7) and S™ (methylene blue method!'®) were carried out in triplicate using
a multiplate reader (Infinite® 200 PRO, Tecan). Colorimetric reactions and analyses were done outside
the glovebox after sample stabilization under anoxic conditions according to the methods. If necessary,

samples were diluted with MQ.

Methane and CO: in the headspace of the incubation vials were measured through Gas Chromatography
with a Flame Ionization detector (GC-FID, SRI Instruments 8610C) equipped with a methanizer. A
multimeter (HQ40d, Hach) was used to measure pH (PHC301, Ag/AgCl electrode) and redox potential
(MTC101) in the filtered aqueous phase. Dissolved Organic Carbon (DOC) was measured (Multi N/C
2100 S, Analytic Jena) after filtration through a 0.45 pum polyamide filter (Chromafil® Xtra) and
stabilization with 0.4% HCIL.

Total As and S in the aqueous phase were determined by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS, 8900 Triple Quad, Agilent or XSeries2, Thermo-Fisher) using oxygen as
reaction cell gas. Samples were stabilized with 0.5% H>O- and 0.8% HNO; and diluted before analysis.
Arsenic was measured as AsO* (m/z=91) and S as SO" (m/z = 48). Rhodium was used as an internal
standard to compensate for signal drift, and a certified reference material (TMDA, Environment

Canada) was used for quality control.

For the analysis of As speciation, samples were stabilized with the Fe chelator
N,N'-Di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid monohydrochloride (HBED, pH 7) to
avoid the precipitation of Fe phases. Tests regarding the stability of As species and As recovery in the
presence of HBED are described below (see section 2.4.2) and can be additionally found in the
Supporting information of Study 1. To ensure the complexation of all the dissolved Fe, an HBED
solution of 10 mmol L' in 10% ethanol at neutral pH was used to stabilize samples with Fe
concentrations < 1 mmol L, and a 59 mmol L' solution was used for those with higher Fe
concentrations. The stabilized samples were flash-frozen in dry ice and kept at -20 °C until analysis.

The samples were thawed anoxically inside the glovebox directly before analysis to avoid changes in
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speciation due to oxidation. Arsenic and S species were separated by Ion Chromatography (IC, 940
Professional IC Vario, Metrohm or a Dionex ICS-3000, Thermo-Fisher) and quantified through ICP-
MS as described above. For the chromatographic separation, an AS16 column (Dionex AG/AS16
IonPac) was used, with a 2.5 — 100 mM NaOH gradient, 1.2 mL min™' flow rate, and an injection volume

42,4748

of 50 puL.%° Individual As species were assigned based on previously reported retention times and

concentrations of thiolated As species were calculated based on their oxyarsenic homologues.

Soil samples after incubation were frozen, freeze-dried, and homogenized with a mortar and pestle.
These samples were used for the determination of total As, S, and Fe after microwave-assisted digestion
(MARS, Xpress, CEM) in Aqua Regia. Additionally, S° was determined through HPLC-UV-Vis after
a chloroform extraction.!" Chloroform-extractable S includes zerovalent S in polysulfides and S bound

to solid phase, as well as Ss.

2.4. Specific analyses for each Study

Besides general analyses for the understanding of the links between C, S, Fe, and As biogeochemistry,

additional analyses were carried out in each study in order to address their specific objectives.

2.4.1. Specific soil characterization and microbial analyses (Study 1)

Arsenic and S contents in the soils prior to incubation were determined by ICP-MS as described above
after microwave-assisted digestion (MARS, Xpress, CEM) in Aqua Regia. Iron (III) phases were
characterized in the dry soils prior to incubation by dithionate-citrate-bicarbonate!'?’ (DCB) and oxalate
buffer!?! extractions, summarized throughout the text as Fepcg and Feo, respectively. The determination

of the extracted Fe was carried out photometrically as described above.

DNA and RNA were extracted following the method reported by Lueders, et al. '**> and analyzed by
quantitative polymerase chain reaction (qPCR) from post-incubation soil samples, which had been
stored in liquid N,. Total and active bacteria were based on the amplification of the respective
16S rRNA gene and transcript copy numbers in nucleic acid extracts. Functional genes directly and
indirectly related to As biogeochemistry were also amplified and analyzed. Namely, dissimilatory
sulfite reductase (dsrA) for the activity of SRB, arsenite S-adeno-sylmethyltrransferase (arsM), for As
methylation capacity, and methyl coenzyme M reductase (mcrAd), for methanogenic activity. Acetate
concentrations in the aqueous phase of the incubations were determined by HPLC with refractive index

detection (RID) (Agilent 1200) with a Rezex ROA Organic Acid Column.!'?

Moreover, in Study 1 an additional incubation was carried out to evaluate changes in the demethylating
capacity of the soil microbial community with long-term paddy use. For this, incubations were set up
as described above, with the exception that the aqueous phase was No-purged tap water containing

individual spikes of MMA or DMA. The concentration selected for the spikes was 10-fold the maximum
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concentration found in the original incubation setup. Non-sacrificial samples were taken with a syringe
and needle from the vials after 5, 10, and 33 days of incubation. Arsenic speciation analyses of these

samples were carried out as described above.

2.4.2. Evaluation of HBED stabilization method for thioarsenates (Study 1)

The chelating agent HBED has been shown to effectively keep Fe in solution in environmental
studies.'? To test the suitability of HBED to preserve As species, several tests were conducted. All tests
described here were carried out anoxically inside the glovebox and using a 10 mmol L' solution of
HBED. Arsenic speciation in the samples described here was measured through IC-ICP-MS as

described above, focusing on the recoveries of individual species and total As.

After ensuring that the HBED solution contained no As, the stability of different mixes of As species
was evaluated in the presence of the chelating agent. These included first the inorganic and methylated
oxyarsenic species used for the IC-ICP-MS calibration (arsenite, arsenate, MMA, and DMA). Next, the
stability of a synthetic mix of species at environmentally relevant concentrations, including
thioarsenates, was evaluated. Once determined that the species were stable and the chromatographic
separation was not hampered by the stabilization method, mixes of species with increasing

concentrations of dissolved Fe'"

were evaluated. Moreover, the stability of the species and HBED mix
was evaluated with and without freeze-drying. Finally, the stabilization method was evaluated with
samples from incubation experiments as the ones described above. For this, the aqueous phase of two

paddy soils with different dissolved Fe concentrations (150 and 850 umol L) were tested.

After the satisfactory evaluation of the HBED stabilization method, it was used for Studies 1-4. Further

details regarding the evaluation and results can be found in the supporting information of Study 1.

2.4.3. Effect of long-term paddy use on As binding environment (Studies 2 and 3)

Arsenic binding mechanisms in the paddy and non-paddy soils were characterized through the
sequential extraction procedure (SEP) proposed by Fulda, et al. ?°. This method classifies binding
mechanisms into five operationally defined fractions. F1 (CaCl, 0.1 M) — mobile fraction (soluble or
exchangeable, and soluble metalorganic complexes); F2 (1M Na-acetate) - easily mobilizable fraction
(adsorbed and bound to carbonates or other minerals, weakly bound metalorganic complexes); F3
(0.025 M NH4-EDTA) - organic fraction (low-affinity sites); F4 (0.2 M NHs-oxalate) - reducible
fraction (bound to amorphous and crystalline Fe and Mn oxides), and F5 (30% H»0O», 2 M HNO;3, 3.2
M NHa-Acetate) - oxidizable fraction (metal sulfides and organically bound to high-affinity sites). Non-
extractable As (F6) was calculated by subtracting £ F1 to F5 of the total As extracted from the original

soils by microwave-assisted digestion, as described above.
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2.44. Effect of long-term paddy use on sulfate reduction rates (Study 3)

Sulfate Reduction Rate (SRR) was determined for the six paddy soils used in Study 3. For this, an
anoxically pre-incubated slurry was spiked with 33S-labeled sulfate standard (50 kBq). The spiked
slurries were further incubated anoxically for 5 h before halting the microbial activity by injecting 5 mL
of a No-purged 10% zinc acetate solution through the rubber stopper. Isotopically **S-labeled products
of sulfate reduction were determined from the incubated soil using a scintillation counter (Tri-Carb
2800TR) after standard digestion and distillation procedures for Total Inorganic Reduced Sulfur
(TRIS).!¢

2.4.5. Effect of repetitive redox cycling on Fe mineralogy (Study 4)

Changes in Fe mineralogy due to repetitive redox cycling were assessed by Mdssbauer spectroscopy.
For this, the original and redox-cycled soils were freeze-dried and homogenized manually with mortar
and pestle. Dried mineral powders were loaded into Plexiglas holders (area 1 cm?), forming a thin disc.
Holders were inserted into a closed-cycle exchange gas cryostat (Janis cryogenics) under a backflow of
He to minimize exposure to air. Spectra were collected at 5 and 77 K using a constant acceleration drive
system (WissEL) in transmission mode with a ’Co/Rh source. All spectra were calibrated against a
7 um thick a->"Fe foil that was measured at room temperature. Analysis was carried out using Recoil
(University of Ottawa) and the extended Voigt Based Fitting (VBF) routine.'?” The half width at half
maximum (HWHM) was constrained to 0.12 mm/s during fitting. Due to uncertainties regarding the
mineral phases of the Fe!' and the Fe'"(oxy)hydroxide fit components, additional uXRD measurements
were carried out. The reference minerals were partly taken from the XRD Match! Software and partly

from the mineralogical database “Rruff”.

17






3. Results and Discussion

3.1. Influence of long-term paddy use on redox chemistry and As biogeochemistry (Study 1)

Paddy soil age directly influenced redox chemistry under flooded conditions. Aqueous phase chemistry
showed both differences and similarities to pedological properties typically associated with long-term
paddy use. For example, while solid-phase Fe is reported to decrease with soil age (38 mg g! in P50
vs. 22 mg g in P2000),'” dissolved Fe concentrations increased with paddy soil age. After 7 days of
incubation, Fe concentrations peaked at 0.24 + 0.02 mmol L' in P50 and 5.4 + 0.02 mmol L' in P2000.
On the contrary, the reported SOC accumulation with long-term paddy use (17.8 mg g in P50 vs.
30 mg g! in P2000)'%1?® directly translated into higher DOC concentrations in the aqueous phase of
the incubations, increasing from 25 + 4 mmol L™ in P50 to 99 + 3 mmol L' in P2000 (data from day 7
to compare with Fe). These two contrasting trends are linked by the changes that SOC accumulation
triggers in Fe mineralogy. Crystalline Fe phases repeatedly dissolve and reprecipitate during the redox
fluctuations associated with paddy management.® The increasing accumulation of SOC with long-term

paddy use causes Fe to reprecipitate as amorphous Fe'! phases,'%%1%

which can easily go through
reductive dissolution in the next redox cycle.'® Briefly, long-term paddy use depletes Fe from soils but

enhances the bioavailability of the remaining Fe.

Soil As content decreased with increasing paddy soil age both in the solid phase (17 + 2 mg kg™ in P50
vs. 11 £ 1 mg kg' in P2000) and in the aqueous phase (1.81+0.05 pmol L' in P50 vs.
0.5+ 0.1 pmol L'1 in P2000, data from day 7 to compare with Fe and DOC data above). Even though
Fe reductive dissolution is considered the main source of As in the aqueous phase,'*?° fewer moles of
As were released per mole of dissolved Fe with increasing paddy soil age. The formation of amorphous
Fe phases due to the SOC accumulation likely immobilizes As more effectively due to the increased
availability of sorption sites.®® These results from Study 1 suggest that long-term paddy use decreases

As mobility.

Paddy soil age also affected As speciation. Inorganic arsenic species (mainly arsenate and arsenite, but
also inorganic thioarsenates) dominated total As, especially in younger soils, and ranged between
90.9 £ 0.5% (P50, day 5) and 48 + 2% (P2000, day 7). The highest inorganic thioarsenate contribution
to total As was found in P50 at day 3 (8.8 + 0.8%), decreasing sharply with paddy soil age. Moreover,
the share of inorganic thioarsenates to As speciation decreased with longer incubation time in all soils.
While the higher contribution of inorganic As in young paddy soils can be related to the absence of
methylation (see below), the formation of inorganic thioarsenates was regulated by the availability of

ST linked to DSR.

Although free S™ was not detected throughout the experiment, DSR was indirectly assessed by the

decreases in porewater S concentrations over time. Decreases in aqueous S started on day 3 for P50 but
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only after day 5 for P2000, showing that paddy soil age delays DSR, postponing the formation of
thioarsenates. This delay with increasing paddy soil age, which also affected the start of
methanogenesis, was likely related to the higher availability of reducible Fe as a thermodynamically
preferred electron acceptor.'**!3! As an additional indicator, redox potential had a slower decrease with

increasing paddy soil age.

Principal component analysis revealed a strong negative correlation between thioarsenate formation and
soil age, DOC, and dissolved Fe. Inorganic thioarsenates contributed > 2% to total As only when Fe!
and DOC concentrations were below 1 mmol L™ and 50 mmol L', respectively. Higher dissolved Fe!!
concentrations with increasing paddy soil age likely scavenged S™ through the formation of FeS phases,
hindering thioarsenate formation.”!3? Similarly, S™ could have also been scavenged through reactions
with SOC and DOC to thiolate organic compounds.!**!3* Moreover, acidification with increasing paddy
soil age (due to carbonate washout and SOC accumulation)'® was an additional limitation to inorganic
thioarsenate formation, which is thermodynamically favored at neutral to alkaline conditions.*®* These
results show that long-term paddy management limits thioarsenate formation mainly because of a

decreased availability of S as a consequence of increasing DOC and reducible Fe.

The contribution of methylated species to total As increased sharply during early paddy soil
development, from 9.6 = 0.3% in P50 to 38 + 4% in P300 (day 35, equilibrated system). Increases in
As methylation have been previously associated with increased microbial activity related to high C
availability.'#3¢80:135 The results showed that the accumulation of SOC and increased availability of
DOC with paddy soil age increased microbial respiration, methanogenesis, and 16S rRNA copy
numbers. However, considering the trend of increased As methylation between P50 and P300, P2000
showed lower net methylation potential than expected. While it could be argued that the high
methanogenic activity in P2000 could decrease net As methylation due to demethylation,-°
incubations with MMA and DMA addition showed that P2000 had the lowest demethylating capacity.
The low total As concentrations in P2000 likely decreased methylation due to a diminished need for
detoxification or lower effectiveness of methylated As species as antibiotics.’® Additionally, the high
DOC concentration in P2000 may have triggered carbon catabolite repression, under which microbes
downregulate enzymes related to the uptake of small organic molecules. These enzymes include, for

example, the aquaglyceroporin channel (GlpF), which is also related to arsenite uptake in bacteria.'*%!%’

138

This downregulation has been recently shown to decrease As uptake by bacterial cells'*® and to decrease

As methylation potential.'>

Higher arsM gene copy numbers (associated to As methylation) were positively correlated with aqueous
As concentrations. However, a significant correlation between arsM copy numbers and methylated As
was only found when excluding P50. It has been reported that, although there might be more

methylating microbes in alkaline soils like P50, their activity is higher under acidic conditions,** as
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found in older soils. Additionally, a strong positive correlation was found between dsr4 (linked to DSR)
and arsM genes, supporting previous reports that SRB are important As methylators in paddy
soils.?”-?%140 This correlation weakened with increasing soil age. Acetate concentrations (a byproduct of
fermentation), correlated with As methylation in older soils. Earlier studies related fermentative bacteria
with As methylation in paddy soils.?” This observation suggests that, as paddy soils age, fermentative
bacteria might become more relevant methylators than SRB. Overall, Study 1 showed that the increased
microbial activity and SOC accumulation with long-term paddy use enhances the formation of
methylated As species. Moreover, statistical observations suggested that there might be a shift from the

main microbial groups related to As methylation from SRB-driven to fermentative-bacteria-driven.

Once formed, methylated oxyarsenates were readily thiolated. Methylthioarsenates were detected in all
soils at all incubation times, except for P2000 where they were only found from day 5 onwards,
coinciding with the start of DSR. Methylthioarsenate formation was initially limited by the availability
of MMA and DMA as precursors, as reported previously by Wang, et al. *. Once MMA or DMA were
formed, the formation of methylthioarsenates was limited by the decreasing availability of S™ with
increasing soil age as described above for the formation of inorganic thioarsenates. However, the acidic
to neutral conditions in the aqueous phase favored the thiolation of oxymethylated arsenates over that
of arsenite.****" Even in spiked incubations with a 10-fold excess of oxymethylated arsenates, up to
98% of DMA was thiolated compared to 22% of inorganic As species. Methylthioarsenates continued
to form in the later stages of the incubation when no DSR was taking place. We suggested that cryptic

S cycling provided the S™ necessary for methylthioarsenate formation.

In summary, Study 1 showed that paddy soil age influences the redox chemistry in the aqueous phase
after flooding. This influence can be coupled to the changes in soil properties with paddy soil age
(increased DOC coupled to increased SOC), or not (increased aqueous Fe concentrations in contrast to
Fe depletion in soil). Long-term paddy use also influences anoxic respiration pathways, delaying DSR
and methanogenesis due to the increased availability of reducible Fe. Regarding As (see Publications
chapter, Study 1, Figure 5), long-term paddy use decreases its mobility due to the formation of
amorphous Fe phases, increases the potential for methylation due to increased microbial activity, and

decreases the thiolation potential due to excess of SOC and reducible Fe which can scavenge S™.

3.2. Influence of long-term paddy use on biogeochemical responses to increasing temperature
(Study 2)

Increasing incubation temperature (compared to the 30 °C used in Study 1) accelerated biotically

mediated processes in all paddy soils. The magnitude of this acceleration depended on soil age.

Increasing the temperature by +2 °C to 32 °C had generally more significant effects on biogeochemistry

than a further +3 °C increase to 35 °C. Unless stated otherwise, the comparison between 30-32 °C

incubations will be referred to from here onwards.
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Higher temperatures accelerated Fe reductive dissolution and increased dissolved Fe concentrations in
paddy soils. Young paddy soils showed a lower relative change compared to older ones (median
increase of 31% in P50, compared to 88% in P2000). In comparison, non-paddy soils showed much
lower dissolved Fe concentrations than paddy soils. At 30 °C on day 7 (as reported above for the paddy
soils in Study 1), non-paddy soils had dissolved Fe concentrations of 0.082 + 0.002 mmol L™, and
0.106 £ 0.004 mmol L' for NP50 and NP700, respectively. These concentrations were around a third
of the one in P50 under the same conditions. Moreover, with increasing temperature, dissolved Fe

concentrations decreased in non-paddy soils, which translated into a negative relative change.

Higher incubation temperatures increased the release and microbial consumption of DOC in paddy
soils, yielding small relative changes in DOC concentrations. However, the increased microbial
consumption of organic substrates caused higher CO, production in all paddy soils, even when
comparing 30-35 °C setups. After 10 days of incubation, P50 produced 13 = 2 pmol CO> g at 30 °C,
compared with 23 & 2 umol CO; gsii™! at 35 °C, meaning a 1.7-fold increase. In the case of P2000, after
10 days at 30 °C, 34 + 5 umol COz gsi' were produced, compared with 63 + 3 umol CO; gy ™! at 35 °C,
yielding a 1.9-fold increase. Non-paddy soils had around half the DOC concentration compared to P50
incubations at 30 °C. When comparing non-paddy soil incubations at 30 and 35 °C, NP50 and NP700

showed relative increases in CO» production of only 1.5- and 1.6-fold, respectively.

The differences between the responses of paddy and non-paddy soils to higher temperatures can be
attributed to pedological changes due to long-term paddy use. Amorphous Fe phases that form with
long-term paddy use are more sensitive to Fe reductive dissolution when exposed to higher temperatures
than crystalline phases.'* Accumulation of SOC also supports higher microbial activity, increasing the
response of biotically mediated processes in paddy soils to increasing temperatures.®®!*! In contrast,
non-paddy soils, subjected to different agricultural practices such as tillage, show less SOC
accumulation, limiting changes in Fe mineralogy and microbial activity.!®* Additionally, the
microbial community in non-paddy soils is likely not well adapted to sub-oxic and anoxic environments,
which could further limit their activity under flooded conditions.’"'** Based on these contrasting results
between paddy and non-paddy soils, it was determined that long-term paddy use does influence how

soils respond to changes in temperature under flooded conditions.

Higher temperatures increased CH4 production in all paddy soils, showing higher positive relative
changes with increasing paddy soil age. At 30 °C, P50 produced 4.2 £ 0.5 pmol CHy gsi”!, compared
to 12 = 1 pmol CHy gei! at 35 °C (2.9-fold increase). In the case of P2000, 6.7 + 0.9 umol CH4 geoir™!
were produced at 30 °C, compared to 41 = 3 umol CHy gsoii™! at 35 °C, yielding a 6.1-fold increase. Non-
paddy soils had a much lower CH4 production (around 10% of the production of P50 under the same
conditions) and even a decrease under higher incubation temperatures. For all soils, a linear correlation

was observed between the final CHs4 production and incubation temperature. The slope of this
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correlation (with units pmol CHs gewi' °C') increased with paddy soil age, indicating higher
temperature sensitivity with long-term paddy use. A similar correlation was found for CO,. Increased
CH,4 and CO; production in future climatic scenarios, especially in old paddy soils with high C stocks,

3,144

could risk the role of paddies as net C sinks,>'** causing a positive feedback loop with climate change.

The increased CH4 and CO; production with temperature rise in paddy soils was driven by SOC
accumulation supporting higher microbial biomass in older soils.!%!10-112.145 Since the incubations were
carried out with topsoil, it is likely that the increased consumption of labile organic matter was
responsible for the increases in microbial respiration rather than the consumption of recalcitrant
compounds with higher temperature sensitivity.!*¢!¥” Moreover, higher and earlier reductive Fe
dissolution might have shortened the period of methanogenesis inhibition by Fe'' (oxy)hydroxides.'*%:14
In younger paddy soils, the low DOC concentrations could have limited increases in methanogenic

activity. In these soils, labile DOC could have been consumed in the early stages of incubation, when

other respiration pathways were thermodynamically preferred.

Arsenic mobility increased with higher temperatures in all soils, particularly in the early incubation
phase. However, older paddy soils exhibited smaller relative changes, suggesting that long-term paddy
use, despite promoting Fe reductive dissolution, still limits As mobility by forming amorphous Fe
phases that offer additional sorption sites. Non-paddy soils, with a larger proportion of weakly sorbed

As according to the SEP results, showed a higher As release at elevated temperatures.

Temperature also influenced As speciation. The contribution of methylated arsenates (MMA and DMA)
to total As increased sharply under higher incubation temperatures, doubling in some cases and
surpassing inorganic As species as the main species. Higher methylation capacity with increasing
temperature has been reported before and has been related to an increase in microbial activity and arsM
copy numbers.'*?® While the concentrations of methylated arsenates steadily increased at 30 °C, higher
temperatures caused the concentrations of these species to peak and then decline. This change indicates
that the demethylation rate overtook that of methylation, possibly due to increased methanogen
activity.*>**> In non-paddy soils, methylation was low and decreased even more with increasing
temperature, likely due to the limited microbial adaptation to flooded conditions. The formation of
inorganic and methylated thioarsenates was hindered by higher temperatures in all soils, likely due to
the increased scavenging of S caused by the higher Fe reductive dissolution. Although the thiolation
potential was hindered throughout the incubation, methylthioarsenate formation was observed in older

soils in late stages of the incubation, possibly due to cryptic sulfur cycling.

Overall, Study 2 showed that climate change poses different risks to paddy soils depending on their
developmental stage (see Publications chapter, Graphical Abstract of Study 2). Young paddy soils, and
newly reclaimed soils for paddy cultivation could show a relatively higher As mobilization with

increasing temperatures, risking food safety. In established paddy soils with high SOC and functional
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microbial communities, the highest risk is the one associated with higher As methylation, which could
risk grain yield through straighthead disease, endangering food security. Finally, while older soils show
lower relative changes in As mobilizatioin and methylation, their GHG emissions showed the highest
relative increase at higher temperatures. Such increase could risk the role of paddies as net C sinks, and

act as a positive feedback loop with climate change.

3.3. Influence of long-term paddy soil development on the response of As speciation to
sulfate fertilization (Study 3)

Sulfate addition caused a decrease of 8 — 20% in total aqueous As concentration after 10 days of
incubation, with no trends related to paddy soil age. While paddy soil age did not affect the effectiveness
of sulfate addition in removing As from the aqueous phase, it did influence the response of As
speciation. Briefly, sulfate addition increased As methylation and thiolation. However, paddy soil age
had an important control in regulating the magnitude of those increases. Before evaluating how long-
term paddy soil development influences the response of As mobility and speciation to sulfate
fertilization, the effects that physical and chemical disruptions to soil development could have on redox

chemistry and As biogeochemistry will be discussed.

Soils in which the chronosequential development had been disrupted (P700 and P1000) showed higher
As mobilization compared to soils with normal soil development related to long-term paddy use. P700
had a high share (7.5%) of weakly bound As compared to the rest of the chronosequence soils (5.3%
on average), potentially related to the oil spill that it was affected by. Moreover, P700 had a lower
microbial activity, as shown by higher Eh values and low dissolved Fe concentrations. This suggests
that in this soil, there was no effective formation of secondary FeS phases which could limit the already
high As mobilization into the aqueous phase. In P1000, where the topsoil was removed, the soil As
content was almost double that in the other chronosequence soils (38 mg kg™'). Kolbl, et al. ' have
shown the migration of redox-sensitive elements (such as Mn and Fe) towards deeper soil layers due to
the redox fluctuations associated with long-term paddy use. We suggest that the removal of the topsoil
in P1000 exposed a deeper soil layer that had been enriched with As. This newly exposed layer lacked
the characteristic development of the topsoil and thus had lower SOC and Fe amorphous phases.'®
These characteristics limited the available sorption sites, the microbial activity (reflected in higher Eh

values), and the formation of secondary Fe phases that could immobilize As in P1000.

In all soils, sulfate addition stimulated As methylation. This effect was particularly higher in young
paddy soils compared to older ones (1.6-fold increase in P50 vs. 1.1-fold in P2000). This suggests that
sulfate addition has a stronger effect on the methylating microbial community in younger paddy soils.
According to the preliminary observations from Study 1, SRB might play a primary role in As
methylation in soils at the early stages of paddy soil development. In older soils, higher acetate

concentrations correlated with a lower relative increase in As methylation following sulfate addition,
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supporting a shift in microbial function towards fermentative bacteria. In both disrupted soils, the
contribution of methylated species to total As was low (8.2 = 0.6% in P700, and 10.1 + 0.3% in P1000,
even lower than P50 under the same conditions). These soils had low acetate concentrations, and sulfate
addition caused a high relative increase in methylation (1.6 and 1.7-fold increase for P700 and P1000,
respectively), suggesting it was mainly driven by SRB.

In younger soils, inorganic thioarsenate formation increased sharply after sulfate addition. However, as
paddy soils aged, this effect became much weaker (a 4.2-fold increase in P50, followed by an increase
of only 1.9-fold in P100). P2000 even showed a decrease in inorganic thioarsenate formation after
sulfate addition. Younger paddy soils with less amorphous Fe had lower dissolved Fe!' concentrations,
meaning that after sulfate addition there was an excess of S™ available for As thiolation. In contrast,
higher dissolved Fe! in older paddy soils decreased the S availability, acting as a buffer. With the
addition of sulfate, S° concentrations in the soil after incubation increased, particularly in younger soils.
Higher S° levels correlated with a greater proportion of inorganic thioarsenates, as previously suggested

1. 42

by Wang, et al. **. Moreover, the determination of the sulfate reduction rate suggests that young paddy
soils with slower SRR (5.3 + 0.1 nmol mL™! d!) offer a slow but constant supply of S™ for thiolation,
compared to a pulse of higher concentration in older paddy soils with higher SRR
(15.7 £ 0.7 nmol mL™! d!). In this sense, the results suggested that in paddy soil systems, S availability

at the right time might be more relevant for thiolation than a high-concentration pulse.

The formation of methylthioarsenates also increased with sulfate addition, driven by the increased
availability of S and oxymethylated arsenates. Similar to the formation of inorganic thioarsenates,
younger soils showed a higher relative increase (1.7-fold for P50, 1.3-fold for P100 and P300, and a
slight decrease of 0.96 for P2000). However, the effect of age in this relative change showed a less steep
decline than the one for the formation of inorganic thioarsenates. We suggested that, as S™ becomes
less available with increasing paddy soil age due to the increasing dissolved Fe concentrations,
inorganic thiolation will be hampered first since the formation of methylthioarsenates is favored under

paddy soil neutral to acidic conditions.*%

In the soils where the paddy soil development was disrupted, sulfate addition increased the formation
of inorganic thioarsenates (2.8- and 2.2-fold for P700 and P1000, respectively) and methylthioarsenates
(1.8-fold for both soils). Lower Fe reductive dissolution, both by hampered microbial activity and
removal of amorphous Fe phases (in P1000), decreased Fe'' concentrations in the aqueous phase,

limiting the buffering effect described above with normal paddy soil development.

Study 3 highlights the importance of knowing soil history and considering soil properties when deciding
on agronomical practices such as sulfate fertilization. Here, it was shown that depending on the
developmental stage of paddy soils, sulfate fertilization could cause unwanted secondary effects.

Namely, sulfate fertilization could increase As methylation and thiolation in young paddy soils with an
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SRB-driven As methylation, low SOC, and low Fe availability (see Publications chapter, Study 3,
Figure 4). These changes in speciation could hamper the effectiveness of sulfate fertilization on limiting
As uptake by rice plants, and have rather the opposite effect, given the high mobility and phytotoxicity
of methylthioarsenates.**>> Moreover, long-term paddy soil development was shown to buffer changes
in As speciation after sulfate addition, emphasizing the importance of sustaining the properties related

with a healthy paddy soil development.

3.4. The role of the cryptic S cycle on thioarsenate formation in a S depleted paddy soil
(Study 4)

Through repeated redox cycling, P50 (referred to as CO in this Study) was depleted from excess S, Fe,
and As. After 30 redox cycles (C30), dissolved concentrations of S, Fe, and As were decreased by 96,
61, and 94%, respectively, compared to C0O. This depletion was coupled with an increased contribution
of inorganic and methylated thioarsenates to total As. Compared to contributions of 0.6 and 3% of
inorganic and methylated thioarsenates, respectively, depleted soils had contributions up to 25 and 24%
of each thioarsenate group. This increase was correlated to higher S/As molar ratios driving higher
inorganic thiolation, while the formation of methylthioarsenates was still governed by the availability

of oxymethylated arsenates.

Besides increases in thioarsenate contribution to total As, and despite lower S content in the soil,
increased redox cycling caused an increase in the formation of highly thiolated inorganic thioarsenates
(DTA and TTA) in the early stages of the 10-day anoxic incubation. Increased incubation time caused
their dethiolation, at the same time as oxymethylated arsenates were produced and readily thiolated.
These (de)thiolation behavior suggest that inorganic thioarsenates formed mainly at a moment of high
SRB activity, which produced high concentrations of S™ while consuming the soil's original “primary”
sulfate pool. A temporary S™ excess drove the equilibrium toward the formation of highly thiolated
species. Once the primary sulfate pool was consumed, S™ became less available, and the equilibrium
was shifted towards dethiolation. At the same incubation time, even though dethiolation suggests low
S availability, methylthioarsenates formed. While the contribution of inorganic thioarsenates to total
As decreased and the one from methylthioarsenates increased, total thiolated As remained relatively
constant. These observations suggest that under S™ limited conditions, like the ones in the depleted soil,
the formation of MMA and DMA could trigger the dethiolaion of inorganic thioarsenates. Briefly, the
release of S by the dethiolation of inorganic thioarsenates could react with MMA or DMA to form
methylthioarsenates, which are stable under lower S concentrations and thus thermodynamically

preferred products than inorganic thioarsenates at neutral and acidic pH.*¢

Products of the partial reoxidation of S™ were found in the incubations. Zerovalent S was found in the
solid phase, accumulating independently from the depletion of the aqueous phase S. The S° pool had a

relatively stable concentration throughout the incubation 10-day anoxic incubation period. Thiosulfate
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was also found, with concentrations peaking at the beginning of the 10-day anoxic incubation. These
concentrations can be related to the partial reoxidation of sulfide phases during the oxic incubation
period. Nonetheless, thiosulfate was still found at the end of each anoxic cycle, indicating its production
under anoxic conditions. The stable pool of S° and thiosulfate concentrations correlated positively and
significantly (Pearson correlation, p < 0.05) with aqueous phase sulfate, thus indicating cryptic S
cycling in the depleted soils. According to these results, S™ reoxidation through the CSC produces a
secondary sulfate pool which is available for reduction and thiolation after the primary sulfate pool is

consumed.

For CSC to take place, a redox partner undertaking reduction is needed, with Fe'" (oxy)hydroxides being
widely reported.?*% Increasing concentrations of dissolved Fe in the aqueous phase, of which > 85%
on average was observed to be Fe'!, indicate Fe reduction. Although the reduction of Fe can take place
biotically, the production of CH4 production offers indirect evidence that abiotic Fe reduction dominates
over biotically mediated Fe reductive dissolution. Methanogenesis can be inhibited by bioavailable Fe'!
phases, since Fe reduction is a thermodynamically preferred respiration pathway than CHy

production.'*1*® In such cases, CHs production has a lag phase while Fe reduction dominates

Il is consumed, CH4 production shows exponential growth.!>152 This lag phase

respiration, and once Fe
was observed in C0, but not in the depleted soils, where CH4 production had a linear growth, suggesting
low availability of other electron acceptors such as Fe and sulfate. Moreover, Mdssbauer spectroscopy

I

showed the availability of reducible Fe™ phases in the solid phase. Previous studies have suggested that

Fe phases with low bioavailability support CSC.3435

The formation of methylthioarsenates correlated positively and significantly (Pearson correlation,
p < 0.05) with excess S° and thiosulfate over oxymethylated As. This ratio considers the precursors (S°
and thiosulfate as precursors of sulfate, which can be then reduced by DSR), and reactants (MMA and
DMA) needed for methylthioarsenate formation. Such correlations were not found for the formation of
inorganic thioarsenates and the excess S° and thiosulfate over arsenite ratio. The absence of this
correlation suggests that S produced by the reduction of a secondary sulfate pool formed through CSC,

preferentially thiolate oxymethylated arsenates in S-depleted systems.

The evaluation of thioarsenate formation by reaction of arsenite or oxymethylated As with S was not
possible, since the latter was not detected during the experiment. Low S™! has been previously linked to
the CSC since the small and constant amounts of S™ produced readily react and, thus, do not
accumulate.’”#* Correlations were carried out using sulfate, assuming its complete availability for DSR.
Such correlations do not consider, however, that not all produced S™ is available for thiolation due to,
for example, FeS precipitation. Excess sulfate over arsenite significantly correlated (Pearson
correlation, p < 0.05) positively with inorganic thioarsenate formation in highly depleted soils (C20 and

C30). In the case of sulfate excess over oxymethylated arsenates, a negative correlation was found.
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These results support the above-described interpretation that the consumption of the primary sulfate
pool is related to the formation of inorganic thioarsenates in the early stages of the 10-day anoxic
incubation. Once this pool is depleted, sulfate produced by CSC would also be available for reduction
and thiolation. While theoretically, the S™ produced through the reduction of the secondary sulfate pool
could be available for inorganic thioarsenate formation, the thiolation of MMA and DMA requires a
lower S excess under the experimental conditions, making their thiolation preferred to that of

inorganic thioarsenates.**

Through observations in an artificially depleted paddy soil, Study 4 suggests that there are two main
phases related to the formation of thioarsenates in paddy soil (see Publications chapter, Study 4, Figure
6). First, the consumption of a primary sulfate pool generates a S excess that reacts with arsenite,
forming highly thiolated inorganic thioarsenates. Decreasing S concentrations due to consumption of
most of the primary pool and FeS precipitation, cause dethiolation. However, the CSC offers a
secondary sulfate pool that is available for reduction and thiolation, which will preferentially form
methylthioarsenates due to their lower S™ requirements compared to their inorganic homologs. In the
context of the chronosequence, the role of the secondary sulfate pool for As thiolation could be more
relevant in older soils where the higher SRR consume the primary pool faster. This interpretation
correlates with the formation of methylthioarsenates in late incubation stages in Studies 1 and 2, where

cryptic S cycling could offer sulfate for reduction and thiolation.
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4. General conclusions and Outlook

Rice is a major dietary source of As. Arsenic content and speciation in rice grains are influenced by soil
properties that regulate As bioavailability, mobility, and toxicity through abiotic and microbially
mediated reactions. This thesis aimed to investigate how changes in soil properties as a consequence of
long-term paddy use influence As mobility and speciation. Since As biogeochemistry is largely
regulated by interactions with C, S, and Fe, this thesis also evaluated changes in the redox chemistry of
these elements with long-term paddy use. The studies presented here were carried out to better
understand to which extent long-term paddy cultivation under flooded conditions influences risks for

rice production and consumers. The main results from Studies 1-3 are summarized in Figure 5.

The findings of Study 1 were central to identifying that long-term paddy use affects the soil’s redox
chemistry. More specifically, SOC accumulation with long-term paddy use increased DOC availability,
soil respiration, and Fe availability. In turn, these changes in aqueous chemistry had a direct influence
on As mobility and speciation, increasing As methylation through enhanced microbial activity but

decreasing thiolation through a limited availability of S,

To strengthen the links between the results from this thesis based on the Cixi chronosequence and global

trends of As content and speciation in rice, the following steps should be taken:

(1) Field studies in the Cixi chronosequence: While the observations carried out in our incubation
experiments are central to understanding redox biogeochemical dynamics in paddy soils, the next
step should be to evaluate these parameters in the field. Ideally, experiments should be carried out
on-site rather than transporting material that would disturb the horizons and soil development.
These experiments should follow redox dynamics throughout the cultivation period, evaluating As
speciation in the aqueous phase at different stages in plant growth. This study would additionally
consider the interactions between temporal, spatial, and environmental factors in the context of the

plant-soil system.

(2) Survey of the grains from Cixi: In order to evaluate to which extent the changes in redox dynamics
with long-term paddy use affect As accumulation in rice, grain samples should be collected from
the paddies in Cixi and evaluated for As content and speciation. Ideally, this sampling could be
done after the cultivation period of the above-described experiment so a direct comparison between

As behavior at different stages in plant growth can be linked to the final As content in the grain.
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Figure 5: Conceptual model of results from Studies 1-3, indicating changes in As mobility, speciation,
and CH4 production along the chronosequence. The size of the arrows qualitatively indicates relative
change with higher temperature (Study 2) or sulfate addition (Study 3), in comparison to Study 1. No
significant changes were observed for As mobilization and CH4 production in Study 3. FB: fermentative

bacteria, SRB: sulfate reducing bacteria.
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(3) Global survey of paddy soil biogeochemistry and link to rice As content and speciation distribution:
This thesis suggests a range of soil properties that can be directly linked between paddy soil
development and As speciation. For example, high SOC and a high potential for As methylation,
or high content of amorphous Fe and a low potential for thiolation. The extension and applicability
of these observations in the broader context of global rice production could be evaluated by studying
soils from different rice cultivation areas around the world. These studies should include, ideally,
incubation experiments to understand biogeochemical interactions, field studies for extrapolation,

and comparison with either new or already existent global surveys of rice As content and speciation.

Study 2 identified specific risks associated with climate change and different stages of paddy soil
development. Under higher temperatures in the future, young and newly reclaimed paddy soils
established to feed growing populations could show high As mobilization. Grains with higher inorganic
As content could represent a risk to food safety. Paddy soils with an already established microbial
community and SOC accumulation could see an increase in As methylation, risking food security due
to lower yields caused by straighthead disease due to the phytotoxic effects of DMA. Rice agriculture
has seen exponential growth in the last century. Around two-thirds of the area currently used for rice
cultivation is under 100 years old. These would be susceptible to the specific risk of decreased yield
due to increased As methylation. Lastly, while in older paddy soils As mobilization is decreased, the
main risk associated with these soils would be a strong increase in CH4 production, causing a positive
feedback loop with climate change. More importantly, these increased biogeochemical responses took
place with a +2 °C increase in temperature, with an additional +3 °C showing small changes. These
results show that even small increases in temperature could have important effects on the As and CHy
biogeochemistry in paddy soil systems, adding to the need to limit warming under 1.5 °C above pre-
industrial levels. Moreover, studies that allow the extrapolation of the observations from Study 2

considering field conditions and plant-soil interactions are needed:

(4) Changes in microbial communities and dynamics with long-term paddy use: Using samples from
the chronosequence soils, the specific changes in microbial communities and functional genes with
long-term paddy use could be evaluated. This study could focus on GHG emissions, additionally
exploring biogeochemical parameters related to the nitrogen cycle, in order to expand on GHG
emission trends based on N>O production. Additionally, this study could offer further insights into
the change from SRB-driven to FB-driven As methylation.

(5) Field studies in Cixi under future climate scenarios. Field experiments using climate chambers that
simulate higher temperatures and atmospheric CO, concentrations could expand in the findings
from Study 2. The suggested study could have a particular focus on changes in the dynamics of
emissions of important GHG gases such as CO,, CHs, and N,O. Moreover, this study could evaluate

changes in the role of paddy soils as C sinks or sources under higher temperatures or CO>
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concentrations. From a food safety and security perspective, the study could evaluate if there are
increases in rice As content due to enhanced As mobility, or if the cases of straighthead disease

increase in paddies between 100 and 300 years.

These suggested future studies could help expand on the results from Studies 1 and 2 and identify
current and future risk factors for rice production related to the stages of paddy soil development. In
turn, this knowledge could help inform management practices that mitigate the specific risks associated
with each field. A clear example of how agricultural practices could benefit from understanding soil
properties associated with long-term paddy management comes from Study 3. These results show how
an understanding of selected soil properties such as Fe availability, pH, and SOC content, could avoid
unwanted effects from sulfate fertilization. According to Study 3, older paddy soils could benefit more
from sulfate fertilization without having secondary effects related to increases in As methylation and
thiolation. However, the question remains of which agricultural management practices could help limit
high As mobilization and methylation in paddies where sulfate fertilization might not be beneficial
according to the results of Study 3. Young soils could benefit from other practices such as alternate wet
drying (AWD) to increase redox potential or organic carbon addition to increase SOC accumulation
and formation of amorphous Fe phases. The evaluation of different mitigation strategies could be

carried out in the following suggested study:

(6) Targeted mitigation strategies depending on age-related risks: Using soil samples from the
chronosequence it could be evaluated how GHG emission and As mobility and speciation respond
to other agricultural management practices. These could include the addition of different sources of
C, such as plant material, manure, or biochar. In theory, these practices could help increase the
formation of Fe-SOC associations that limit As mobility, while biochar is reported to decrease CHy
production. These practices could, however, risk an increase in As methylation. Moreover, the
direct addition of amorphous Fe phases could offer sorption sites to limit As mobility and inhibit
methanogenesis. While such evaluation could start in incubation experiments, it could be further

expanded to include field trials, and evaluation of grain As content and speciation.

From an agricultural management perspective, AWD has been shown to decrease CHs production, As
mobility, and As methylation. This practice could then minimize the risks associated with constantly
flooded paddy management. It would be interesting to evaluate if AWD could influence paddy soil

development:

(7) Does AWD accelerate paddy soil development? The application of AWD would increase the
number of redox fluctuations that a soil goes through during a single cultivation season. Accelerated
redox dynamics could enhance processes related to long-term paddy soil development, such as
washout of soluble salts, migration of redox-sensitive elements towards deeper soil layers,

formation of Fe-SOC associations, and decreases in soil pH. These changes could, in turn, limit As
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mobility. Moreover, the increase in As methylation and CHy production normally associated with
long-term paddy use would be limited with the increase in redox potential during the drying phase
of AWD. So far, the understanding of paddy soil development is limited to specific rates and redox
dynamics. It should be further evaluated how the duration of the flooded and drying periods during

AWD influence soil development rates.

Moreover, Study 4 addressed the knowledge gap regarding the role of the cryptic S cycle in thioarsenate
formation. According to the results of this Study, the reduction of the primary sulfate pool of the soil
causes a spike in S™! concentrations, which favors the formation of inorganic thioarsenates. Sulfate
recycled through CSC supports the formation of methylthioarsenates, even though dethiolation of
inorganic thioarsenates suggests low S™! availability. Thus, Study 4 proposes an adjusted role of the
CSC on As thiolation (Figure 6), and additionally broadens the knowledge related to the temporal trends
of thiolation and dethiolation in paddy soils. Furthermore, the results suggest that in S-depleted systems,
there could be competitive thiolation, where methylthioarsenates would be preferred to their inorganic

homologs. This observation could be evaluated with batch experiments using thioarsenate solutions.

(8) Evaluation of competitive thiolation between arsenite and oxymethylated arsenates: A solution of
an inorganic thioarsenate standard, such as DTA, could be titrated with MMA, DMA, or a mixture
of both to evaluate changes in As speciation. First, methylthioarsenates would form through
reaction with the excess S™ in the inorganic thioarsenate standard. However, once this excess
becomes limited, the dethiolation of inorganic thioarsenates could be observed to favor the
formation of methylthioarsenates. A control being titrated with ultrapure water should be
considered to account for changes in speciation due to dilution of the inorganic thioarsenate
standard solution. Further experiments could include more complex matrixes with, for example, the
addition of Fe'' to further limit S™ availability, and trigger changes in the species distribution, as

well as evaluating a range of pH values due to its important control on As thiolation.

Overall, the results of this thesis show the links between long-term paddy use and aqueous phase redox
chemistry, including As mobility and speciation. Through a better understanding of how soil properties
can be linked to abiotic and microbially mediated reactions, Studies 1-3 expand on the existing
knowledge of As methylation and thiolation dynamics in paddy soils. The insights generated here
contribute to safeguarding rice as a safe and secure crop, both today and in the future. Moreover, the
results presented here illustrate the major influence that varying soil properties have on the
biogeochemical effects of agricultural practices and environmental changes such as increasing
temperatures. This knowledge serves as a foundation for tailoring agricultural practices to the specific

needs and risks associated with specific characteristics of paddy soil systems.
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Figure 6: Adjusted role of the cryptic sulfur cycle in thioarsenate formation according to the results
from Study 4. The figure shows the biogeochemical reactions involved in the production of S™ and
thioarsenates through the consumption of a primary (1) or secondary (2) sulfate pool. The thickness of
the arrows qualitatively illustrates the importance of a reaction. Sulfur species are protonated assuming
pH 7, reflecting the neutral values during the experiment. iThioAs: inorganic thioarsenates, MeThioAs:

methylthioarsenates.
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methylated thioarsenates. Methylated thioarsenates formed in soils of all ages being limited either by the
availability of methylated As in young soils or that of reduced-S in older ones. The present study shows that via a
linkage of As to the biogeochemistry of Fe, S, and C, paddy soil age can influence the kind and the extent of threat
that As poses for rice cultivation.

1. Introduction

Rice is traditionally cultivated under flooded conditions which cause
porewater oxygen-depletion by microbial respiration, directly affecting
the biogeochemistry and microbiology of paddy soils (Kogel-Knabner
et al., 2010). Oxygen depletion triggers arsenic (As) mobilization
through reductive dissolution of As-bearing iron (Fe) minerals, mainly
as the inorganic species arsenate (Smedley and Kinniburgh, 2002)
(Fig. 1), or through direct arsenate reduction to arsenite on mineral
surfaces (Zobrist et al., 2000). Both arsenate and arsenite are class I
carcinogens (Stone, 2008), and especially the latter can be taken up by
rice plants and accumulate in rice grains, making rice consumption one
of the main dietary sources of As (Zobrist et al., 2000; Ma et al., 2008;
Meharg and Hartley-Whitaker, 2002; Zavala et al., 2008). Although
arsenite and arsenate typically dominate porewater speciation in paddy
soils, arsenite can also be biotically transformed into the oxymethylated
As species monomethylarsenate (MMA) and dimethylarsenate (DMA).
Arsenic can be methylated in paddy soils by microbes with an active
expression of arsenite S-adenosylmethionine methyltransferase genes
(arsM) (Lomax et al., 2012; Qin et al., 2006), likely as detoxification
mechanism or as antibiotic reaction against other microbial groups
(Chen et al., 2019a; Viacava et al., 2020; Chen and Rosen, 2020).
Chen et al. (2019b) suggested that sulfate-reducing bacteria (SRB)
contribute to As methylation and methylotrophic methanogens to As de-
methylation, while other authors found no contribution of SRB, but
fermenting bacteria to methylate As (Reid et al., 2017). The main rea-
sons for As methylation and the communities ruling (de)methylation in
paddy soils thus remain controversial. Dimethylarsenate has a strong
phytotoxic effect on rice plants and has been associated to causing

Oxymethylated arsemc
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straight-head disease (Zheng et al., 2013) and, due to its high root-grain
translocation, DMA can dominate As speciation in rice grains (Zhao
et al., 2013a). However, DMA shows lower toxicity for humans than
inorganic As and is thus not regulated in rice products (Zheng et al.,
2013; Jia et al., 2013a; Planer-Friedrich et al., 2022). Since As speciation
determines its mobility, uptake, translocation, and accumulation in rice
plants as well as its toxicity, great efforts have been made to understand
the dynamics of these four major oxyarsenic species (OxyAs) in paddy
soil porewater, their association to soil minerals, rice plants, and rice
grains (Zobrist et al., 2000; Ma et al., 2008; Zavala et al., 2008; Raab
et al., 2007).

In the presence of reduced sulfur (e.g., through dissimilatory sulfate
reduction, DSR, carried out by SRB) (Stauder et al., 2005), both inor-
ganic and oxymethylated As species can be abiotically thiolated to form
inorganic and methylated thioarsenates, respectively. Inorganic thio-
lation is favored in systems with neutral to alkaline pH where arsenite
reacts with S™ or 8° in consecutive steps to form mono-, di-, or tri-
thioarsenate (MTA, DTA, and TTA, respectively), depending on the S/As
ratio (Wallschlager and Stadey, 2007). Methylthiolation requires the
oxymethylarsenates, MMA or DMA, as precursors. Consecutive nucleo-
philic reactions with S™ in acidic to neutral pH lead to formation of
mono- or dithiolated species (monomethylmonothioarsenate, MMMTA;
monomethyldithioarsenate, = MMDTA; dimethylmonothioarsenate,
DMMTA; and dimethyldithioarsenate, DMDTA) (Conklin et al., 2008;
Wallschlager and London, 2008). Thioarsenates have recently been
identified in paddy soils (Wang et al., 2020), rice plants (Kerl et al.,
2019), and rice products (Colina Blanco et al., 2021) since traditional
sampling and analytical methods mask them as their respective
oxyarsenic analogues (Planer-Friedrich et al., 2022). Especially

Methylthioarsena s

% ;2'@
MMDTA

Fig. 1. Formation of the As species discussed in the present study, through reduction, methylation, and thiolation; they are grouped into the four categories discussed
here: Inorganic oxyarsenic species, inorganic thioarsenates, oxymethylated arsenic species, and methylthioarsenates. R: regulated under food guidelines, NR: non-
regulated. For simplicity of the depiction, charges, oxidation states, and possible protonation of O have been omitted.
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dimethylated thioarsenates represent a hidden risk because their
toxicity is similar to or even higher than that of arsenite for rice plants
and mammalian cells (Planer-Friedrich et al., 2022; Naranmandura
et al., 2011; Moe et al., 2016; Pischke et al., 2022).

Besides seasonal effects on As speciation through decreases in the
redox potential, chronosequence studies have confirmed that repeated
flooding and draining of paddy soils triggers a characteristic and unique
long-term soil development (Kolbl et al., 2014). The duration of use as
paddy soils (paddy soil “age”) leads to continuous changes in pedogenic
properties (Kolbl et al., 2014; Huang et al., 2015), including accumu-
lation of organic carbon in the topsoil, increased formation of amor-
phous Fe phases, decreases in soil pH, and adaptation of microbial
communities with increased activity (Roth et al., 2011; Cheng et al.,
2009; Wissing et al., 2011; Kalbitz et al., 2013; Wu et al., 2023). We
hypothesize that these long-term biogeochemical changes also affect As
mobilization and speciation and thus, paddy soil age can influence the
kind and the extent of threat that As poses for rice cultivation.

For the present study, four topsoils of an intensively studied 2000-
year-old chronosequence representing paddy soils (P) of 50, 100, 300,
and 2000 years of paddy use were selected. The use of a chronosequence
with a limited number of samples could carry constraints regarding
representativity and potential additional effects aside from age which
cannot be fully excluded, especially with a chronosequence which spans
2000 years. However, based on the results of numerous previous studies
(Kolbl et al., 2014; Cheng et al., 2009; Wissing et al., 2011; Kalbitz et al.,
2013; Wissing et al., 2014), we consider our selected soils as represen-
tative for changes that are caused primarily by typical paddy soil aging.
The selected soils were incubated and time-resolved sampling after 1, 3,
5, 7, 10, and 35 days helped unravel changes in abiotic and biotic re-
action kinetics of different redox-sensitive elements and their influence
on the overall As availability and speciation in each soil and translate
this to characteristic age-dependent biogeochemical trends.

2. Materials and methods
2.1. Short description of the chronosequence

The soils used for this study come from the coastal paddy cultivation
area around Cixi in the province of Zhejiang, China, located in the delta
of the Yangtze River (30°10'N, 121°14'E). There, land reclamation has
taken place since approximately 2000 years by river sediment deposi-
tion and by the building of dikes, allowing the transformation of coastal
marshlands to agricultural fields. The construction records of these
structures allow the estimation of the age of arable land and paddy soils.
Details on the sampling campaign carried out in 2008 are given by
Cheng et al. (2009) and Kolbl et al. (2014). In this study, we used the <2
mm soil fraction of the Alp horizon of the main sites of the paddy soils
(P) with 50, 100, 300, and 2000 years of rice cultivation. The soils were
air-dried and stored in the dark until use for the present study. Dry
storage might raise concerns regarding loss of sample representativity
and potential of re-activating representative microbial communities
upon incubation. However, longer dry periods are part of the charac-
teristic conditions in paddy fields and previous research has shown that
intermittent flooding of paddy soils makes their microbial communities
particularly resistant to long periods of desiccation (Conrad, 2020).
Similarly, although changes in the oxidation state of organic compounds
might have occurred during storage, the same processes that allow the
accumulation of SOC with long-term paddy use (Wissing et al., 2011;
Wissing et al., 2014) likely protect the carbon pool in the stored samples
from excessive degradation.

2.2. Incubation experiments
Anaerobic incubations were carried out using the above-described

soils. In triplicate, 10 g of soil and 20 mL of Ny-purged tap water were
added to 120 mL serum vials inside an anaerobic chamber (95 % N», 5 %
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H, COY). The vials were sealed with butyl rubber stoppers and
aluminum caps, mixed manually, and left standing in an incubator at
30 °C until sampling. Sacrificial triplicates were taken at 1, 3, 5, 7, 10,
and 35 days of incubation. Similar time spans have been used before to
study As speciation dynamics (Chen et al., 2019b; Chen et al., 2022).

For sampling, the corresponding vials were taken out of the incu-
bator, shaken, and allowed to reach room temperature before measuring
the gas pressure inside the vial using a handheld pressure-meter (Grei-
singer GMH, 3100 Series). With a gas-tight syringe and a needle, 5 mL of
headspace was taken from each vial, injected into an evacuated 5 mL
glass vial (approx. -500 mbar), and stored in the dark until quantifica-
tion of CH4 and CO» via gas chromatography coupled to a Flame Ioni-
zation Detector (GC-FID, SRI Instruments 8610C) equipped with a
methanizer.

After gas phase sampling, the vials were taken into the anaerobic
chamber, shaken, and opened. The homogeneous mix of soil and
aqueous phase was transferred to 50 mL centrifuge tubes. The tubes
were closed and wrapped with parafilm before being centrifuged outside
the glovebox (4000 rpm, 10 min) and brought back into the anaerobic
chamber. The aqueous phase was separated from the soil using syringe
and needle, filtered, and accordingly stabilized to carry out the analyses
described in the following section. Unless stated otherwise, all aqueous
phase samples were filtered through 0.2 pm acetate-cellulose syringe
filters (Macherey-Nagel).

2.3. Aqueous phase analyses

To determine the total concentration of As and S in the aqueous
phase, a 2 mL aliquot was stabilized with 30 pL of 9.8 M H,02 and 40 pL
of 8 M HNOs, diluted, and measured by inductively coupled plasma
mass spectrometry (ICP-MS, XSeries2, Thermo-Fisher) after in-cell re-
action with an Oy/He mixture (10/90 %). Arsenic was determined as
AsO" (m/z=91) and S as SO' (m/z = 48). A reference material (TMDA
62.2, Environment Canada) was used for quality control, and rhodium
(Rh) was used as internal standard to correct signal drift.

Photometric determinations of Fe (Feyy, Fel') and ST were carried
out using the ferrozine method (Stookey, 1970; Hegler et al., 2008) and
the methylene blue method (Cline, 1969), respectively. All samples for
photometric determinations were diluted when required, carried out in
triplicate, and measured using a multiplate reader (Infinite 200 PRO,
TECAN).

Immediately after knowing the Fey,; concentration, 700 pL aliquots
were taken for As speciation and stabilized with 100 pL of a 10 mM
solution of the iron complexing agent HBED (N,N’-Di(2-hydroxybenzyl)
ethylenediamine-N,N-diacetic acid monohydrochloride) in 10 %
ethanol at neutral pH (adjusted using 0.1 M NaOH). In case of Fe con-
centrations >1 mM, a 55 mM HBED solution was used for stabilization in
the same ratio. Further details on the HBED stabilization method can be
found in the Supporting Information (see supplementary discussion).
The samples were flash-frozen on dry ice and kept at —20 °C until
analysis by ion chromatography (IC, Dionex ICS-200, with an AG/AS16
IonPac column), using a 0.1 M NaOH gradient with a flow rate of 1.2 mL
min~! coupled to inductively coupled plasma mass spectrometry (IC-
ICP-MS) (Planer-Friedrich et al., 2007). Further details regarding the As
speciation method can be found in the Supporting Information (see
supplementary methods).

Dissolved organic carbon (DOC) was determined from a 2 mL aliquot
filtered through a 0.45 pm polyamide syringe filter (Macherey-Nagel),
stabilized with 40 pL of 6 M HCl and kept at 4 °C until analysis (Multi N/
C 2100 S, Analytik Jena). An additional 2 mL aliquot for acetate
determination was taken and kept frozen until analysis by HPLC-RID
(Agilent 1200) with a Rezex ROA Organic Acid column (Zeibich et al.,
2018). Acetate analyses were carried out for incubation days 1, 3, 5, and
10.

Redox potential and pH were measured using a multiparameter
(HQ40d, Hach) with the corresponding electrodes (PHC301, Ag/AgCl
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electrode, and MTC101, respectively). Electrical conductivity was
measured with a conductivity meter (Winlab Data Line, Windaus)
attached to an LCV 0.35/21 electrode (Meinsberger Elektroden).

2.4. Solid phase analyses

Total content of As and S in the original dry soil were determined by
ICP-MS after microwave-assisted digestion (MARS Xpress, CEM) in 10
mL aqua regia. The digested samples were filtered and diluted 1:10 with
ultrapure deionized water (Millipore, 18.2 MQ cm) before analysis. Iron
(II1) phases were also characterized in the dry soils before the in-
cubations using the dithionite-citrate-bicarbonate (DCB) (Mehra and
Jackson, 1958) and oxalate buffer methods (McKeague and Day, 1966).
Iron determination after each extraction was carried out photometri-
cally as described above for aqueous phase Fe.

Triplicate soil samples of each incubation at 1, 3, 5, and 10 days were
separated into cryovials and flash-frozen in liquid nitrogen for microbial
analyses. DNA and RNA were extracted following the protocol described
by Lueders et al. (2004) (described in detail in supplementary methods).
The extracts were stored at —80 °C until analysis. Specific qPCR stan-
dards for each gene of interest were created from paddy soil using the In-
Fusion® Snap Assembly cloning system (TaKaRa Bio Inc.) according to
the manual and cloned into a pUC19 vector. Total and active bacteria
were based on amplification of the respective 16S rRNA gene and
transcript copy numbers in nucleic acid extracts. Total and active
sulfate-reducing microbes, arsenic methylating microbes, and meth-
anogenic microbes were approximated with respective amplification of
the dsrA (dissimilatory sulfite reductase), arsM (arsenite S-adeno-
sylmethyltransferase) and mcrA (methyl coenzyme M reductase) genes
and transcripts (see supplementary methods). Gene and transcript
copies were quantified with qPCR. While 16S rRNA transcripts were
quantifiable, dsrA, arsM, and mcrA were below quantification limit. The
average copy numbers were calculated from triplicate extractions.

The remaining soil from each incubation was stored frozen and later
freeze-dried for the determination of zerovalent sulfur (S) via HPLC-
UV-Vis (Lohmayer et al., 2014). Methodologically, soil-extracted s% in
this study is operationally defined as chloroform-extractable S, which
includes zerovalent S in polysulfides and S bound to solid phase, as well
as Sg.

2.5. Oxymethylated As-spiked incubations

To better understand the dynamics of As (de)methylation in the
chronosequence, a second batch of non-sacrificial incubations was car-
ried out as described before. The tap water used for these incubations
was amended with MMA or DMA in a 10-fold excess of the concentra-
tions of methylated As found in the original setup. This excess was
selected to have a concentration of species high enough to discern be-
tween small changes in the As speciation. Thus, P50 and P2000 were
amended with 100 pg L™ of MMA or DMA, while concentrations of 250
ug L™ were used for P100 and P300. Samples for As speciation were
taken with syringe and needle from each incubation bottle after 5, 10
and 33 days of incubation in the same conditions as the original batch.
Speciation stabilization and analyses were carried out as described
previously.

2.6. Statistical analyses

Mean and standard deviation were calculated for each measured
variable. Principal component analyses (PCA) were carried out for the
complete dataset. Pearson correlation coefficients were used to assess
the significance of all variable correlations presented. All PCA and
Pearson correlation analyses were carried out using the Rstudio software
(R Development Core Team, 2008).
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3. Results and discussion
3.1. Arsenic content and availability through the chronosequence

Incubation experiments confirmed that paddy soil age does not only
cause distinct trends in solid phase biogeochemistry, such as the well
documented accumulation of soil organic carbon (SOC) (Kolbl et al.,
2014; Kalbitz et al., 2013) or a decrease in Fe content (Kolbl et al., 2014)
(Fig. 2a), but also in aqueous phase chemistry (Fig. 2b), with general
trends developing slowly during the first 300 years of paddy develop-
ment but with parameters being highly distinctive from those of P2000.
Principal component analyses showed that after flooding, dissolved Fe,
Fel', and dissolved organic carbon (DOC) concentrations were the pa-
rameters most closely associated to paddy soil age (Fig. SI1). Flooding
triggered reductive Fe'l mineral dissolution, releasing Fe' and associ-
ated SOC (Wissing et al., 2014) into the aqueous phase (Fig. SI2). While
SOC accumulation (due to fertilization with animal manure, and dry or
charred crop residues (Kolbl et al., 2014)) directly translated to an in-
crease in DOC (Fig. 2b), solid-phase Fe depletion was outcompeted by
the accumulation of amorphous Fe phases (Table SI2) which are easily
dissolved (Kolbl et al., 2014; Schwertmann, 1991), causing higher dis-
solved Fe concentrations with increasing age. These close dynamics
between Fe and DOC are likely related to the stabilization of SOM due to
mineral associations with amorphous Fe phases (Kolbl et al., 2014;
Wissing et al., 2011; Wissing et al., 2014).

Arsenic concentrations in the aqueous phase decreased with age,
particularly in P2000, similar to As concentrations in the solid phase
(Fig. 2a and Table SI2). Previous studies on the chronosequence have
shown a general mobilization of elements towards deeper soil layers or
washout with soil drainage each cultivation season (Kolbl et al., 2014).
The higher availability of reducible Fe with increasing age caused a
strong decrease of the As/Fe ratio in the aqueous phase with paddy soil
age (compared to the relatively stable values from the solid phase),
meaning that more moles of As are released per mole of Fe in younger
soils. Arsenic release was coupled to the dissolution of Fe! mineral
phases, with concentrations increasing over the first 10 incubation days
and decreasing after 35 days (Fig. SI2), likely because of sorption to
newly formed FeS phases (Xu et al., 2019; Hoffmann et al., 2013).

In the equilibrated aqueous phase (after 35 days), As concentrations
decreased with age (Fig. SI2). This could be related to As in older pad-
dies being associated with remaining Fe crystalline phases which are not
so readily accessible for reductive dissolution. In this sense, although As
concentrations in the solid phase showed only a relatively small overall
decrease with increasing age, As mobilization decreased with increasing
paddy soil age.

3.2. Highly toxic and mobile inorganic As dominates early stages of
paddy development

The high As mobilization in younger paddies is a source of concern
since As can become bioavailable for plant uptake and eventually
accumulate in rice grains. For all soils and incubation times, arsenic
speciation was dominated by inorganic species. Their contribution to the
sum of species largely varied between 91 % (P50, day 5) and 48 %
(P2000, day 7), overall being higher in younger paddies (Fig. SI3).
Inorganic oxyAs, and especially arsenate had a higher proportion, but
arsenite was found in all soils at all incubation times, together with up to
9 % of inorganic thioarsenates (P50, day 3). Using day 35 as a repre-
sentative equilibrated system, inorganic As contribution decreased
strongly with age (Fig. 3a), while the contribution of inorganic thio-
arsenates additionally decreased with incubation time (Fig. SI4).

While the accumulation of inorganic oxyAs was mostly caused by the
absence of biotic methylation (the second most dominant group of As
species, see Section 3.3), the formation of inorganic thioarsenates was
regulated by geochemical factors in the aqueous phase that are strongly
affected by paddy soil age.
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Inorganic thioarsenate formation requires reduced sulfur, with
dissimilatory sulfate reduction being its main source in paddy soil
porewater (Sethunathan et al., 1982; Wind and Conrad, 1995). Free s
was not detected in the aqueous phase of any incubation setup, but total
S concentration decreased with incubation time (Fig. SI5), indicating
precipitation of sulfide phases. Although observed in paddy soils of all
ages, the start of DSR showed a delay with increasing age. In younger
soils, it started as early as day 3 (P50), and in the older ones, as late as
day 5 (P2000). This delay is likely due to the higher availability of
reducible Fe'!! (as seen in Fig. SI2) in older paddies, since Fe' reduction
has a higher energy yield and is thermodynamically preferred to S
reduction (Snoeyink and Jenkins, 1980). Inorganic thioarsenates were
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detected in P2000 after day 5, coinciding with the start of DSR in this
soil (Fig. SI4).

Sulfate reduction was also assessed as the accumulation of S° in the
soils after incubation, with younger paddies showing higher accumu-
lation compared to older paddies (Fig. SI6). Although S° has been pre-
viously reported as the best proxy for the formation of thioarsenates in
paddy soil porewater (Wang et al., 2020), no direct correlation between
its accumulation and inorganic thioarsenate formation was found
(Fig. 3b). Our results suggest that the higher availability of SOC and
reduced Fe in the aqueous phase with increasing paddy soil age scav-
enged reduced sulfur for thiolation of organic matter (Spratt Jr and
Morgan, 1990) or precipitation of FeS phases (Xu et al., 2019),
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decreasing its availability for As thiolation. The quick and early for-
mation of inorganic thioarsenates could be related to a peak in the
availability of reduced sulfur during a phase of strong DSR before it was
scavenged by the major release of Fe!! into the aqueous phase taking
place by day 5 or 7, depending on the soil, or due to the absence of more
favorable substrates for thiolation (see Section 3.3).

Supporting these observations, contributions to the sum of species >
2 % of inorganic thioarsenates were only observed under incubation
conditions that had DOC concentrations <50 mmol L™ and dissolved
Fe! concentrations <1 mmol L™} (Fig. 3¢ and d, respectively). Our PCA
(Fig. SI1) also showed how formation of inorganic thioarsenates was
negatively correlated to paddy soil age, DOC, and dissolved Fe. Another
environmental factor that has been reported to strongly control inor-
ganic thiolation is pH with more alkaline pH causing higher inorganic
thiolation (Stauder et al., 2005). Contributions >2 % of inorganic thi-
oarsenates were observed for aqueous phase pH values above 7 (Fig. 3e).
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The accumulation of organic carbon, as well as the washout of carbon-
ates with increasing soil age, generally decrease soil and porewater pH
under paddy management (Kolbl et al., 2014), allowing inorganic As
thiolation in younger paddies with more circumneutral pH values.

Our results suggest that the high availability of inorganic As species
(including thioarsenates) in young paddy soils could represent a higher
risk for the consumption of rice products coming from fields that have
been under paddy use for 100 years or less. Additionally, paddy soil
evolution hampers the formation of inorganic thioarsenates, which form
preferentially in young paddies with lower dissolved Fe and SOC
contents.

3.3. Higher As methylation in mature paddies

Arsenic methylation showed a sharp increase in the first 300 years of
paddy evolution (Fig. 4a). After 35 days of incubation, the contribution
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Fig. 4. Effect of paddy soil evolution on As methylation. Contribution of methylated As species (including MMA, DMA, MMMTA, MMDTA, DMMTA, and DMDTA) to
the sum of species in different soils after 35 days of incubation (a). Increased CO, and CH, release with paddy soil age by day 35 of incubation (b). Data points on (a)
and (b) represent mean values while error bars represent the standard deviation (n = 3). Parameters that are related to As methylation: DOC (c), Fe (d), arsM gene
copy numbers (e), and aqueous phase pH (f). Empty symbols indicate data not taken for Pearson correlation in the case of P2000 (c, d) due to an unidentified
limitation in methylation and for P50 (f) because of low methylation potential. Asterisks indicate the Pearson significance levels (p): *** = p < 0.001; **** =p <

0.0001. For (c), (d) and (f), n = 54, while for (e), n = 36.
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of methylated As (which includes oxymethylated species and their
thiolated analogs) to the sum of species increased from 9.6 + 0.3 % in
P50 to 38 + 4 % in P300. These values represent the net effect of for-
mation and consumption (i.e., de-methylation) carried out simulta-
neously by different microbial communities which drive contribution of
methylated species to the aqueous phase speciation (Fig. SI7).

The increase of the methylation potential with paddy soil age can be
explained together with other biogeochemical parameters that showed
similar trends. The general potential for microbial activity and respira-
tion in the paddy soils strongly increased during the first 300 years
(Fig. SI8a and b), likely due to the accumulation of bioavailable organic
substrates and, as reported before for the chronosequence, increases in
the microbial biomass, alongside the establishment of specific microbial
communities (Kolbl et al., 2014; Wang et al., 2015a; Ho et al., 2011;
Bannert et al., 2011). Additionally, DOC release and efficient microbial
consumption caused increased CO2 and CH4 production with soil age
(Fig. 4b). On all sampling days, older soils showed a higher CO; pro-
duction than younger ones (Fig. SI8b). In the case of CHy, its production
was strongly delayed in older soils. While younger soils showed between
0.08 and 0.29 % of their final CH4 production after 3 days of incubation,
P2000 produced only around 0.005 % of its final value, being the lowest
CH4 producer up to day 7 (Fig. SI8c). This delayed CHy4 production was
again likely related to the high amount of reducible Fe' in the system
with increasing age, which has been reported to suppress methano-
genesis (van Bodegom et al., 2004), possible competition with other
microbial groups (Lovley and Phillips, 1987), or due to the low energy
yield of methanogenesis (Snoeyink and Jenkins, 1980). This delay is also
represented by a slower decrease of the redox potential in P2000 when
compared to younger soils (Fig. SI9). Nonetheless, the high accumula-
tion of organic C and likely a well-adapted methanogenic community
(Conrad, 2020) made P2000 the highest CH4 producer after 35 days of
incubation.

Arsenic methylation in P50, P100, and P300 showed positive Pear-
son correlations with DOC (r = 0.61, p < 0.0001) and aqueous phase Fe
(r=0.76, p < 0.0001) (Fig. 4c and d, respectively), suggesting a higher
abundance of organic substrates for microbial activity from the reduc-
tive dissolution of amorphous Fe phases. A similar correlation of high
methylation and DOC has been reported before (Zhao et al., 2013b), and
other studies have seen an increase in As methylation in organic matter-
amended treatments (Jia et al., 2013b; Yang et al., 2018). The oldest
paddy soil, P2000, showed lower methylation values than expected if
assuming a continuously increasing trend from P50 over P100 and P300.
The aforementioned three soils had aqueous phase As concentrations of
around 2 pmol L™}, compared to 0.5 pmol L1 in P2000 (Fig. SI2). P2000
also showed generally lower arsM copy numbers than the other soils,
especially when normalized to 16S rRNA (Fig. SI10 a and b), suggesting
that microbes in this soil are less prone to methylation. This lower
methylation potential could be related to several factors. On the one
side, the lower As concentrations in porewater when compared to
younger paddies could mean that detoxification mechanisms are not
needed in P2000 as much as they would be in younger paddies. Simi-
larly, it could also mean that the use of methylated As species as an
antibiotic is less efficient in P2000 due to a lack of porewater As. On the
other hand, Conrad (2020) has also suggested that frequently drained
soil environments show less population changes than permanently
flooded ones. Long-term paddy use could result in a stable microbial
community where warfare could be less necessary or methylated As
could be less effective. Lastly, it has been shown that in systems with
high availability of labile organic C like P2000, Carbon Catabolite
Repression takes place, meaning a down-regulation of catabolic en-
zymes such as the aquaglyceroporin channel (GlpF). The down-
regulation of this specific channel, which can also uptake arsenite,
could affect the uptake of As into the cells and thus, indirectly, decrease
the methylation potential in soils with particularly high SOC (Yoon
et al., 2022).

While strong de-methylation due to high methanogenic activity
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could also be an option (Chen et al., 2019b) (decreasing the net meth-
ylated As in P2000), incubation experiments with spiked MMA and DMA
showed that P2000 had the lowest demethylating capacity of all soils
with up to 50 % of the MMA spike remaining as methylated species after
5 days, compared to 18 % of the same spike in P50 (Fig. SI11). These
observations only highlight the difficulties of assessing (de)methylation
dynamics. Having in mind the different possibilities and the still open
questions regarding As methylation dynamics in paddy soils in general,
it is particularly difficult to determine which exact changes in microbial
dynamics are affecting the methylation capacity in P2000.

Although higher arsM abundances were found with higher aqueous
phase As concentrations (Fig. SI10a), a significant correlation between
arsM gene counts and methylated As (r = 0.57, p < 0.001) was only
found when excluding P50 (Fig. 4e). It has been observed that although
there may be more methylating microbes in soils with higher pH values,
their activity is higher at lower pH (Zhao et al., 2013b). This pH de-
pendency was observed in P50, which had higher pH values (Fig. 4f) and
arsM copy numbers but showed lower methylation potential. The arsM
copy numbers and soil pH decreased with age, while the contribution of
methylated As to As speciation increased. Additional observations
related to possible changes of microbial communities responsible for As
methylation (from SRB-driven to fermenter-driven) with increasing
paddy soil age are discussed in the supplementary discussion.
Throughout all incubations and for all soils, monomethylated species
had higher contributions to the sum of species than dimethylated ones. It
is not clear if this difference from field observations (where dimethy-
lated species usually dominate the share of methylated species), is an
artifact of our incubation experiments. Such dominance of mono-
methylated species has been previously observed and attributed to
different microbial capacities and the activity of different enzyme sys-
tems carrying out the first or second methylation steps (Wang et al.,
2015b; Wang et al., 2014; Chen and Rosen, 2023). A recent study by
Qiao et al. (2023) also identified a predominance of MMA over DMA in
paddy soil extracts.

Furthermore, once formed, oxymethylated As (MMA and DMA) can
lead to the formation of methylthioarsenates through their abiotic re-
action with S\, Methylthioarsenates were detected in all soils at all in-
cubation times except for P2000, where they were only found after 5
days of incubation (in the same way as the delayed formation of inor-
ganic thioarsenates related to the delay in DSR) (Fig. SI12). According to
our data, as soon as oxymethylated As species are formed, they are
readily thiolated when reduced sulfur is available in the system. Addi-
tionally, in most soils, oxymethylated species continued to be thiolated
even when there was no more inorganic thiolation, especially in P100
(Figs. SI4 and SI12). This suggests that in paddy soil porewater, the
formation of methylthioarsenates is preferred over their inorganic ho-
mologs. The enhanced thiolation of methylated As species could be
related to the pH conditions in paddy soil porewater, where acidic to
neutral pH are more prevalent than the alkaline conditions that allow
the thiolation of inorganic oxyAs. This preferential thiolation was also
confirmed by the spiked incubations, particularly for those spiked with
DMA where (even with a 10-fold excess compared to non-spiked con-
centrations), up to 98 % of the present DMA was thiolated compared to
only up to 22 % of inorganic As being present as thioarsenates (Fig. S13).

Methylthioarsenates contribution to As speciation through paddy
soil age (Fig. S14a) behaved similarly to inorganic thioarsenates in the
short term (3 days of incubation), decreasing strongly with age (with the
exception of P50, where there was low availability of oxymethylated
precursors). The same factors decreasing the availability of reduced
sulfur for the formation of inorganic thioarsenates with increasing age
would also affect the formation of methylthioarsenates. Interestingly,
the contribution of methylthioarsenates to As speciation after 35 days of
incubation was very similar to that of oxymethylated As. This means that
in the early stages of incubation, the formation of methylthioarsenates is
limited by the availability of MMA or DMA as precursors, but as soon as
oxymethylated species become available, their formation is limited only
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by the availability of reduced sulfur.

The contribution of methylthioarsenates to speciation with respect to
oxymethylated As can be seen in Fig. SI14b. A few data points of P50,
P100, and P300 are over the 1:1 line which indicates that methylthio-
lated species had higher contributions than the oxymethylated ones in
these paddies. These points correspond to early incubation days with
relatively low methylation, but high availability of reduced sulfur, while
older paddies (and later incubation times) with higher levels of
methylation and limited availability of reduced sulfur for thiolation fell
under the 1:1 line.

Interestingly, P2000 showed a low but constant formation of meth-
ylated and inorganic thioarsenates even by day 35 (Figs. SI4 and SI12). It
has been suggested that the presence of a cryptic S-cycle constantly
supplies small amounts of reduced sulfur to the system for constant As
thiolation and is related to the reduction of Fe'! oxyhydroxides (Wang
et al., 2020; Wind and Conrad, 1997). More specifically, the cryptic-S
cycle involves sulfide re-oxidation to $° coupled to the reduction of Fe'!

66% of current global
area under paddy use
N i\s under 100 years

Science of the Total Environment 908 (2024) 168351

(oxy)hydroxides, forming mixed Fe'Fe" minerals, pyrite, and release

Fe!' into the porewater (Saalfield and Bostick, 2009). The high avail-
ability of amorphous Fe'! phases increasing with age could provide a
sort of “S battery” for later As thiolation, especially in very old soils like
P2000, where these phases are most abundant. Supporting this idea, a
slight accumulation of S° in the long term took place in P2000 after 35
days of incubation.

In summary, although in early stages of incubation, younger paddies
showed a higher share of methylthioarsenates with respect to their
oxymethylated counterparts, older paddies offer a larger potential for
methylthiolation in the long-term. Furthermore, our observations show
that as soils age and As is methylated, methylthioarsenates will defi-
nitely contribute to the As speciation, to an extent depending on the
environmental factors governing the availability of reduced S. This
represents not only a risk for plant yield through the phytotoxicity of
DMA, but also a potential risk for human consumption from DMMTA
and DMDTA formation.

Inorg. Oxyarsenic

High risk for human consumption
(Class | carcinogen)

Inorg. As species

Inorg. thioarsenates

Currently co-determined as
inorganic As (regulated)

Relative porewater change

Oxymethylarsenic

High risk for rice production
(phytotoxic, straight-head disease)

Methylated As species

Methylthioarsenates

Highly cytotoxic, non-regulated
under current food guidelines

Crystalline Fe-phases

Fig. 5. Conceptual model representing the relative change in the contribution of inorganic (top) and organic (bottom) As species to aqueous phase speciation with
increasing paddy soil age, together with challenges associated to each group (right). Total aqueous phase As is represented as a dashed black line for reference.
Numbers represent: (1) Decrease in inorganic oxyAs. (2) Decrease in inorganic thiolation due to accumulation of SOM and amorphous Fe minerals. (3) Increased
methylation with the accumulation of SOM and increased microbial activity. (4) Decrease in measured methylated species with respect to the expected value (dashed
line) due to an unidentified limitation on methylation. (5) Transitioning soils between young and mature, showing high potential for the formation of methyl-
thioarsenates, being limited by the availability of reduced sulfur (dashed line) or methylated As (solid line). Pictures from soil profiles show the upper 50 cm (taken

and modified from Kalbitz et al. (2013)).
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4. Conclusions

Our study presents, to the best of our knowledge, the first linkages
between paddy soil age and As speciation. Although the paddy soils of
the chronosequence used in this work originate from coastal marshlands
(Cheng et al., 2009) and the extent or rates to which paddy soil evolution
affects As speciation might change according to the parent material,
environmental conditions or number of harvests per year, general pro-
cesses described here should be transferable to other paddy soils of
different origins (Winkler et al., 2016). Following up on the age-related
effects on As biogeochemistry observed in the present chronosequence,
further chronosequence studies should be carried out to evaluate the
extent to which these observations are transferable to other soil types
and different age spans.

For our chronosequence, the high As availability in porewater of
young soils (< 100 years), dominated by inorganic oxyAs species, sug-
gests that these soils have an increased risk for high inorganic As con-
centrations in porewater (Fig. 5, process 1). If porewater As speciation
directly links to speciation in rice grains, cultivation on these younger
soils could pose a higher risk for the consumption of the respective rice
products. Currently, worldwide, 118 million ha are estimated to be
under paddy use, with around 66 % of these soils being younger than
100 years (Klein Goldewijk et al., 2017). Based on the results from our
study, there could also be a high potential for inorganic thiolation in
such soils. Although currently co-determined in rice grains as inorganic
As (and thus, regulated), inorganic thioarsenates (particularly MTA, the
dominant inorganic thioarsenate species during most of our experi-
ments) show lower adsorption to Fe minerals than inorganic oxyarsenic
species, increasing As mobility (Couture et al., 2013; Suess and Planer-
Friedrich, 2012). In the context of rice cultivation, MTA shows lower
uptake but higher root-to-shoot translocation in rice plants, which
translates into a higher contribution to inorganic As enrichment in rice
grains (Kerl et al., 2019; Kerl et al., 2018). Our data suggests that as
paddy soil development takes place, the geochemical changes in the soil
decrease the potential for As thiolation (Fig. 5, process 2).

Regarding methylation, we found correlation with biogeochemical
parameters related to paddy soil age. However, from a microbiological
perspective, formation and consumption of methylated As species is not
completely clear, yet. Here, we showed how long-term paddy use en-
hances As methylation mainly due to the accumulation of organic
matter, increased microbial activity, and decreasing soil pH (Fig. 5,
process 3). Furthermore, older paddies with lower As mobilization could
also have a lower methylating capacity related to lower arsM expression
or other unidentified limitations (Fig. 5, process 4). Moreover, older
paddies produced higher greenhouse gas emissions due to their higher
microbial activity, including that of methanogens. Our results show that
as soon as methylation takes place and reduced sulfur is available in the
system, methylthioarsenates will form. Particularly in early stages of soil
evolution (>50 years) there is enough availability of methylated As and
reduced S to make methylthioarsenate species contribution highly
relevant in the paddy soil porewater (up to ca. 20 % for P100 at day 7)
(Fig. 5, process 5). Methylthiolated As species should not only be
considered an issue in young paddies transitioning to mature ones but
also in old ones where they were present and increasing after 35 incu-
bation days, likely associated to cryptic S-cycling.

Observations from the present laboratory study certainly need to be
verified in the field, either with the present chronosequence, others of its
kind with different parent material, or in soils where the time of rice
cultivation is known. Field studies will help to understand how the age-
related dynamics presented here change in systems with plant-soil in-
teractions and in the context of a cropping season, as well as how the
changes in aqueous phase As speciation observed here translate into As
accumulation in rice grains. Looking at the bigger picture, these obser-
vations could help decide which agricultural practices or rice varieties to
use at different sites to mitigate the most prominent risk factors for each
soil age group. For example, a mature soil in which high contents of

59

Science of the Total Environment 908 (2024) 168351

methylated species are found will profit from a rice variety with a lower
yield but higher resistance to straight-head disease (Yan et al., 2005).
Similarly, rice straw can be removed from these soils to limit the
methylation potential or greenhouse gas emissions, as well as applying
intermittent flooding, which has been reported to decrease As accu-
mulation in grain and CH4 production (Liu et al., 2021; Somenahally
et al,, 2011). Likewise, younger paddies could profit from a higher
addition of rice straw or other forms of organic matter to enhance the
methylation potential, according to previous observations (Jia et al.,
2013b; Yang et al., 2018). Overall, paddy soil age is a factor that requires
more attention in future studies, as it has the potential to influence the
kind and the extent of threat that As poses for rice cultivation.
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Supplementary Materials and Methods
Details on As speciation analyses

Inorganic arsenic (arsenite and arsenate), methylated oxyarsenates (MMA and DMA),
inorganic thioarsenates (MTA, DTA, and TTA), and methylthioarsenates (MMMTA,
MMDTA, DMMTA, and DMDTA) were separated with an ion chromatograph coupled
to an ICP-MS detector, as described beforel. Peak assignment was done based on
previously reported retention times'2. Calculation of concentrations was done by
calibration containing arsenite (NaAsO2, Fluka), arsenate (Na2HAsOa4 x 7H20, Fluka),
MMA (CHsAsNa203 x 6H20, Supelco), and DMA (C2HsAsNaO2 x 3H20, Sigma-
Aldrich). Concentrations of thiolated As species were calculated based on their oxyAs
homologues: MTA, DTA, and TTA were calibrated with arsenate, MMMTA and
MMDTA with MMA, and DMMTA and DMDTA with DMA.

Details on DNA and RNA extractions and transcript quantification

Cell material was lysed from approximately 0.6 g of wet soil by bead-beating in sodium
phosphate and dodecyl sulfate solutions. DNA and RNA were co-extracted from the
soil slurry with phenol-chloroform-isoamyl alcohol (PCIl) and chloroform-isoamyl
alcohol (ClI), precipitated overnight in polyethylene glycol, washed with 70% ethanol,
and dissolved in 100 yL TE buffer. Nucleic acid quality was determined with a 1%
ethidium bromide dyed gel and with nanodrop-based absorbance ratios at 260/280 and
260/230 nm (NanoDrop 1000, Peglab). Nucleic acid quantity was assessed with
Qubit® 3.0 Fluorometer (life technologies, Germany).

For transcript quantification, DNA was digested with the Invitrogen Turbo DNA free Kit
(Invitrogen), and cDNA produced via the SuperScript Ill reverse transcription kit
(Invitrogen). Quantitative PCR was performed using the SsoAdvanced Universial
SYBR Green supermix (Bio-Rad Laboratories GmbH, Munich, Germany) on an
CFX96™ Real-Time PCR Detection System (Bio-Rad Laboratories, Germany) and
analyzed using the CFX Manager™ software. Primers, reaction mixtures and cycling

programs are given for each gene in Table SI1.
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Table SI1: Primers, reaction mixtures and cycling programs for the gPCR quantification of
16S rRNA, dsrA, ArsM and mcrA genes and partially transcripts.

16S rRNA gene and transcript

Forward primer:

341F: 5-CCTACGGGAGGCAGCAG-3’ (Ref: 3)

Reverse primer:

797R: 5-GGACTACCAGGGTATCTAATCCTGTT-3 (Ref: %)

gPCR reaction mix Reagent Stock conc. 1x
Sso Advanced
SYBR green 5x 5puL
master mix
PCR-grade water 3.4 uL
Forward primer 5 uM 0.15 pL
Reverse primer 5uM 0.45 yL
Template DNA 1-20 ng/pL 1L
Total volume 10 pL
: 55-95°C
APCR cycling program 98°C 98°C 60°C 98°C | 05°C
steps
3 min 15 sec 30 sec 15sec | 0.05sec
1x 40 X 1x 1x
dsrA gene and transcript
Forward primer: dsr-F+: 5-ACSCACTGGAAGCACGGCGG-3' (Ref: >%)
Reverse primer: dsr-R: 5-GTGGMRCCGTGCAKRTTGG-3' (Ref: °5)
gPCR reaction mix Reagent Stock conc. 1Xx
Sso Advanced
SYBR green 5x 5L
master mix
PCR-grade water 2.76 pL
BSA 2.5mg/ mL 0.6 uL
Forward primer S uM 0.32 pL
Reverse primer 5uM 0.32 uL
Template DNA 1-20 ng/pL 1plL
Total volume 10 pL
: 55-95°C
APCR cycling program 95°C 95°C 60°C | 72°c | 95°Cc | 05°C
steps
: 0.05
10 min 30 sec 30sec | 30sec | 30sec sec
1x 40 X 1x 1x

ArsM gene and transcri

pt

Forward primer:

arsMF1: 5-TCYCTCGGCTGCGGCAAYCCVAC-3’ (Ref: )

Reverse primer:

arsMF2: 5-CGWCCGCCWGGCTTWAGYACCCG-3’ (Ref: 7)
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gPCR reaction mix Reagent Stock conc. 1 X
Sso Advanced
SYBR green 5x 5uL
master mix
PCR-grade water 3.2 uL
Forward primer 5 uM 0.4 uL
Reverse primer 5uM 0.4 yL
Template DNA 1-20 ng/uL 1
Total volume 10 uL
gPCR cycling program 5%'
95°C | 98°C | 61°C [72°C | 72°C | 98°C | 2%
steps
10 min | 30 sec | 45 sec 30 7 30 0.05
sec min sec sec
1x 40 x 1x 1x

mcrA gene and transcript

Forward primer:

mlas: 5-GGTGGTGTMGGDTTCACMCARTA-3 (Ref: ©8)

Reverse primer:

mcrA-rev: 5-CGTTCATBGCGTAGTTVGGRTAGT-3 (Ref: ©8)

gPCR reaction mix Reagent Stock conc. 1X
Sso Advanced
SYBR green 5x 5uL
master mix
BSA 2.5mg mL?! 0.4 L
PCR-grade water 2.8 uL
Forward primer 5uM 0.4 pL
Reverse primer 5uM 0.4 uL
Template DNA 1-20 ng/uL 1uL
Total volume 10 pL
- 48°C
APCR cycling program | | geor | gsoc | Ramp | 72°C | 95°C | 585°C | 72°C | 72°C
0.1°C/sec
3 30 30 30 45 30 10
min | sec 45 sec sec | sec | sec | sec | min
1x 5 Zyklen 30 x 1x
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Figure SI1: Principal Component Analysis for the complete dataset. The axes Diml and Dim2
represent the two principal components (PC) explaining 31.2 and 23.9% of the variance of the dataset,
respectively. Colored arrows represent the original variables introduced. The more parallel an arrow is
to Dim1 or Dim2, the more it contributes to that PC. The length of the arrow is associated to how much
of the variability of the variable is represented by both PCs in the plot. Furthermore, the angle between
two arrows is associated to the correlation between the variables they represent, with smaller angles
representing high positive correlations, and opposite angles representing high negative correlations.
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Figure SI2: Dynamics of Fe, As, and DOC in paddy soils of different ages. Note the different primary
y-axis for P2000 (d). Points represent mean values and error bars their standard deviation (n=3).
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over incubation time. Points represent mean values and error bars their standard deviation (n=3).
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incubation time. Points represent mean values and error bars their standard deviation (n=3).
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incubation time. Points represent mean values and error bars their standard deviation (n=3).
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logarithmic scale for (c). Points represent mean values and error bars their standard deviation (n=3).
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Figure SI11: Contribution of As species in the incubation experiments amended with MMA (a) and DMA
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(e.g., Dimethylated As corresponds to the sum of the contributions of DMA, DMMTA and DMDTA). Each
species group was corrected by subtracting the concentration found in the original incubation setup
(hence the appearance of negative values). The “missing” section corresponds to the difference
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Figures S15 to S18 support the supplementary discussion (see below).
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Figure SI15: Principal Component Analysis for P50. See Supplementary Fig. 1 for interpretation.
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Supplementary discussion
HBED for stabilization of As speciation samples

When determining As speciation, precipitation of Fe in the sample is unwanted since
some of the As species show high adsorption to Fe phases, hampering the analysis.
For this reason, methods which avoid the precipitation of Fe and do not affect the As

speciation and the later chromatographic separation are required.

The chelating agent hydroxybenzyl ethylenediamine (HBED) has previously been
proven effective in keeping Fe in solution in environmentally relevant laboratory
experiments'®. Although other Fe chelators, such as diethylenetriamine-pentaacetic
acid (DTPA), have been used previously when determining thioarsenates in paddy soil
porewaters, they have shown low levels of recovery?. In order to prove that HBED is
an adequate Fe chelator for As speciation samples, different experiments were carried
out. The HBED solution used here was initially measured for total As to assess if it
contained As. Once verified that the solution’s As background concentrations were
below detection limit (0.03 pg/L), HBED was tested in different mixes of As species
and paddy soil aqueous phase samples. For all experiments described in this section,
630 pL of the As species mix or samples were stabilized with 70 uL of an HBED 10
mM solution prepared as stated in the main manuscript’'s materials and methods
section. All tests were carried out inside the anaerobic glovebox, including mixing and

sealing of the samples.

First, a mix of the As species used for calibrating the IC-ICP-MS was prepared to
evaluate if HBED changed the peak shape or retention times of oxyAs species during
chromatography. Arsenite, arsenate, MMA, and DMA were mixed to a final nominal
concentration of 5 pg L* each (20 pug L* in total). The mix was measured for As
speciation with and without adding HBED. The recovery for the mix stabilized with
HBED was 101.1% when compared to the non-stabilized one. Arsenic speciation was
not affected by HBED addition and peak shapes in the chromatograms did not show

significant changes.

Secondly, the stability of As species was tested with different Fe!" concentrations in
the presence of HBED. For this, a mixed solution of As species in environmentally
relevant concentrations was used, which contained 50 pg L™ of arsenite and arsenate
each, 10 ug L of MMA and DMA each, 15 pg L of a mix of methylthioarsenates

(including MMMTA, MMDTA, DMMTA, and DMDTA), and 2 pg L' of MTA, as
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representative of inorganic thioarsenates. This mix was combined with a solution of
Fe! (FeCls) in different concentrations (0.005, 0.05, and 0.5 mM) and subdivided into
two aliquots. The first aliquot was analyzed immediately, while the second was flash
frozen (FF) in dry ice, stored for 4 h, and thawed inside the glovebox before being
analyzed for As speciation. This test aimed to evaluate if thawing the samples affected
the As speciation (through, for example, precipitation of Fe'' phases or de-thiolation of
thioarsenates). The speciation analyses of these tests are shown in Figure S119. No
changes were observed in the speciation composition, and the recovery of As in these
analyses varied between 98.6 and 105%, compared to the same mix measured without
HBED. This test shows that HBED is a suitable chelator agent to avoid Fe-related
losses and species transformations when measuring As speciation in paddy soil

porewater, including thioarsenates.
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Figure SI19: Stability test of As species in environmentally relevant concentrations in HBED,
stabilized with HBED in the presence of different Fe'" concentrations, measured immediately (a) and
after flash freezing in dry ice and thawing anoxically right before analysis (b).
Stabilization with HBED was tested on two paddy soil aqueous phase samples from
incubation experiments like the ones carried out in this study: sample A with a low
porewater Fe content (150 uM) and sample B with a higher Fe content (850 uM).
Samples A and B had similar, low contents of total As (5.1 and 5.8 ug L%, respectively),
as we intended to show that HBED stabilization is also appropriate for lower As
concentrations. Sample A was taken and measured immediately with and without
adding HBED. Sample B was taken and split into five aliquots: the first aliquot was
measured immediately without stabilization. The second and third were measured
immediately with HBED in two different concentrations (0.1 mM and 1 mM). The fourth
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and fifth aliquots were flash-frozen with and without HBED, respectively. Sample A
(Figure S120a) showed the improved recovery when using HBED (101.9 vs. 88.2% in
the non-stabilized sample) and that, in natural samples, the composition of
thioarsenates was not affected by the addition of HBED. Sample B (Figure SI120b),
although it showed no thioarsenates content (due to the high Fe content in the
porewater), proved that there is a lower recovery when not using HBED or

concentrations that are not high enough to complex all available Fe.
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Figure SI20: Stability test of paddy soil aqueous phase samples with HBED. Sample A (a) with low
Fe content shows the stability of thioarsenates when adding HBED to natural samples, while sample B
(b) with higher Fe content shows the effects of no stabilization or a deficit of HBED on As recovery with

and without flash freezing (FF).

Changes in methylating microbial communities with soil evolution

A positive correlation was found between copy numbers of dissimilatory sulfite
reductase alpha subunit (dsrA, encoding the key enzyme of DSR!!) and ArsM copy
numbers (Figure Sl21a), which agrees with the observations by Chen et al. 8, that SRB
play a significant role in As methylation. However, looking at the absolute concentration
of methylated As species rather than their contribution to the sum of species through
incubation time for different soils (Figure SI7), their formation in P2000 was not as
delayed as sulfate reduction, meaning both processes are not directly coupled, which
has been previously suggested by Reid, et al. 2. Additionally, although the
concentration of methylated As started to plateau with increasing methanogenic
activity (day 7), methylated As species were still found during the highly methanogenic

phase at the end of the experiment (day 35). For P2000, there was even a late increase
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in methylated As by day 35, when the soil had the highest methanogenic activity and
no further sulfate reduction was taking place (Figure SI5 and SI8c). The occurrence of
methylated As species before DSR and their persistence even throughout strong
methanogenesis implies that other microbial groups are also importantly related to As
(de-)methylation beyond those suggested by Chen et al. ¢ Additionally, PCA done for
each soll individually (Figures SI15 to SI118) showed that the correlation between dsrA
and ArsM decreased with paddy soil evolution (as the angle between the vectors of
both parameters increased with age, suggesting the level of correlation between these
two variables decreases). This change suggests that SRB are important for As
methylation in early phases of paddy soil development, while other groups may gain
relevance with increasing soil age. One of the groups gaining relevance with further
soil development could be fermenting bacteria, as proposed by Reid, et al. 2. Principal
component analysis of our complete dataset (Figure SI1) indicated a high correlation
between acetate concentration, a major product of fermentative processes, and As
methylation. However, direct changes in this correlation with increasing paddy soil age

were not observed in the individual PCAs.
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Figure SI21: Shift of microbial activities related to As methylation. Correlation between ArsM and
dsr gene copy numbers (a), and correlation between the contribution of methylated As species and
aqueous phase acetate concentrations (b). Comparison of the r values for each soil (c). Asterisks
indicate the Pearson significance levels (p): * = p < 0.05; ** = p < 0.01; *** = p <0.001; **** = p < 0.0001.
No significant correlation for P2000 was found on ArsM vs. dsr and for P50 on methylated As vs. Acetate.
Each Pearson correlation in (a) and (b) has n = 12.

To further statistically assess these changes, Pearson correlation coefficients (r) were
obtained from the correlations between dsrA and ArsM (21a), and for the contribution
of methylated As species and acetate concentration in the aqueous phase (Figure
S121b) for each soil, and their changes were compared (Figure SI21c). The correlation
between dsrA and ArsM decreased with age until being not significant for P2000
(p>0.05), while the correlation between acetate and As methylation started as not
significant for P50 but increased strongly with age. The concept that the microbial
community responsible for As methylation in paddy soils shifts with long-term use (e.qg.,
as suggested here, from SRB-driven to fermenter-driven) would reconcile observations

from previous studies®'? and should be further investigated.
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1. Introduction

Rice is a crop of global importance, feeding over half of the World’s
population. In contrast to other cereals, rice is cultivated under flooded
conditions in paddy soils (Kogel-Knabner et al., 2010; Meharg and Zhao,
2012). Biogeochemically, these soils undergo strong redox fluctuations,
since the standing water and active microbes deplete it from oxygen
after flooding (Kogel-Knabner et al., 2010). This depletion creates an
anoxic environment where microbial groups use alternative anaerobic
respiratory pathways, such as sulfur (S) and iron (Fe) reduction, and
methanogenesis (Kogel-Knabner et al., 2010; Sethunathan et al., 1982).
In the long-term, the redox fluctuations associated with paddy use alter
pedologic properties (Kalbitz et al., 2013; Kolbl et al., 2014; Wissing
et al., 2014; Wissing et al., 2011), for example by storing carbon (C) as
soil organic carbon (SOC), lowering soil pH, and increasing the share of
amorphous Fe phases. In a recent study using a 2000-year old chro-
nosequence we have shown that long-term paddy use (i.e., paddy soil
“age™) also influences redox biogeochemistry and the above-mentioned
respiratory pathways, increasing, among others, the rates of soil respi-
ration, methanogenesis, and Fe reductive dissolution (Leon Ninin et al.,
2024). With increasing paddy soil age, amorphous Fe! phases accu-
mulate and stabilize SOC by mineral associations (Kolbl et al., 2014;
Leon Ninin et al., 2024; Lalonde et al., 2012). The reductive dissolution
of these Fe'-SOC associations releases high amounts of Fel and dis-
solved organic carbon (DOC) into the aqueous phase, supporting an
increased microbial activity (Leon Ninin et al., 2024).

The alternative respiratory pathways used by microbes under anoxic
conditions are responsible for two main concerns related to paddy use.
First, methanogenic archaea thrive in paddy soils and release methane
(CHy4) as a metabolic by-product (Le Mer and Roger, 2001; Bridgham
et al,, 2013). Methane is a greenhouse gas with high relevance for
climate change since, although it is produced in trace amounts, it has 27
times the warming potential of CO, over a 100 year time frame (Forster
etal., 2021). Paddies are a major anthropogenic CH4 source, responsible
for the emission of 24 to 31 Tg year ! (11 % of annual agricultural CHy4
emissions) (Forster et al., 2021; FAO, 2022; Qian et al., 2023). Our
previous study showed that long-term paddy use increases CH4 pro-
duction (Leon Ninin et al., 2024), due to SOC accumulation, increased
microbial biomass and activity, and likely a well-established community
of methanogens (Conrad, 2020; Ho et al., 2011).

Secondly, anaerobic microbial activity drives different aspects of the
biogeochemistry of arsenic (As). Arsenic is a toxic trace element that
accumulates in rice plants and grains, affecting plant yield and repre-
senting a risk of As exposure from rice consumption (Stone, 2008; Ma
et al., 2008; Zheng et al., 2013). Iron reduction controls the availability
of As in the porewater for plant uptake, since the reductive dissolution of
As-bearing Fe minerals releases carcinogenic inorganic oxyarsenic spe-
cies, arsenate and arsenite (Stone, 2008; Smedley and Kinniburgh, 2002;
Zobrist et al., 2000). Sulfate reducing bacteria (Chen et al., 2019) (SRB)
as well as other microbial groups (Reid et al., 2017) have been proposed
as As methylators. Methylated As species (mono- and di-methylarsenate,
MMA and DMA, respectively) represent a lower risk for humans but
have been reported to cause plant sterility (Zheng et al., 2013; Zhao
etal., 2013). The reduced S produced as a by-product of SRB respiration
can thiolate As to form thioarsenates. Inorganic and methylated thio-
arsenates are usually-overlooked, highly mobile and cytotoxic As species
that have been found in paddy soil porewater (Leon Ninin et al., 2024;
Wang et al., 2020; Chen et al., 2021a), rice grains, and products (Colina
Blanco et al., 2021; Dai et al., 2022; Colina Blanco et al., 2024). Lastly,
methanogenesis also has been previously reported as a biogeochemical
process affecting As speciation through de-methylation (Chen et al.,
2019; Chen et al., 2022; Chen et al., 2023; Zhang and Reid, 2022). Our
previous study in the chronosequence showed that long-term paddy use
decreases As mobility due to the formation of amorphous Fe'-S0C as-
sociations that act as effective sorption sites. Additionally, the increased
microbial activity and SOC accumulation with increasing paddy soil age
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enhances As methylation, particularly during the first 300 years of
paddy use (Leon Ninin et al., 2024). Regarding As thiolation, increased
SOC and dissolved Fe!' with long-term paddy use scavenge reduced S,
decreasing its availability for thioarsenate formation.

The rates of these microbially mediated processes are reported to be
enhanced by temperature (Frey et al., 2008; Castro et al., 2010; Bradford
et al., 2008). In the context of anthropogenic climate change, several
studies have shown how higher temperatures could increase As
mobility, methylation and thiolation (Chen et al., 2021a; Muehe et al.,
2019; Farhat et al., 2021; Neumann et al., 2017; Miiller et al., 2022),
while the reports regarding CH4 production are contradictory and
depend on agricultural practices (van Groenigen et al., 2011; Cheng
et al., 2006; Tokida et al., 2011; Gaihre et al., 2013). These observations
have been partially attributed to SOC being an important factor deter-
mining soil responses to changes in temperature (Wei et al., 2019; Su
et al., 2024). However, it remains unknown how the systematic accu-
mulation of SOC as a cause of long-term paddy use can affect these
temperature responses. More generally, a better understanding of how
the pedologic and redox changes related to paddy soil aging could be
influenced by increasing temperatures in the future is lacking.

Here, we incubated soils from a well characterized 2000-year-old
paddy soil chronosequence at different temperatures. The advantage
of using selected soils of such a chronosequence is that they provide a
range of stages in paddy development, which allow a broad under-
standing of paddy soil biogeochemistry. Our aim was to investigate
whether there is a link between long-term paddy use and the degree to
which CH4 and As biogeochemistry are affected by increasing temper-
atures. In this sense, we are using this chronosequence as a tool to un-
derstand how intrinsic pedological changes associated with paddy
management affect their response to increasing temperatures. We hy-
pothesize that higher temperatures will accelerate microbial processes
to a greater extent in older paddies, with more active microbes sustained
by higher SOC, leading to increased methanogenesis and As methyl-
ation. However, we expect older paddies to remain unaffected by tem-
perature increase in terms of As mobility due to abundant Fe''-SOC
sorption sites. Additionally, we used non-paddy soils to understand how
the development of new fields could be affected by future warmer
temperatures, as well as to determine if such a response to increasing
temperatures is indeed related to long-term paddy use.

2. Materials and methods
2.1. Incubations from soil chronosequence

Incubation experiments were carried out with soils from a paddy soil
chronosequence located around Cixi, in the delta of the Yangtze River in
the province of Zhejiang, China (Kolbl et al., 2014; Cheng et al., 2009).
Through sedimentation and dike building, land reclamation for agri-
cultural purposes has been taking place from saltmarshes since
approximately 2000 years. The building dates of the dikes allow an
estimation of the age of the arable land and its management as paddies
and non-paddies. For this study, the <2 mm fraction of the topsoil of the
main sites described by Cheng et al. (2009) and Kolbl et al. (2014) were
used, representing paddies (P) with ages of 50, 100, 300 and 2000 years.
Two additional non-paddy soils (NP) from the same chronosequence,
used for upland agriculture and with ages of 50 and 700 years, were also
incubated as representatives of upland systems. The soils were charac-
terized for As binding mechanisms by sequential extraction procedures
(SEP), proposed by Fulda et al. (2013). A detailed description of the
procedure can be found in the supporting information (supplementary
methods, Table SI1). Selected soil properties can be found in Table SI2.

For the incubations, 10 g of soil and 20 mL of Ny-purged tap water
were added into 120 mL septum vials in triplicate under anoxic condi-
tions inside a glovebox (95 % Nj, 5 % Hs, COY). The vials were closed
with butyl rubber stoppers and aluminum caps, shaken to mix the slurry
and incubated standing at 30, 32, and 35 °C. While 30 °C represents the
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average maximum temperature in Cixi during the cropping season be-
tween April and September, 32 °C and 35 °C correspond to +2 °C and +
5 °C increases in air temperature for IPCC scenarios SSP2-4.5 and
SSP5-8.5 in the region, respectively (Muehe et al., 2019; Le Queéré et al.,
2018). Data used in this publication for the paddy soils incubated at
30 °C has been previously published in Ledn Ninin et al. (2024).

2.2. Sampling

The corresponding triplicate vials were sampled sacrificially after 1,
3, 5,7, and 10 days of incubation. These days were selected based on the
dynamics of redox processes that we described before in the chronose-
quence (Leon Ninin et al., 2024). The vials were removed from the water
bath, shaken, and allowed to reach room temperature (20 °C) before
measuring the inner pressure of the vials using a handheld pressure-
meter (Greisinger GMH, 3100 Series), followed by sampling the head-
space with a gas-tight syringe and needle. Approximately 5 mL of
headspace were sampled from each vial and stored in evacuated glass
vials until CH4 and CO; determination using a gas chromatograph with a
Flame Ionization Detector (GC-FID, SRI Instruments 8610C) equipped
with a methanizer.

The vials were then brought into the glovebox and shaken to form a
homogeneous slurry that was transferred into 50 mL centrifuge tubes.
The tubes were closed and wrapped in Parafilm before being centrifuged
for 10 min at 4000 rpm outside the glovebox. The tubes were brought
back into the glovebox and the aqueous phase was separated from the
soil with syringe and needle. The aqueous phase was split into different
aliquots for different geochemical analyses described below.

2.3. Aqueous phase analyses

To measure dissolved organic carbon (DOC), 2 mL of aqueous phase
were filtered through a 0.45 pm polyamide filter (Chromafil® Xtra),
acidified with 40 pL of 6 M HCI and kept at 4 °C until analysis (Multi N/C
2100 S, Analytik Jena). For the rest of the analyses, the aqueous phase
was filtered through 0.2 pm cellulose-acetate filters (Chromafil® Xtra).
Inside the glovebox, a multiparameter (HQ40d, Hach) connected to the
respective electrodes was used to measure pH (PHC301, Ag/AgCl elec-
trode) and redox potential (MTC101).

Photometric determinations following the Ferrozine method (Stoo-
key, 1970; Hegler et al., 2008) for total Fe and the methylene blue
method (Cline, 1969) for sulfide were carried out. After stabilization,
colorimetric reactions and measurements were done outside the glove-
box. All photometric determinations were carried out in triplicate using
a multiplate reader (Infinite® 200 PRO, Tecan). Samples were diluted, if
necessary, with ultrapure deionized water (Millipore, 18.2 MQ cm).

Total As and S were determined by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS, 8900 Triple Quad, Agilent) in reaction mode
with Os. Arsenic was measured as AsO™ (m/z 91) and S as SO™ (m/z 48).
Detection limits were 0.01 pg L™! for As and 21 pg L™" for S. For this
analysis, a 2 mL aliquot was stabilized with 0.5 % H,0 and 0.8 % HNO3
and diluted before analysis. Rhodium was used as internal standard to
compensate for signal drift and a certified reference material (TMDA
62.2, Environment Canada) was used for quality control.

For the determination of As speciation, a 700 pL aliquot was stabi-
lized with 100 pL of hydroxybenzylethylenediamin (HBED, pH 7) (Le6n
Ninin et al., 2024). An HBED solution of 10 mmol L~ ! was used to sta-
bilize samples with Fe concentrations <1 mmol L™! and a 59 mmol L™}
solution was used for those with higher Fe concentrations. Stabilized
samples were frozen with dry ice and stored at —20 °C until analysis.
Arsenic speciation was determined by ICP-MS after chromatographic
separation by ion chromatography (IC, 940 Professional IC Vario Met-
rohm). The chromatographic separation was done using an AS16 col-
umn (Dionex AG/AS16 IonPac column), with a 2.5-100 mM NaOH
gradient, 1.2 mL min~! flow rate, and an injection volume of 50 pL
(Planer-Friedrich et al., 2007). Samples were thawed inside the
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glovebox before analyses to avoid changes in speciation due to oxida-
tion. Individual As species were assigned based on previously reported
retention times (Wang et al., 2020; Wallschlager and London, 2008;
Wallschlager and Stadey, 2007). Concentrations were calculated
through a linear calibration containing arsenite (NaAsO2, Fluka), arse-
nate (NapHAsO4 x 7H20, Fluka), MMA (CH3AsNas03 x 6H30, Supelco),
and DMA (CoHgAsNaO2 x 3H50, Sigma-Aldrich). Detection limit for As
species was 0.02 pg L1, Because of the unavailability of commercial
standards for thioarsenates, concentrations of thiolated As species were
calculated based on their oxyarsenic homologues: inorganic thio-
arsenates (mono-, di-, and trithioarsenate) were calibrated through
arsenate, monomethylated thioarsenates (monomethyl mono-, di-, and
trithioarsenate) through MMA, and dimethylated thioarsenates
(dimethyl mono- and dithioarsenate) through DMA. Throughout the
following text, rather than describing the species individually, they will
be grouped as inorganic oxyarsenic, oxymethylarsenates, inorganic
thioarsenates and methylthioarsenates. An example chromatogram,
names, abbreviations, and grouping can be found on Figure SI1.

2.4. Statistical analyses

Mean and standard deviation were calculated for each measured
variable. Relative change of biogeochemical parameters with tempera-
ture was calculated by dividing the absolute difference of said parameter
at both temperatures by the value of the parameter at the higher tem-
perature. These values are shown in percentages throughout the text and
figures. One- or Two-way-ANOVAs were used to determine the indi-
vidual or combined effects of paddy soil age and incubation temperature
(P-values are summarized in Tables SI 3 and 4, and additional statistical
data can be found in the supplementary files). ANOVAs were carried out
using the “Analysis ToolPak™ Add-In for Microsoft Excel. Pearson cor-
relation coefficients were used to assess the significance of the presented
correlations, and done using RStudio (R Development Core Team,
2008).

3. Results and discussion
3.1. Temperature effect on general redox (biogeo)chemistry

Previous studies have established that increases in temperature
enhance microbially mediated processes in redox dynamic soils (Weber
et al., 2010). The results of our incubations using the 2000-year-old
paddy soil chronosequence revealed that the magnitude of such
enhancement is strongly influenced by soil age. Fig. 1a and b show
dissolved Fe concentrations at 30 °C versus 32 °C (from now on referred
as 30-32 °C), and 32 °C versus 35 °C (32-35 °C), respectively. Con-
centrations of dissolved Fe increased from non-paddies to paddies with
increasing age as reported before (Leon Ninin et al., 2024). Moreover,
deviations from the 1:1 line indicate that there was a temperature effect
on Fe reductive dissolution. These deviations are presented as relative
change in Fig. 1c for 30-32 °C and Fig. 1d for 32-35 °C. Fig. 1c shows
that non-paddies had a negative relative change, indicating an average
decrease on dissolved Fe concentrations, while the positive relative
change in paddies indicates enhanced Fe reductive dissolution.
Furthermore, the relative change in dissolved Fe concentration in pad-
dies increased with soil age. Relative change was larger between
30-32 °C (Fig. 1c) than between 32-35 °C (Fig. 1d). Two-way ANOVA
confirmed that paddy soil age and incubation temperature had a sig-
nificant individual effect on dissolved Fe concentrations, as well as a
significant interaction between both factors (p < 0.05). Dissolved Fe
concentrations over incubation time (Fig. SI2a-d), were enhanced both
in magnitude (higher peaks) and kinetics (earlier peaks) at the higher
temperatures. Across the non-paddy incubations there was a constant
increase of dissolved Fe concentrations with incubation time (Fig. SI3a,
b), opposite to the bell-shape observed in paddy soils (Fig. SI2a-d).

Similar to what was observed for Fe, DOC concentrations increased
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comparisons (c, d). Comparison of DOC concentrations between 30-32 °C (e) and between 32-35 °C (f). Comparison of CO, production between 30-32 °C (g) and
between 32-35 °C (h). Effect of incubation temperature on CO, production by the end of the experiment (day 10) (i). For c and d, each box summarizes the results of
triplicates through the incubation time (n = 15), with “x” showing the mean value and white circles showing outliers (1.5 IQR). For i, data points represent averaged
results and error bars show standard deviation (n = 3). For the rest of the plots, data is displayed as individual results of experimental triplicates from all 5 incubation
times (n = 15), color-coded per soil. The black dotted line represents a 1:1 line. Note logarithmic scale for (a) and (b).

from non-paddies to paddies with increasing age (Fig. le,f). Tempera-
ture showed only small effects on DOC concentrations, slightly
enhancing them for a 2 °C increase (30-32 °C) (Fig. 1e, Fig. SI4), while
for a further 3 °C increase (32-35 °C) the relative change was around the
zero % line (Figs. 1f, SI4). Looking at the temporal resolution (Fig. SI2e-
h for paddies, Fig. SI3 c,d for non-paddies), higher temperatures slightly
increased DOC release in early days in the incubation, but also caused a
stronger and earlier decrease.

Higher incubation temperature also caused an increased CO; pro-
duction in all paddies (Fig. 1g,h), especially when incubated at 35 °C
(Fig. SI5). A two-way ANOVA confirmed that the CO, production by the
end of the experiment (day 10) was significantly (p < 0.05) affected
individually by paddy soil age and temperature, and by the interaction
of both factors. When plotting the final CO, produced by day 10 against
the incubation temperature (Fig. 1i), all paddies showed a positive slope
which increased with paddy soil age, indicating that older soils with
higher soil C stocks have a greater response on CO5 production at high
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temperatures. Soil respiration in non-paddies was only half of the values
observed in paddy soils. Temperature had contrasting effects on the CO2
production in non-paddies, with 32 °C causing generally lower respi-
ration and being distinctively different from the effect of temperature in
paddy soils, and with 35 °C enhancing it (Fig. SI5). For non-paddies, a
two-way ANOVA showed that temperature and age had individual sig-
nificant effects (p < 0.05) on the final CO5 production but no significant
interaction between both factors.

The above-described observations can be explained when consid-
ering paddy soil development. Increased Fe dissolution with paddy soil
age is related to the formation of amorphous Fe'! phases with SOC
accumulation, which changes the structure of Fe oxyhydroxides upon
reprecipitation (Kolbl et al., 2014). These Fem-phases are known to be
more easily reduced at higher temperatures (Schwertmann, 1991),
explaining why the magnitude of the increase of dissolved Fe is higher
with increasing temperature and age. A significant Pearson correlation
between dissolved Fe and DOC (r: 0.9, p < 0.0001; Fig. SI6), as well as
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their similar temporal dynamics (Fig. SI2) suggests that DOC is mainly
released from the reductive dissolution of Fe-SOC mineral associations.
However, this could also indicate that the increased availability of DOC
with increasing soil age enhances Fe reductive dissolution. The effective
removal of DOC from the paddy incubations with increasing time at
higher temperatures suggests effective microbial consumption of
organic substrates, supported by the increased CO; production.
Increased soil respiration in paddies indicates that their role as C sinks
(Kogel-Knabner et al., 2010; Chen et al., 2021b) could be negatively
affected by increasing temperatures, particularly in older paddies where
more SOC is stored.

Non-paddy soils are subject to different agricultural practices like
tillage, which aerates the soil releasing accumulated SOC as CO; into the
atmosphere, lowering the SOC pool and hampering the formation of
amorphous Fe'l phases (Kolbl et al., 2014; Rhoton et al., 2002)
(Table SI2). Non-paddy soils are thus generally less dynamic systems
once they are flooded and exposed to different temperatures. The
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constant increase of Fe concentrations in the aqueous phase of the non-
paddy incubations can be explained when considering that the main
mechanism removing reduced Fe from solution is the precipitation of
Fe-S phases (Xu et al., 2019; Saalfield and Bostick, 2009), once SRB
perform dissimilatory sulfate reduction (DSR). A decrease of total
aqueous phase S with incubation time in paddies and non-paddies
(Fig. SI7) indicates effective DSR. The amount of S in non-paddies was
lower than in paddies, meaning that there was less reduced S available
to precipitate dissolved Fe and remove it from the aqueous phase. This
lower availability of reduced S in non-paddies explains the constantly
increasing dissolved Fe concentrations in these soils, compared to the
bell-shaped curve described for paddies (Figs. SI2a-d and SI3a,b).
Furthermore, the lower DOC concentrations in non-paddies, as well as a
different microbial community which is likely not adapted to anoxic and
suboxic environments, decreases microbial activity under flooded con-
ditions in comparison to paddies (Wei et al., 2022). The lower microbial
activity in the incubations of flooded non-paddies was reflected in lower
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Fig. 2. Methane production in the paddy soils at different temperatures over time (a-d). Relative change in the CH, production between 30-32 °C (e) and between
32-35 °C (), integrated over all incubation times. Effect of incubation temperature on CH,4 production by the end of the experiment (day 10) (g). Response of CH,4
and CO, production to changes in temperature in paddy soils (h), based on the slopes of (g) and Fig. 1i. Averaged values of NP50 and NP700 are used in (h) to
represent a paddy soil of O years. For a-d, and g, data points represent averaged results and error bars show standard deviation (n = 3). For e and f, each box
summarizes results of triplicates through the incubation time (n = 15), with “x” representing the mean value and white circles showing outliers (1.5 IQR). Data for

CH4 production in non-paddies is found in Fig. SI9.
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CO; production and in higher Eh values, when compared to those in
paddies (Fig. SI8).

Considering that increased temperature had stronger effects on the
biogeochemistry of Fe and C in paddy soils than in non-paddies, we
suggest that it is long term paddy management that creates the
temperature-induced differences under flooded conditions. In the
following sections, we will describe how these differences in biogeo-
chemistry with long-term paddy use also influence the response of CHy
production, As release, and affect As speciation to changes in
temperature.

3.2. Temperature effect on methane production

Increasing incubation temperature caused higher CH4 production in
all paddies (Fig. 2a-d). The relative magnitude of this increase depended
on the age of the paddies when considering 30-32 °C (Fig. 2e). Non-
paddies showed a much lower CH4 production than paddies (Fig. SI9)
and even a negative relative change in CH4 production at 30-32 °C
(Fig. 2e). Further increasing the incubation temperature to 35 °C
enhanced CHy4 production in all soils (Fig. 2f), including non-paddies,
but overall showing a lower relative change when comparing
32-35 °C to 30-32 °C and not being systematic with paddy soil age.

A two-way ANOVA showed that the amount of CH4 produced by day
10 was significantly influenced by paddy soil age and incubation tem-
perature, as well as by the interaction of both factors (p < 0.05). Non-
paddies showed no significant difference in their final CH4 production
with increasing temperature. Methane produced by day 10 showed a
positive correlation with incubation temperature for all paddies
(Fig. 2g), with slopes increasing with paddy soil age (Fig. 2h), indicating
that the magnitude of the response to produce more CH4 per increasing
°C is highly dependent on soil age. This age-related trend was also found
for CO5 (based on results from Fig. 1i).

The increased response with paddy age to produce more CH4 and
CO; could have several explanations. Long-term paddy use enhances
microbial biomass (Table SI5) and activity, meaning that older soils
generally have a higher microbial activity that could respond to changes
in temperature (Ho et al., 2011; Wang et al., 2021; Wang et al., 2015;
Bannert et al., 2011; Liu et al., 2023). Increased microbial activity with
paddy soil age can be observed in our experiments when comparing CO2
production (as a proxy of microbial respiration) at a fixed temperature
across paddy soil ages (Fig. SI2). It has been separately reported that
long-term paddy use (Conrad, 2020; Ho et al., 2011) and increased
temperature (Zhang et al., 2023; Mohanty et al., 2007; Lee et al., 2014)
promote CHy4 production through enhanced activity of methanogens. To
the best of our knowledge, this is the first time that both these param-
eters have been studied together. Older paddies also have a bigger pool
of organic substrates that can support higher microbial activity,
including that of methanogens (Table SI2, Fig. 1e,f). The importance of
labile organic substrates regarding soil response to increased CH4 and
CO4 production with temperature changes has previously been studied
in batch experiments amended with C sources (Wei et al., 2019), where
it was shown that the effect of temperature change is limited by labile C
availability. The labile DOC from P50 may have been consumed rapidly
by microorganisms with increasing temperature, before redox condi-
tions for methanogenesis were reached, leading to a lower CH4 pro-
duction and lower relative change to increased CH4 production. In
contrast, we have previously reported (Leén Ninin et al., 2024) that
P2000 has a high amount of labile organic C. This pool of labile C was
likely still available for methanogens once other preferred metabolic
pathways were exhausted. Additionally, we had previously reported
that the high availability of Fe'' (oxy)hydroxides with increasing age
delayed the start of methanogenesis at 30 °C (Leon Ninin et al., 2024;
Luo et al., 2023; van Bodegom et al., 2004). Under higher temperatures,
an accelerated reductive dissolution of Fe phases shortened this inhi-
bition period. For non-paddies, it is likely that there is no established
methanogenic community to be affected by changes in temperature (Liu
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et al., 2018). Furthermore, non-paddies also showed lower levels of
DOC, which as mentioned above, is a limiting factor on how sensitive
soils are to show changes in CH,4 production at different temperatures
(Wei et al., 2019).

Moreover, according to the Carbon-Quality Temperature (CQT) hy-
pothesis, recalcitrant C compounds have a higher sensitivity to changes
in temperature, based on their activation energies (Craine et al., 2010;
Davidson and Janssens, 2006). Previous studies carried out in the Cixi
chronosequence focused on SOC accumulation and soil development,
with contrasting reports regarding SOC quality. While some studies
report no significant difference in C quality across the chronosequence
(Hanke et al., 2013; Zhou et al., 2014), others find accumulation of
lignin phenols and humic substances (Wang et al., 2015; Liu et al.,
2023). A recent study from Su et al. (2024) determined that, in paddy
soils, the effects of the CQT hypothesis are more relevant with increasing
depth, as recalcitrant compounds become more abundant. In the topsoil
of paddies (like the ones used in our study), the degradation of labile
organic matter was the determining factor increasing the response of
CH4 production with higher temperatures.

The effect of long-term paddy use on the response of CH4 production
to increased temperature can be linked to previous contrasting results.
While some studies have shown none (Wang et al., 2022), slightly pos-
itive (Yun et al., 2012), or negative (Ziska et al., 1998) effects on CHy
production when exposing paddy soils to higher temperatures, most
studies have reported increases (Pereira et al., 2013; Tokida et al., 2010;
Xu et al., 2020). Although cropping systems and climate have been
proposed as reasons for these contrasting responses (Zhang et al., 2023),
we suggest based on our results that paddy soil age can also be a
contributing factor since it is directly reflected in methanogenic com-
munities, SOC as substrate and Fe''phases as a possible inhibitor of
methanogenesis. It must be noted, however, that although paddy soil
development is a general process for all flooded rice fields, the rates at
which changes take place also depend on climate and cropping
practices.

Our results show that as paddy soils develop, the accumulated C and
increased microbial activity increases CH4 production in paddies
compared to non-paddies with lower SOC contents. The C accumulated
through long-term paddy use provides methanogens (and other bacterial
groups) with substrates, increasing their response to changes in tem-
perature, and thus, soil response to CH4 and CO, production. These re-
sults are particularly important when considering CH4 emission models
and future predictions related to climate change. The current CH4
emission estimations from paddy soils are between 31 and 112 Tg
year !, The broad range of this estimation comes from lack of data
regarding total irrigation area and differences in emissions with
different agricultural practices (Van Amstel, 2012). It has also been re-
ported that environmental parameters such as organic matter content,
pH and redox potential affect CH4 emissions from paddy soils and affect
the precision of such predictions (Yang and Chang, 1998). Since long-
term paddy use affects these parameters, considering paddy soil age in
models is necessary to get more accurate predictions both for today’s
climate and for future climatic conditions. Since determining paddy soil
age is currently difficult (in the absence of a record like the one existing
for the Cixi chronosequence), we suggest that in the meantime, models
should try to include the potential increase in CH4 production not only
because of increasing temperature, but also as a consequence of paddy
soil aging itself. In the case of CO, production, our results suggest that
older paddy soils with higher C stocks could be more sensitive to release
stored C under future higher temperatures, having negative implications
for paddy soils acting as C sinks.

3.3. Temperature effect on As mobility
Higher temperatures generally mobilized more As from all soils

(Fig. 3a,b). The aqueous As concentrations were significantly higher (p
< 0.05) at 32 °C and 35 °C compared to 30 °C, particularly in the early
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Fig. 3. Changes in aqueous phase As with incubation temperature across the
chronosequence. Comparisons are done between 30-32 °C (a) and between
32-35 °C (b). Relative change in As concentration, integrated over all incuba-
tion times, based on both temperature comparisons (c, d). For a and b, data is
displayed as individual results of experimental triplicates from all 5 incubation
times (n = 15), color-coded per soil. The black dotted line represents a 1:1 line.
For c and d, each box summarizes the results of triplicates through the incu-
bation time for each soil (n = 15), with “x” showing the mean value and white
circles showing outliers (1.5 IQR).

stages of the incubation (between days 1 and 5) (Fig. SI10). The relative
changes in As mobility when comparing 30-32 °C (Fig. 4c) were
particularly high in non-paddies and in young paddies (P50 and P100).
When comparing 32-35 °C, the relative change on As mobility was
increased further in non-paddies, while paddies showed lower relative
changes and no age-related effect (Fig. 4d). The lower As mobility with
increasing soil age is related to the high share of amorphous Fe"-phases
that form due to SOC accumulation. These phases act as sorption sites,
lowering As mobility even under anoxic conditions. Non-paddies and
young paddies, with less proportion of amorphous Fe'_phases have less
sorption sites, so As is easily mobilized when exposed at higher tem-
peratures under flooded conditions.

An interesting observation is how much more As is mobilized from
NP50 at 35 °C compared to 30 °C and 32 °C (Figs. 3a,b, SI10). Sequential
extractions (Fig. SI11) showed that NP50 had the highest contributions
of easily mobilizable As (F2, Table SI1), and around 5.0 % of the total
solid phase As was classified as weakly bound (theoretically defined as
YF1 - F3), compared to 3.4 % of NP700. This higher proportion of easily
mobilizable As is likely related to its early stages of soil development,
since long-term paddy use causes wash out of different elements,
including As (Kolbl et al., 2014). The wash out of As likely takes longer
in non-paddies compared to paddies, since they are not exposed to the
high volumes of water used in paddy management.

A second interesting observation is on P2000, which showed a 4.4-
fold and 3.5-fold increased As concentration at day 3 when incubated
at 32 °C and 35 °C, respectively, compared to the incubations at 30 °C
(Fig. SI10). This high mobilization corresponds to the period of high Fe
reductive dissolution. The fast rate of dissolution of a high proportion of
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amorphous Fe™-SOC phases likely releases bound As into the aqueous

phase. Supporting this observation, the sequential extraction (Fig. SI11)
showed that P2000 had the highest contribution of weakly bound As
(8.1 %) meaning that even though Fe'-SOC associations are an effective
sink for As, their fast reductive dissolution under increasing tempera-
tures could act as an As source. However, the As concentrations then
decrease strongly by day 5 (Fig. SI10), being even lower than those in
the incubations at 30 °C. This drop corresponds to the start of DSR in
P2000 (Fig. SI7), so the precipitation of secondary mineral phases such
as Fe-S, As-Fe-S, and As-S could be responsible for the rapid removal of
As from the aqueous phase (Xu et al., 2019; Burton et al., 2014; Burton
et al., 2013). In contrast, non-paddies with lower S concentrations and
less effective DSR had no effective sink for aqueous phase As over the
time of our experiments. This is reflected in the constantly increasing
concentrations of aqueous phase Fe (Fig. SI3a) and As (Fig. SI10a) in
NP50.

In summary, we have previously shown that paddy soil development
generally decreases As mobility due to effective sorption to amorphous
Fe'.SOC associations, together with reprecipitation as or sorption to
secondary mineral phases. This is also effective in future warmer tem-
peratures, with older paddies showing the least relative changes in As
mobility. Younger paddies and soils that have never been used as pad-
dies before were more sensitive to show an increased As mobility. Ac-
cording to our results, As mobility is highly dependent on temperature in
freshly reclaimed non-paddies when first flooded, so there could be
particular risks of high As mobilization when transforming upland soils
or marshlands (like the chronosequence used in the present study) into
paddies. Moreover, the specific risk that this mobilization will inflict on
rice production is highly dependent on the As speciation.

3.4. Temperature effect on As speciation

Enhanced microbial activity with higher incubation temperature
caused a significantly higher (p < 0.05) share of methylated As in the
aqueous phase in all paddy soils compared to the incubations at 30 °C.
This temperature effect on total As methylation was higher for the first
+2 °C increase (Fig. 4a), compared to the additional +3 °C (Fig. 4b).
This increase was particularly high for P100 (Fig. SI12), which at 30 °C
was also the soil with the highest methylation potential among all the
studied paddy soils (Leon Ninin et al., 2024). Since the changes in total
As methylation were stronger with the initial +2 °C increase, when
discussing the species subgroups (oxymethylarsenates and methyl-
thioarsenates) we will focus on the changes between 30-32 °C. The data
comparing 32-35 °C is presented in Fig. SI13. The contribution of oxy-
methylated As (MMA and DMA) showed a sharp increase when incu-
bated at 32 °C (Fig. 4c). While the maximum contribution of
oxymethylated species to As speciation were at around 30 % at 30 °C,
their share almost doubled with higher temperatures. In some cases,
there was a 4-fold increase in oxymethylated As at higher temperatures
when compared to 30 °C, becoming the dominating species group over
inorganic oxyarsenic (Fig. SI14a,b). Arsenic methylation was not only
enhanced by higher temperatures but also started earlier in the incu-
bation time (Fig. SI15). Furthermore, while in the incubations at 30 °C
the concentration of methylated As constantly increased or eventually
stabilized, at 32 °C and 35 °C their concentrations peaked at some point
of the incubation before decreasing. The formation of methyl-
thioarsenates (Fig. 4d, Fig SI13b) and inorganic thioarsenates
(Fig. SI13c,d) was significantly hampered (p < 0.05) by higher
temperatures.

Since the biogeochemical cycles described in previous sections
showed little differences between both non-paddies, only one of them
(NP700) was selected for As speciation analyses. In NP700, As speciation
was generally dominated by inorganic oxyarsenic species (Fig. SI16a)
and contrary to what was observed in paddies, increasing temperature
decreased the share of methylated species to total As (Fig. SI16b). For-
mation of thioarsenates showed a general decrease with increasing
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Fig. 4. Comparison of total As methylation between 30-32 °C (a), and between
32-35 °C (b) in the aqueous phase of the paddy soil chronosequence in-
cubations. Comparison between both methylated As subgroups at 30 °C and
32 °C: oxymethylarsenates (c) and methylthioarsenates (d). Fig. SI1 shows how
the individual As species have been grouped. The data is displayed as individual
results of experimental triplicates from all 5 incubation times (n = 15), color-
coded per paddy soil age. The black dotted line represents a 1:1 line.

incubation temperature, with some samples showing an increase at days
1 and 3 (Fig. SI16c¢,d). This period coincides with DSR in the non-paddies
(Fig. SI7), suggesting a high availability of reduced S for thiolation.

Increased As methylation with higher temperature in paddy soils has
been reported before and related to an increase in both bacterial activity
(bacterial 16S rRNA) and abundance of the gene related to As methyl-
ation (arsenite S-adenosylmethionine methyltransferase, arsM) (Chen
et al., 2021a; Miiller et al., 2022). In non-paddies, like suggested above
for methanogenesis, methylation could be limited by the low SOC and
likely microbial communities not adapted to flooded conditions.

The temporal changes in the contribution of methylated As species
observed at any time point is the net effect of methylation and de-
methylation reactions. A net decrease in methylated As at a certain
time point in the incubations at higher temperatures indicates a change
in the rates of these reactions, yielding more active de-methylation.
Methylotrophic methanogens have previously been suggested as play-
ing an active role on As de-methylation (Chen et al., 2019; Chen et al.,
2022; Chen et al., 2023) and considering the important increase on
methanogenesis observed at higher temperatures, it is likely that they
are contributing to As de-methylation.

Considering As uptake and accumulation by rice plants, and the high
toxicity that inorganic As has on humans, an overall increasing share of
methylated As species in paddies with future higher temperatures could
be regarded as a meliorating effect. Methylated As species are, however,
highly phytotoxic and reported to lead to plant sterility where no grains
are produced (straight-head disease) (Zheng et al., 2013; Yan et al.,
2005). Thus, when extrapolating the observations of our incubations to a
soil-plant system, grain yield could decrease in paddies with already
established microbial communities and a SOC pool that sustains them,
but particularly in soils like P100, with high methylation potential. Most
of the soils currently under paddy management are younger than 100
years old (Klein Goldewijk et al., 2017). Continued use of these paddies
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might increase the risk of high As methylation (as observed in P100) in a
higher share of soils until the end of the century. Extent and kinetics of
this shift will also depend on other factors such as individual agricultural
practices or specific environmental factors.

If reduced S is available in the system, oxymethylated As species can
readily go through abiotic thiolation to form methylthioarsenates (Leon
Ninin et al., 2024; Wang et al., 2020). Considering the general increase
in oxymethylated As and no major changes in pH when incubating the
soils at different temperatures (Fig. SI17), the limiting factor for such a
decrease in the formation of inorganic and methyl-thioarsenates can
only be the lower availability of reduced S. While S reduction was
observed in the aqueous phase (Fig. SI7), we suggest that the higher
amount of reduced Fe with increasing temperatures scavenged the
reduced S from the aqueous phase. Supporting this, no free sulfide was
detected in any incubation. We have also suggested this Fe-related
limitation on reduced S before, with paddies of increasing age
showing a decrease in As thiolation (Leon Ninin et al., 2024). Interest-
ingly, by the end of our 32 °C and 35 °C incubations, P2000 showed an
increase of methylthioarsenates compared to the incubations at 30 °C.
We have previously suggested that the high amount of Fe'! (oxy)hy-
droxides present in P2000 could support an active cryptic-S cycle, in
which sulfide re-oxidation to S° is coupled to the reduction of Fell (oxy)
hydroxides (Wang et al., 2020; Wind and Conrad, 1997), supplying
small amounts of reduced S to the system. This supply of reduced S could
support As thiolation in later stages of the incubations, even though no
active DSR is taking place (Leon Ninin et al., 2024; Saalfield and Bostick,
2009). In non-paddies, the formation of methylthioarsenates was addi-
tionally limited by the decrease in oxymethylated arsenates as substrate.

In summary, non-paddies show a high share of inorganic oxyarsenic
species, in contrast to paddies with a higher share of methylated As.
While higher temperatures showed small effects in As speciation in non-
paddies, +2 °C increased As methylation and decreased thiolation in all
paddies. An additional +3 °C had little effect on As speciation. In the
context of rice production, newly reclaimed soils and young paddies are
at a major risk of showing increased As mobility when exposed to higher
temperatures. These paddy soils in early stages of development also
show a higher contribution of carcinogenic inorganic As to their speci-
ation. Higher temperatures during the ripening stage and full matura-
tion of rice plants have been correlated with higher As in rice grains
(Arao et al., 2018; Dhar et al., 2023; Dhar et al., 2020; Farhat et al.,
2023). The consumption of rice produced in these fields could present a
risk for high inorganic As ingestion. Thus, it is key to understand how
elevated temperatures will alter the dynamics of As mobility in the field
(and eventual uptake by rice plants) depending on soil properties that
are affected by paddy soil age. On the other hand, while older soils are
less affected by increased As mobility, their higher SOC pool and mi-
crobial activity increased As methylation to an important extent. While
considered to be less toxic to humans, methylated As can be phytotoxic
and decrease grain yield, being a possible risk for securing sufficient
yield.

4. Conclusions

The results obtained by our incubation experiments show that long-
term paddy use leads to different biogeochemical responses related to
increased temperature, both in terms of kinetics (accelerating processes
or overruling delays) and magnitude of effect. While we focused here on
two major issues related to paddy use, namely CH4 production and As
mobility and speciation, the dynamics of these processes are closely
linked to the biogeochemistry of other major elements in paddy soils and
their aqueous phase, mainly as a consequence of SOC accumulation with
long-term paddy use. While it has been previously shown that organic C
is an important parameter determining the response of soils to changes
in temperature (Wei et al., 2019), this is, to the best of our knowledge,
the first report considering a systematic accumulation of SOC related to
long-term paddy use, rather than exogenous addition of labile C
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substrates. Furthermore, another advantage of our study is that we
studied the endogenous As concentrations in the soil, instead of
amending them with higher As concentrations which could lead to
changes in the partition of its natural binding environment. Addition-
ally, by comparing the distinctive responses between paddies and non-
paddy soils we were able to confirm that long-term paddy manage-
ment modifies the response of CH4 production to changes in tempera-
ture, As mobility and changes in As speciation. We focused here on the
highly dynamic first 10 days of incubation to better elucidate changes in
C, S, Fe and As redox chemistry. Next steps should include studies
focusing on such changes in the field and on a temporal scale related to
the cropping season, as well as considering daily temperature variations.

The last IPCC projections show that the previously established worst-
case scenario is not likely and that the effects of climate change by the
end of the century lay between +1.4 °C (SSP1-1.9) and + 2.7 °C
(SSP2-4.5) increases in air temperature (Lee et al., 2023). It must be
noted that in the context rice cultivation, the overlying water over the
paddies would act as a temperature buffer, dampening the effect of air
temperature on the soils. However, our results showed that the differ-
ence between current temperatures and + 2 °C is higher than between
+2and + 5 °C, so even small changes in temperature have an important
effect mainly on As mobility and speciation, but also on CH4 production.
Thus, our results support previous claims of the important feedback
between rice cultivation in a future climate and increased CH4 emis-
sions, as well as the additional constraints that altered biogeochemical
dynamics could pose on food security (Muehe et al., 2019; Liu et al.,
2020; Dijkstra et al., 2012).

CRediT authorship contribution statement

José M. Leén Ninin: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Alejandra Higa
Mori: Writing — review & editing, Validation, Methodology, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Johanna
Pausch: Writing — review & editing, Resources. Britta Planer-Frie-
drich: Writing — review & editing, Writing — original draft, Supervision,
Resources, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Britta Planer-Friedrich reports financial support was provided by the
Federal Ministry of Education and Research Bonn Office. Jose M. Leon
Ninin reports financial support was provided by German National Merit
Foundation. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Data availability

The data generated and analyzed for the current study are also
available from the corresponding author on reasonable request.

Acknowledgements

We thank the German Academic Scholarship Foundation for the
doctoral funding support for J.JM.L.N and funding within the Federal
Ministry of Education and Research project BMIBF #031B0840 to B.P.-F.
We thank Livia Urbanski and Angelika Kolbl for providing the chro-
nosequence soils, Asel Traut for her help with the early lab work, Dr. Ben
Gilfedder for providing access to CH4 and CO5 measurements, and Ilse
Thaufelder for her assistance with the DOC analyses. The graphical
abstract was created using Biorender.

95

Science of the Total Environment 943 (2024) 173793
Appendix A. Supplementary data

Supplementary methods with a detailed protocol for the Sequential
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species grouping. Supplementary data and figures showing biogeo-
chemical data supporting the above-described observations and dis-
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Supplementary methods
Sequential Extraction Procedure (SEP)

This SEP proposed by Fulda, et al. * classifies binding mechanisms into the following
operationally defined fractions: F1 (CaClz 0.1 M) — mobile fraction (soluble or
exchangeable, and soluble metalorganic complexes); F2 (1M Na-acetate) - easily
mobilizable fraction (adsorbed and bound to carbonates or other minerals, weakly
bound metalorganic complexes); F3 (0.025 M NH4-EDTA) - organic fraction (low affinity
sites); F4 (0.2 M NHas-oxalate) - reducible fraction (bound to amorphous and crystalline
Fe and Mn oxides), and F5 (30% H202, 2 M HNOs, 3.2 M NHs-Acetate) - oxidizable
fraction (metal sulfides and organically bound to high affinity sites). For the general
procedure, 0.2 g of dry soil were weighed into a 15 mL centrifuge tube and extracted
following the steps and reactants described in the method (Summarized in Table S1).
After each extraction, the samples were centrifuged (3500 rpm, 10 min) to separate
the soil from the extract. The soil was washed with deionized water to prevent
extractant carryover into the next step, while the extracts were filtered through 0.2 pm
cellulose-acetate filters, diluted 1:10 with ultrapure deionized water, and stabilized with
15 pL of 30% H202 and 20 pL of 32.5% HNOs per mL of sample. Samples from Fraction
3 were not acidified to avoid the precipitation of EDTA. All extracts were analyzed for
total As by ICP-MS as described before, using matrix-matched calibrations for each
fraction. Non-extractable As (F6) was calculated by subtracting Z F1 to F5 of the total
As extracted from the original soils by microwave assisted digestion in 10 mL aqua
regia (MARS Xpress, CEM).
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Table SI3: P-values of the two-way-ANOVAs carried out for the analyzed parameters across
all incubation time in the paddy soil incubations at the three studied temperatures. Further
statistical information regarding the ANOVAs can be found in the supplementary files.

Source of variation

Age Temperature Interaction

Dissolved Fe 1.4 x10%° 0.003 0.002
DOC 1.5 x10°%” 0.33 0.72
CO2 3.6 x10Y 1.5x10% 0.10
CO2 (day 10) 7.1x10% 2.5x10% 0.0003
CH4 0.12 0.0002 0.76
CH4 (day 10) 1.1x10 2.4 x10Y 8.6 X100
Total As 6.8 x10° 0.011 0.94
Methylated As (%) 7.7 x10'Y 9.2 x10° 0.47
Oxymethylated As (%) 4.5x10" 4.7 x1013 0.003
Methylthioarsenates (%) 1.2 x10° 6.9 x101 4.7 x10°
Inorg. Oxyarsenic (%) 2.4x108 0.018 0.42
Inorg. thioarsenates (%) 2.4x10°® 1.5 x10% 1.4 x107
Eh 0.072 0.39 0.92
pH 3.4 x10% 0.92 0.76
Aqueous S 0.005 3.3x10° 0.39

Table Sl4: P-values of the one- and two-way-ANOVAs carried out for the analyzed parameters
across all incubation time in the non-paddy soil incubations at the three studied temperatures.
Further statistical information regarding the ANOVAs can be found in the supplementary files.

Source of variation

Parameter Age Temperature Interaction
Dissolved Fe 0.022 0.28 0.82
DOC 0.076 0.0067 0.61
CO2 1.1 x10° 7.0x10°® 0.23
CO2 (day 10) 2.2x10° 3.2 x107 0.47
CH4 0.46 0.018 0.15
CH4 (day 10) 0.32 0.40 0.31
Total As 0.003 0.00031 0.087
Methylated As - P700 (%) - 0.017 -
Oxymethylated As - P700 (%) - 0.064 -
Methylthioarsenates - P700 (%) - 0.0006 -
Inorg. Oxyarsenic - P700 (%) - 0.051 -
Inorg. thioarsenates - P700 (%) - 0.0006 -
Eh 0.83 7.8 x10 1 0.38
pH 3.0x10% 3.6x10°® 0.96
Aqueous S 0.015 0.39 0.65

One-way-ANOVAs were carried out for As speciation in NP since only P700 was analyzed.
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Table SI5: DNA, microbial C (Cmic) and microbial N (Nmic) in the 0-20 cm in the paddy soll
chronosequence under flooded conditions. This data has been previously published by Kalbl,
etal. ?

Soil DNA content (mg kg™) Cmic (mg kg™t) Nmic (Mg kg?)
P50 760 + 24 720 + 120 28+18
P100 630 + 120 1000 = 330 110 £55
P300 810 + 220 1800 = 780 92 + 36
P2000 1100 + 140 5100 + 1300 150 + 30
All parameters are given in reference to soil dry weight. (n = 5).
P50 P100 P300 P2000
159 (a) 1.57(b) 159 (c) 757(d)
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—6é— 30°C —@— 32°C —&— 35°C

Figure SI2: Changes in selected biogeochemical parameters across incubation time in the
paddy soil chronosequence incubated at different temperatures: dissolved Fe (a-d), DOC (e-
h), and CO- (i-l). Data points represent means and error bars represent standard deviation
(n=3). Note different axes for (d) and (h).
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Figure SI3: Changes in selected biogeochemical parameters across incubation time in the
non-paddy soil chronosequence incubated at different temperatures: dissolved Fe (a, b), DOC
(c, d), and CO: (e, f). Data points represent means and error bars represent standard deviation
(n=3).
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Figure Sl4: Relative change in DOC concentration, integrated over all incubation times, based
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summarizes the results of triplicates through the incubation time for each soil (n=15).
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the results of triplicates through the incubation time for each soil (n=15).
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Figure SI6: Pearson correlation between dissolved Fe and DOC indicating release of DOC
from reductive dissolution of Fe-SOC associations increasing with paddy soil age. Data is
displayed as individual results of experimental triplicates from all 5 incubation times (n=15),
colored-coded per soil.
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Figure SI7: Changes in total aqueous phase S across the non-paddy (a,b) and paddy (c-f) soil

incubations at different temperatures. Data points represent means and error bars represent
standard deviation (n=3).
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Figure SI8: Changes in redox potential across the non-paddy (a,b) and paddy (c-f) soil
incubations at different temperatures. Data points represent means and error bars represent
standard deviation (n=3).
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Figure SI9: Methane production in the non-paddy soil incubations at different temperatures.
Data points represent means and error bars represent standard deviation (n=3).
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Figure SI110: Changes in total aqueous phase As across the non-paddy (a,b) and paddy (c-f)
soil incubations at different temperatures. Data points represent means and error bars
represent standard deviation (n=3).
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Figure SI12: Relative change in methylated As species contribution to total As, integrated over
all incubation times, based on both temperature comparisons: 30-32 °C (a) and between 32-
35 °C (b). Each box summarizes the results of triplicates through the incubation time for each

soil (n=15).
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Figure SI17: Changes in aqueous phase pH across all incubation time for paddy soil

incubations at different temperatures. Data points represent means and error bars represent
standard deviation (n=3).
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Study 3: Long-term paddy soil development buffers the increase in arsenic
methylation and thiolation after sulfate fertilization
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ABSTRACT: Sulfate fertilization has been proposed to limit arsenic (As) mobility in paddy soils and accumulation in rice grains.
However, As and sulfur (S) have complex biogeochemical interactions. Besides the desired precipitation of sulfides that sorb or
incorporate As, S can enhance As biotic methylation and abiotic thiolation. Incubating 50- to 2000-year-old paddy soil
chronosequence samples without and with S-addition showed the highest relative increases in the formation of low-sorbing,
phytotoxic methylated oxyarsenates, and low-sorbing, cyto-, and phytotoxic thioarsenates in the youngest soil. These increases were
related to low soil organic carbon (SOC) and iron (Fe) availability, high pH, and As methylation driven by sulfate-reducing bacteria.
In older paddy soils, higher SOC and Fe availability buffered these net increases but only in healthy soils. Two paddy soils, where
microbial activity and Fe availability had been anthropogenically disturbed, lacked this buffering effect. Therefore, soil history should
be considered prior to sulfate fertilization.

KEYWORDS: sulfate fertilization, rice cultivation, arsenic speciation, thioarsenates

B INTRODUCTION phase and in limiting its accumulation in rice grains. Tang et
al.'” observed around 20% decreases in As concentrations in
porewater when adding 0.35 mmol Na,SO, kg, and around
75% decreases with a 3-fold higher application. Wang et al."”
reported a decrease of porewater As only in the early stages of
mesocosm experiments. Zhang et al.'® showed either no effects
or even an increase in porewater As when adding elemental
sulfur and gypsum to pot experiments. Currently, it is not well
understood why As biogeochemistry shows contrasting
responses to sulfate addition in different soils.

It must be considered that S biogeochemistry is related to As
in more ways than the precipitation of sulfides. Recent studies
have shown that SRB are involved in As methylation,””*'
forming methylated oxyarsenic species (mono- and dimethyl-
arsenate, MMA and DMA, respectively) from arsenite in
consecutive steps. The reduced S produced by the activity of
SRB can also react with arsenite or with methylated oxyarsenic
species to form inorganic and methylated thioarsenates,
respectively.'””> Thioarsenates have been recently identified
in paddy soil porewaters'””” and rice grains,”* raising food
safety concerns due to their high mobility and cytotox-
icity.”~*” Moreover, methylated As species,””” especially
dimethylthioarsenates, have been identified as phytotoxic,
risking plant yield through so-called straighthead disease.””*%*
Increased formation of methylated oxyarsenic species (through
enhanced SRB activity) and inorganic and methylated

Sulfur (S) is an essential nutrient for plants, and it is linked to
plant health, yield, and efficient food production.”” Atmos-
pheric deposition is an important source of S in agricultural
soils, originating either from natural sources or from
anthropogenic activities such as fossil fuel combustion.”* A
decrease in fossil fuel use to decrease global warming, and
policy and technical improvements for enhancing air quality
have lowered S deposition in the last decades.” Considering
that in the last two centuries, increased S deposition from
anthropogenic sources has been coupled with the growth of
intensive agriculture, sulfur depletion in agricultural soils as a
consequence of these recent regulations could risk food
security in the future.” Thus, S fertilization has been proposed
to ensure enough S supply to croplands.’

In rice agriculture, S fertilization has been additionally
proposed to decrease the accumulation of toxic arsenic (As) in
grains.”™” Traditional cultivation in flooded paddy fields
creates an anoxic environment that mobilizes As from the
soil.'”"" Once in the aqueous phase, rice plants can readily
take up As and accumulate it in the grains, representing a
significant dietary exposure.”””'* Under these anoxic con-
ditions, sulfate-reducing bacteria (SRB) produce sulfide that
can be precipitated as iron (Fe)—sulfide phases, sorbing or
incorporating As, or in the form of As—sulfide phases, directly
removing As from the porewater and limiting its availability for
rice plants.”"

Different sulfur amendments have been studied in paddy soil Received:  October 7, 2024
systems, such as S-rich manure, S-based minerals such as Revised:  October 22, 2024
gypsum, elemental sulfur (8%), and sulfate salts, with the last Accepted:  October 23, 2024
two being the most widely studied.”'°~'® Although sulfate salts Published: October 30, 2024
have shown better performance, there are still contrasting
reports on their effectiveness in removing As from the aqueous
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thioarsenates (due to an excess of reduced S as a byproduct of
sulfate reduction) could hinder the sorption to or precipitation
as sulfides and could explain the contrasting effectiveness of
sulfate fertilization. Thus, thioarsenate formation could be an
unwanted secondary effect from sulfate fertilization, with
studies showing that sulfate addition to meso- and microcosm
experiments increases thioarsenate content in paddy soil
porewaters.'”*' Considering that studies on sulfate fertilization
often focus on total As concentration or use routine speciation
analyses (overlooking thioarsenate formation), it is important
to get a comprehensive understanding of how sulfate addition
influences As biogeochemistry and, as a consequence, its
mobility and toxicity for rice plants and consumers.

Arsenic mobility and speciation in paddies are influenced by
different soil properties, such as As and Fe content and
availability, soil organic carbon (SOC), soil pH, and microbial
activity.””*" While these properties are influenced by geo-
graphical locations and agronomical practices, chronosequence
studies have shown that they are subjected to a general soil
development with long-term paddy use.””™** A particular
chronosequence located in Cixi (province of Zhejiang, China)
has been key in determining the main changes in pedological
properties and developmental phases of paddy soil after land
reclamation from salt marshes. This chronosequence is unique
both in its time span, including soils with ages between 50 and
2000 years of use, and in the vast amount of available literature
on soil properties and processes, which document its reliability
to study the influence of long-term paddy use on soil
properties.’””**™*” Long-term paddy management causes
SOC accumulation, decreases soil pH, and, as shown in our
previous study, limits As mobility due to the formation of low
crystallinity Fe phases.””*> The same study established that,
concerning speciation, long-term paddy use decreases thio-
lation due to an increased availability of dissolved Fe which
scavenges reduced S, but increases methylation due to a higher
microbial activity supported by the accumulated SOC.”* Long-
term paddy soil development could offer important insights
into which properties could limit dangerous As-related side
effects from sulfate fertilization.

In this study, we incubated six paddy soils from the Cixi
chronosequence, which comprise a wide range of pedological
properties, with and without the addition of sulfate to evaluate
how soil history influences the effects that sulfate fertilization
could have on As mobility and speciation. Here, we refer to
two different aspects of soil history: normal paddy soil
development (based on four soils documented to to be used
as paddies for50, 100, 300, and 2000 years ) and the effects of
additional anthropogenic influences that interfere with normal
soil development,based on two soils from the same area that
have gone through physical disturbance (topsoil removal) and
chemical disturbances (oil spill; see Materials and Methods).
We hypothesize that low Fe and SOC availability will increase
arsenic methylation and thiolation in younger soils when
sulfate is added. In contrast, older paddy soils may buffer this
effect due to SOC accumulation, increased Fe availability, and
a decrease in pH. However, chemical and physical disturbances
that negatively affect microbial activity (oil spill) or decrease
reducible Fe and SOC content (topsoil removal) could reverse
this buffering effect. Through a comprehensive analysis of S,
Fe, and As biogeochemistry, we link how changes in soil
properties related to paddy soil development can regulate As
mobility and speciation upon sulfate fertilization.

B MATERIALS AND METHODS

Soil Samples. To assess the effect of S-fertilization on soils in
different stages of soil development, we used soils from a Chinese
paddy soil chronosequence. Located in Cixi (Zhejiang), this
chronosequence is unique in the amount of existing data and its
timespan. For the past 2000 years, salt marshes have been reclaimed
into agricultural fields by sedimentation and the building of dikes,
which allows the estimation of the age of the agricultural fields.*>***”
Throughout the text, soils are referred to as P (for paddies), followed
by a number according to their estimated age. We used the <2 mm
fraction of the topsoil of the main sites described by Cheng et al.*®
and K&lbl et al.,>* with a duration of use (or “age”) of 50, 100, 300,
and 2000 years. Two additional soils from the area with ages of 700
and 1000 years were also used. However, the chronosequential
integrity of these two soils was disturbed. P700 was contaminated
with a fossil fuel spillage,‘%_40 and the topsoil of P1000 was removed
3 years before sampling.’”** We use these two soils to understand
how disrupted chronosequential development influences As mobility,
speciation, and the effects of S-fertilization. The As binding
mechanisms in the soil were determined by a sequential extraction
procedure (SEP) following Fulda et al.** A detailed explanation of the
procedure can be found in Table S1. Selected soil properties of the six
soils are listed in Table S2. The high S content of the soils might be
related to their coastal location and history as salt marshes. However,
it has been established that soluble salts and elements are easily
washed out during the first 50 years of paddy use.”> Most of the S
content in the soil is then likely bound to mineral phases of low
solubility or to organic matter.

Incubation Experiments. Anoxic incubation experiments were
conducted in 120 mL serum vials with 10 g of soil and 20 mL of N,-
purged aqueous phase. The aqueous phase consisted of Na,SO, (+3
mmol of SO, kg,,; ™", simulating sulfate fertilization, Merck) or NaCl
(12 mmol kg, as ionic strength control, Merck). Both solutions
had an ionic strength of 6 mmol L™ and were prepared in ultrapure
water (MQ, >18.2 MQ cm, TOC < 3 ug/L) (Table S3). The selected
concentration of sulfate added was based on previous studies that
mimic sulfate fertilization in paddy soils.'””'”*" The incubation vials
were closed with rubber stoppers and aluminum caps inside a
glovebox (95% N,, 5% H,, COY) and incubated at 30 °C (average
maximum temperature in the Cixi region during the cropping season)
standing in the dark for 10 days. This time point was selected based
on previous studies showing that, in these soils, redox biogeochemical
trends related to long-term paddy use are stable after 10 days.””*
After this time, the vials were taken out of the incubator, shaken, and
allowed to reach room temperature (20 °C). The inner pressure of
the vials was measured (Greisinger GMH, 3100 Series), and 5 mL of
headspace was sampled using a gastight syringe and needle for CH,
and CO, determination through a gas chromatograph with a flame
ionization detector (GC-FID, SRI instruments 8610C) equipped with
a methanizer.

Inside the glovebox, the content of the vials was homogenized to
form a slurry and transferred into S0 mL centrifuge tubes. The tubes
were closed and wrapped in parafilm, centrifuged at 4000 rpm for 10
min, and brought back inside the glovebox. The aqueous phase was
separated from the soil with a syringe and needle, filtered under
anoxic conditions inside the glovebox through 0.2 ym cellulose-
acetate filters (Chromafil Xtra), and split into aliquots for the
following described analyses. The soil was frozen, freeze-dried, and
homogenized with a mortar and pestle for zerovalent sulfur (S°)
determination via HPLC—UV—vis after chloroform extraction."®

Aqueous Phase Analyses. Total Fe and Fe' (using the ferrozine
method***) and sulfide (methylene blue method*) were deter-
mined photometrically in triplicate using a multiplate reader (Infinite
200 PRO, Tecan). Colorimetric reactions and analyses were carried
out outside the glovebox after anoxic sample stabilization according to
the methods. If necessary, samples were diluted with MQ. A
multimeter (HQ40d, Hach) was used to measure the pH
(PHC301, Ag/AgCl electrode) and redox potential (MTC101).

https://doi.org/10.1021/acs.jafc.4c09537
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For analyses of total As and S, a 2 mL aliquot was stabilized with
0.5% H,0, and 0.8% HNO; and diluted before analysis by inductively
coupled plasma-mass spectrometry (ICP-MS, 8900 Triple Quad,
Agilent) in reaction mode with O,. Arsenic was measured as AsO*
(m/z = 91) and S as SO* (m/z = 48). Rhodium was used as an
internal standard to compensate for signal drift, and a certified
reference material (TMDA 62.2, Environment Canada) was used for
quality control.

For As speciation analysis, a 700 pL aliquot was stabilized with
100 uL of hydroxybenzylethylenediamin (HBED, pH 7).>* To ensure
complexation of all the dissolved Fe, an HBED solution of
10 mmol L™" was used to stabilize samples with Fe concentrations
of <1 mmol L™}, and a 59 mmol L™ solution was used for those with
higher Fe concentrations. The stabilized aliquot was flash-frozen in
dry ice and kept at —20 °C until analysis. Samples were thawed inside
the glovebox directly before analyses to avoid changes in speciation
due to oxidation. Arsenic species were separated by ion chromatog-
raphy (IC, 940 Professional IC Vario Metrohm) and quantified
through ICP-MS. For the chromatographic separation, an ASI16
column (Dionex AG/AS16 IonPac) was used, with a 2.5—100 mM
NaOH gradient, 1.2 mL min~' flow rate, and an injection volume of
50 uL."” Individual As species were assigned based on previously
reported retention times."”***’ Concentrations were calculated
through a calibration containing arsenite (NaAsO,, Fluka), arsenate
(Na,HAsO,-7H,0, Fluka), MMA (CH;AsNa,0;-6H,0, Supelco),
and DMA (C,H(AsNaO,-3H,0, Sigma-Aldrich). Concentrations of
thiolated As species were calculated based on their oxyarsenic
homologues. Throughout the text and figures, individual species have
been grouped, depending on the biogeochemical processes related to
their formation. Shortly, arsenite and arsenate are summarized as
inorganic oxyarsenic (inorg. oxyAs), while MMA and DMA are
summarized as methylated oxyarsenates (methyl. oxyAs). Mono-, di-,
and trithioarsenate are summarized as inorganic thioarsenates.
Monomethylmonothioarsenate (MMMTA), monomethyldithioarsen-
ate (MMDTA), monomethyltrithioarsenate (MMTTA), dimethyl-
monothioarsenate (DMMTA), and dimethyldithioarsenate
(DMDTA) are summarized as methylthioarsenates. The sum of
methylated oxyarsenates and methylthioarsenates is termed total
methylated As.

A 2 mL aliquot for acetate determination was filtered through a
0.45 pum polyamide syringe filter (Macherey-Nagel) and kept frozen
until analysis by High-Performance Liquid Chromatography with a
Refractive Index Detector (HPLC-RID, Agilent 1200) with a Rezex
ROA Organic Acid column.*® Acetate analyses were carried out from
incubations under the same conditions but with tap water as aqueous
phase, as part of an already published experiment.”®

Determination of Sulfate Reduction Rates. The sulfate
reduction rate (SRR) of each soil was determined. For this, a slurry
prepared from 3 g of soil and 100 mL of N,-purged deionized water
was preincubated at room temperature for 7 days inside a glovebox.
After preincubation, the slurry was homogenized, and a 10 mL aliquot
was transferred to a septum vial, closed with a rubber stopper and
aluminum cap, and spiked with 34 uL of a **S-labeled sulfate standard
(50 kBq, Hartmann Analytic). The spiked slurries were incubated for
S h at room temperature. The incubation was stopped by injecting
S mL of a N,-purged 10% zinc acetate solution (Griissing) through
the rubber stopper and mixing the content of the vial. **S-labeled
products of sulfate reduction were determined following the reflux
distillation method by Fossing and Jorgensen (1989).°" Shortly, soil
samples were extracted for 1 h in an N,-purged distillation apparatus
over a sand bath using S mL of S M HCI (AnalytiChem), 3 mL of
ethanol (VWR), and 15 mL of a 1 M CrCl, (Sigma-Aldrich) solution
in 0.5 M HCL The evolving **S-labeled H,S was trapped in 50 mL of
0.15 M NaOH (Merck) and measured by using a scintillation counter
(Tri-Carb 2800TR) after dilution with a scintillation cocktail
(ROTISZINT HighCapacity, Roth).

B RESULTS AND DISCUSSION

S-Addition Effects on As Mobilization. Anoxic
incubation caused As mobilization in all soils, with
concentrations ranging between 0.48 + 0.04 and 2.81 =+
0.08 pmol L., Soils that follow a chronosequential develop-
ment (namely, P50, P100, P300, and P2000) showed
decreasing As mobility with increasing paddy soil age (Figure
1). This trend has been previously reported and is related to
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Figure 1. Changes in As mobilization with the addition of sulfate after
10 days of incubation. The black dotted line describes a 1:1 line for
comparison between treatments. Data points are mean values, and
error bars represent standard deviation (n = 3).

the increasing abundance of low crystallinity Fe phases with
long-term paddy management that offer sorption sites.”> P700
and P1000 are outliers due to their individual histories of
anthropogenic disturbances.

P700 had soil As contents slightly higher than the
chronosequence soils (Table S2), and the sequential extraction
procedure showed that 7.5% of the solid phase As is weakly
bound (X F1 to F3) (Figure S1). It is not known whether the
higher soil As content and increased mobility are related to the
chemical spillage that affected the soil. In comparison, P2000
shows a higher contribution of weakly bound As (8.1%) but
also has the lowest soil As content. Moreover, microbial
activity (assessed through higher Eh) and particularly Fe
reductive dissolution seemed to be hampered in P700 (Figure
S2a), which could suggest that, in the soil’s original conditions,
there is no effective formation of secondary Fe minerals that
could remove As from the porewater. P1000 had the highest
solid phase As content of all studied soils with 38 mg kg™’
(more than double the average of all other soils) (Table S2).
Kolbl et al.** showed in the chronosequence that redox-
sensitive elements (such as Al, Mn, and Fe) migrate toward
deeper soil layers as a consequence of the redox fluctuations
related to paddy management. We suggest that the removal of
the topsoil exposed a soil layer enriched with As, which had
migrated for centuries from the previous topsoil. This As-
enriched new topsoil had an increased As mobilization due to
the lack of SOC and low crystallinity Fe phases to sorb As, as
well as low microbial activity and high Eh values, which likely
hamper the formation of secondary minerals to sorb As.

Sulfate addition caused a decrease between 8 and 20% of the
total As concentrations in the aqueous phase of all soils (Figure

https://doi.org/10.1021/acs.jafc.4c09537
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1), with no significant difference or trends related to long-term
paddy soil development (Figure S3). Another study has
observed a similar decrease in As mobilization with the
addition of similar S concentrations.'” Generally, lower
dissolved Fe concentrations in the S-addition incubations
(Figure S2b) indicate its precipitation as secondary Fe—S$
phases, which would either incorporate or sorb As from the
aqueous phase, decreasing its concentration. In the case of
P2000, there was no decrease in dissolved Fe probably due to
its excess in comparison to the added sulfate. The highest
decrease was observed in P700, which was also the soil with
the higher initial S concentrations in the aqueous phase
(Figure S4).

S-Addition Effects on As Methylation. Sulfate addition
caused an increase in As methylation (Figure SS) at the
expense of inorganic oxyarsenic concentrations in the aqueous
phase (Figure 2a), likely due to increased SRB activity and thus
As methylation.”””" In the soils that follow a normal soil
development, arsenic methylation increased with the paddy
soil age as expected”® (Figure 2b). However, the magnitude of
the relative increase in As methylation was negatively
correlated with long-term paddy development (Figure 2c).
Younger paddies showed a relatively higher increase between
1.6- (P50) and 1.3-fold (P100, P300), while P2000 showed an
increase of only 1.1-fold.

We have previously suggested through statistical observa-
tions that long-term paddy management influences the main
microbial communities related to As methylation.”® In younger
paddies with low SOC, SRB are important As methylators.
When paddies develop and SOC accumulates, fermentative
bacteria, also suggested as methylators in paddy soils,”” would
gain relevance in the methylation process. The data presented
here show that as acetate concentrations in the porewater
increase with long-term paddy development, the relative effect
that S-addition has on increasing As methylation is lower
(Figure 2c), supporting this previous observation. Briefly,in
younger paddies, since methylation is mainly carried out by
SRB, S-addition generated an increase of higher magnitude.
The effect becomes smaller with long-term paddy use as
fermentative bacteria become more relevant for As methyl-
ation.

The disturbed soils had a lower As methylation capacity than
if they followed a normal chronosequential development
(Figure 2b) but showed an important and positive relative
change in methylation with S-addition (1.6 and 1.7-fold
increase, Figure 2c). P700 and P1000 had relatively low acetate
contents, which can be related to their histories. In the case of
P700, hindered microbial activity would mean that fermenta-
tive processes are also slowed down (suggested by its relatively
low acetate concentration). In P1000, the removal of the
topsoil and accumulated SOC means that substrates for
fermentative bacteria are scarce. These results suggest that the
relatively low methylation that takes place in these soils is
driven by SRB, explaining the high increase in As methylation
upon S-addition, comparable to that on PS0.

Several studies have also identified that methanogens can
influence As methylation dynamics through demethyla-
tion.”*™*° It could be argued that the increase in methylation
is related to a decrease in methanogenic activity since S-
addition has also been reported to limit methane emissions
from paddy soils.”*~>® However, we found that S-addition did
not cause significant changes in methane production in any

soil, independently of chronosequential or disturbed develop-
ment (Figure S6).

In general, decreasing contributions of carcinogenic
inorganic oxyarsenic can be seen as a positive effect of S-
addition. However, an increase in methylated As species can
still represent a risk for food production due to their
phytotoxicity, which can cause straighthead disease.”” More
importantly, methylated oxyarsenates are precursors of highly
toxic methylthioarsenates.

S-Addition Effects on Arsenic Thiolation. S-addition
caused an increase in the concentration (Figure S7) and
contribution of inorganic and methylthioarsenates to total As
(Figure 3a). In the 4 chronosequence soils, both the
contribution of inorganic thioarsenates to As speciation and
the magnitude of the relative change in their formation after S-
addition were higher in younger paddies and decreased
strongly with long-term paddy use (Figure 3b,c). In P50,
inorganic thioarsenate contribution increased 4.2-fold with S-
addition, compared to a 1.9-fold in P100. For P2000, there was
even a decrease in thiolation with S-addition. We have
previously reported that long-term paddy use decreases
paddy soil thiolation potential, mainly because of the increased
abundance of easily reducible Fe phases .”> Upon reductive
dissolution, these Fe phases release Fell into the aqueous phase
(Figure S8), which then reacts with sulfide to precipitate as
Fe—S phases. Thus, the availability of reduced S for As
thiolation decreases with increasing paddy soil age. Supporting
this, free sulfide was not detected in the porewater of any
incubation, except for PSO with S-addition (7.8 =+
0.6 pumol L™'), the soil that showed the highest relative
increase in inorganic thioarsenates content. The results
presented here show that the increasing content of amorphous
Fe with increasing long-term paddy use (based on oxalate and
dithionite—citrate—bicarbonate extractions; see Fe,/Fepcy in
Table S2) and by consequence the higher Fe'" concentrations
in the aqueous phase can also buffer the possible negative
effects that S-addition could have on increasing As thiolation
after sulfate fertilization (Figure 3c).

The two disturbed soils showed higher relative changes in
the formation of inorganic thioarsenates with S-addition
compared to those from the chronosequence. P700 has a
relatively high contribution of amorphous Fe phases (Figure
3c), fitting its chronosequential development, meaning that
there would be easily reducible Fe phases that could release
Fe' and limit the thiolation potential by the formation of Fe—S
phases. However, as described above, microbial processes seem
to be hindered, and the soil shows a low level of Fe reductive
dissolution. Moreover, P700 already has a high content of S.
Low availability of Fe and high availability of reduced S
enhanced As thiolation. In P1000, the removal of the topsoil
decreased the content of amorphous Fe phases (Table S2).
The low availability of reducible Fe phases means that there is
no effective active mechanism that could scavenge reduced S.

Besides forming through a direct reaction between sulfide
and arsenite, thioarsenates have also been reported to form
through reaction with $°%'” In the paddy soil system, S° forms
through the reoxidation of sulfide coupled with the reduction
of Fe™ in the so-called cryptic S cycle.”” Zerovalent S
formation decreased with long-term paddy use (Figure S9a),
since sulfide is less available for reoxidation after its
precipitation as Fe—S phases that form due to the high
availability of reduced Fe with long-term paddy use. S-addition
increased S° content in all soils, and a higher contribution of

https://doi.org/10.1021/acs.jafc.4c09537
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inorganic thioarsenates was found in the soils with higher S°
accumulation (Figure S9b).

Methylthioarsenate formation generally increased with S
addition (Figure 3a). However, the increase in methyl-
thioarsenates was not only a consequence of increased As
methylation (with oxymethyl arsenates being substrates for the
formation of methylthioarsenates). The ratio of methyl-
thioarsenates to methyloxyarsenates also increased with the
addition of sulfate (Figure 3d). In paddy soil neutral to acidic
pH conditions (Table S2 and Figure S10), the formation of
methyloxyarsenates is thermodynamically preferred to that of
their inorganic counterparts.‘m’49 With increasing concentra-
tions of reduced S due to S-addition, methylthioarsenate
contribution to total As increased as expected (Figure 3e). The
preferential formation of methylthioarsenates over inorganic
thioarsenates is also evident when comparing the relative
increases with and without S-addition, since the relative change
for methylthioarsenate formation (Figure 3f) decreases less
steeply over chronosequential development than the one for
inorganic thiorsenates (Figure 3c). Briefly, as the system
becomes limited in reduced S due to increasing concentrations
of dissolved Fe with long-term paddy use, inorganic thiolation
will be hindered first, while the formation of methylthioarsen-
ates is still thermodynamically preferred.

Incubations with the addition of **S-labeled sulfate showed
that long-term paddy use increased SRR (Figure S11) from §
+ 1 in PSO to 15.7 + 0.7 nmol mL™" d™" in P2000. This
increase is likely caused by increased microbial mass and
activity with soil age, supported by a bigger pool of
SOC.>*% A lower SRR in younger paddies means that
there is a slow but steady supply of reduced S available for As
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thiolation, supporting the above-described observations. In
contrast, sulfate is rapidly reduced in older paddies, meaning
an early pulse of reduced S, which, together with the soil
properties described above, hinders the formation of inorganic
thioarsenates with long-term paddy use.

In summary, our results suggest that soils with properties
similar to those of P50, P700, and P1000 could be at particular
risk of increased methylthioarsenate formation upon S-
addition. According to the results presented here, those
characteristics include low Fe!l availability, low SOC, SRB-
dominated methylation, and a slow but steady supply of
reduced S through low SRR or active cryptic S cycling. While
the formation of amorphous Fe phases with long-term paddy
use is a consequence of SOC accumulation, we suggest then
that Feg/Fepcp is a better predictor of the S-addition effects in
thiolation, since it directly accounts for potentially reducible Fe
in the soil.

Implications for Rice Production. Our results highlight
the importance of knowing soil properties before the
application of sulfate fertilization to decrease As mobility,
summarized in Figure 4. While the range of soil properties
evaluated here did not have an important effect on the
effectiveness of S-addition in decreasing total As concen-
trations in paddy soils, it did have important effects on As
speciation and, thus, its mobility and toxicity for rice plants and
consumers.

Younger soils showed the highest relative increase in the
formation of low-sorbing, phytotoxic methylated oxyarsenates
(1.6-fold for P50, compared to a 1.1-fold for P2000), as well as
in low-sorbing, cytotoxic, and phytotoxic thioarsenates (4.2-
fold increase for the formation of inorganic thioarsenates in

https://doi.org/10.1021/acs.jafc.4c09537
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P50, compared with a decrease of 0.5-fold in P2000). This
effect was linked to specific soil properties, including low SOC
content and Fe availability, high pH, and mainly SRB-driven As
methylation in young paddy soils. In contrast, older paddy soils
with higher SOC and reducible Fe content and lower pH
buffered the increase in As methylation and thiolation.
Additionally, our results highlight how a low and constant
supply of reduced S (through a low SRR) supports a higher
thiolation potential in paddy soils, suggesting that timing might
have a higher influence than concentration. Therefore, we
recommend avoiding sulfate application to soils with proper-
ties similar to those of young paddy soils or evaluating these
properties beforehand to avoid unwanted secondary effects in
As speciation from sulfate fertilization. Further field experi-
ments should evaluate these observations in the context of a
plant—soil system, considering the whole extent of a rice
cultivation season and the final product.

Disruption to the soil properties related to long-term paddy
development overrides the buffering effect of long-term paddy
use, with P700 and P1000 showing increases in methylation
after S-addition of the same magnitude as P50 (1.6- and 1.7-
fold, respectively) and increase of the magnitudes of their
relative changes in thiolation (to 2.8- and 2.2-fold,
respectively). Our study shows the importance of long-term
paddy management in decreasing As thiolation potential, even
when exogenous S is added to the soil. Thus, ensuring a
healthy soil development and making efforts to sustain the
related properties are important to decrease As mobility in
paddy soils.

B ASSOCIATED CONTENT

Data Availability Statement
The data generated and analyzed for the current study are also
available from the corresponding author on reasonable request.

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.4c09537.

Methods with the protocol for the sequential extraction
procedure, selected soil properties, and information on
the aqueous solutions used in the incubation setup; data
and figures supporting the observations and discussion
on the aqueous phase redox biogeochemistry of C, S, Fe,
and As (PDE).

B AUTHOR INFORMATION

Corresponding Author
Britta Planer-Friedrich — Environmental Geochemistry,
Bayreuth Center for Ecology and Environmental Research
(BayCEER), University of Bayreuth, Bayreuth 95440,
Germany; ® orcid.org/0000-0002-0656-4283;
Phone: +49-921-553999; Email: b.planer-friedrich@uni-
bayreuth.de

Authors

José M. Leon Ninin — Environmental Geochemistry, Bayreuth
Center for Ecology and Environmental Research (BayCEER),
University of Bayreuth, Bayreuth 95440, Germany;

orcid.org/OOOO-OOO3-3624-208X

Nathalie Kryschak — Department of Hydrology, Bayreuth
Center for Ecology and Environmental Research (BayCEER),
University of Bayreuth, Bayreuth 95440, Germany

Stefan Peiffer — Department of Hydrology, Bayreuth Center
for Ecology and Environmental Research (BayCEER),
University of Bayreuth, Bayreuth 95440, Germany;

orcid.org/OOOO-OOOZ-8326-0240

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.4c09537

Author Contributions

This study was conceptualized by J.M.LN. and B.P.-F.
Incubation setup and solid, aqueous, and gas phase analyses
were carried out by J.M.L.N. Determination of SSR was carried
out by N.K. with the support of S.P. The manuscript and
Supporting Information were written by J.M.L.N. with
assistance from B.P.-F. All authors contributed to the
manuscript revisions.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the German Academic Scholarship Foundation for
the doctoral funding support for J.M.L.N. and funding within
the Federal Ministry of Education and Research project BMBF
(#031B0840 to B.P.-F.). We thank Livia Urbanski and
Angelika Kolbl for providing the chronosequence soils. We
thank Tillmann Lueders and Anita Go6Bner for the acetate
analyses and Ben Gilfedder for providing access to the CH,
and CO, analyses. Figure 4 and the Graphical Abstract were
created using BioRender.

B ABBREVIATIONS USED

DMA, dimethylatsenate; DMDTA, dimethyldithioarsenate;
DMMTA, dimethyldithioarsenate; GC-FID, gas chromato-
graph with a flame ionization detector; HBED, hydroxybenzy-
lethylenediamin; HPLC-DAD, high-performance liquid chro-
matography with a diode array detector; HPLC-RID, high-
performance liquid chromatography with a refractive index
detector; ICP-MS, inductively coupled plasma mass spectrom-
etry; IC, ion chromatography; Inorg. oxyAs, inorganic
oxyarsenic; Methyloxy As, methylated oxyarsenates; MMA,
monomethylarsenate; MMDTA, monomethyldithioarsenate;
MMMTA, monomethylmonothioarsenate; P, paddy; SRB,
sulfate-reducing bacteria; SOC, soil organic carbon; SEP,
sequential extraction procedure; SRR, sulfate reduction rate.
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Supplementary methods

Sequential extraction procedure

A sequential extraction procedure was carried out following Fulda, et al. *. For this, 0.2 g of dry
soil were weighed into a 15 mL centrifuge tube and extracted following the steps and reactants
described in the method (summarized in Table S1). After each extraction, the samples were
centrifuged (3500 rpm, 10 min) to separate the soil from the extract. The soil was washed with
deionized water to prevent extractant carryover into the next step, while the extracts were
filtered through 0.2 ym cellulose-acetate filters, diluted 1:10 with ultrapure deionized water,
and stabilized with 15 pL of 30% H202 and 20 pL of 32.5% HNO3; per mL of sample. Samples
from Fraction 3 were not acidified to avoid the precipitation of EDTA. All extracts were analyzed
for total As by ICP-MS as described in the main text, using matrix-matching calibrations for
each fraction. Non-extractable As (F6) was calculated by subtracting Z F1 to F5 of the total As
extracted from the original soils by microwave-assisted extraction in 10 mL aqua regia (MARS

Xpress, CEM). The operationally defined fractions are also summarized in Table S1.
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Figure S1: Binding forms of As across the paddy soil chronosequence. F1: Mobile fraction
(non-detected), F2: Easily mobilizable fraction, F3: Organically bound to low affinity sites, F4:
Reducible fraction, F5: Oxidizable fraction, F6: Non-extractable fraction (Total soil As - Z F1 to
F5). Data from P50, P100, P300 and P2000 has been already published in Leon Ninin, et al. #
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Figure S2: Redox potential (a) and dissolved total Fe (b) in the aqueous phase after 10

incubation days. Disturbed soils are gray-shaded. Data points and bars are mean values, and
error bars represent standard deviation (n = 3).

130



-
o
o

H

0.90

0.80

Relative change in Total As (s additicrvcontral)

0.70
T T T T T

50 300 700 1000 2000
Paddy soil age (years)
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Figure S4: Initial aqueous phase S. Disturbed soils are gray-shaded. Data points and bars are
mean values, and error bars represent standard deviation (n = 3).
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Fig S6: Methane production in the six studied soils with and without S-addition. Disturbed soils
are gray-shaded. Data points and bars are mean values, and error bars represent standard
deviation (n = 3).
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represent standard deviation (n = 3).
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Fig. S8: Aqueous phase Fe" after 10 days of incubation with and without S-addition.
Disturbed soils are gray-shaded. Data points and bars are mean values, and error bars
represent standard deviation (n = 3).
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Inorganic and oxymethylated thioarsenates form through the reaction of arsenite and oxymethylated arsenates
with reduced sulfur, mainly as sulfide (S'™) but also as zerovalent sulfur (S°). In paddy soils, considered low-S
systems, microbial reduction of the soil's “primary” sulfate pool is the principal S"~ source for As thiolation.
Under anoxic conditions, this primary pool is readily consumed, and the precipitation of iron (Fe) sulfides
lowers '~ availability. Nonetheless, sulfate can be constantly replenished by the reoxidation of S~ coupled

with the reduction of Fe'

phases in the so-called cryptic S cycle (CSC). The CSC supplies a small secondary
sulfate pool available for reduction and, according to previous studies, As thiolation. However, sulfate
concentrations commonly found in paddy soils mask the biogeochemical processes associated with the
CSC. Here, we depleted a paddy soil from excess S, Fe, and As from a paddy soil through repetitive flooding
and draining (e.g., redox cycling). After 10, 20, and 30 such cycles, we followed thioarsenate formation
during an anoxic incubation period of 10 days. Higher S/As ratios increased As thiolation contribution to
total As up to 10-fold after 30 cycles. During the anoxic incubation, the depleted soils showed a transient
first phase where the reduction of the primary sulfate pool led to inorganic thioarsenate formation. In the

Received 9th December 2024 second phase, methylthioarsenate formation correlated with partially oxidized S species (S°, thiosulfate),

Accepted 20th March 2025
suggesting CSC-driven sulfate replenishment, re-reduction, and thiolation. Methylthioarsenates formed even

as inorganic thioarsenates de-thiolated, indicating thermodynamic preference under S-limited conditions.
rsc.li/espi This study highlights the role of the CSC in sustaining thioarsenate formation in low-S systems.

DOI: 10.1039/d4em00764f

Environmental significance

Cryptic sulfur cycling has been suggested to replenish sulfate pools in low-S systems like paddy soils, supporting the formation of highly mobile and toxic
thioarsenates. Here we show that sulfide production through the reduction of the soil's primary sulfate pool supports a high but transient formation of inorganic
thioarsenates. Once this primary sulfate pool is exhausted, lower sulfide concentrations cause de-thiolation. In a depleted system, we observed that the re-
reduction of sulfate recycled through the cryptic sulfur cycle supported the formation of methylthioarsenates. These results suggest that methyl-

thioarsenates can form even in very low-S environments, increasing mobility, toxicity, uptake by rice plants, and accumulation in rice grains.

Introduction highly redox-dependent, making it a contaminant of interest in
redox-active environments, such as groundwater systems or
Arsenic (As) is a ubiquitously distributed element in the environ- natural and managed wetlands."*® The main As intake sources for
ment that is toxic for humans.' The mobility and toxicity of Asare humans are As-contaminated groundwater and As-enriched rice
grains.>® Understanding how redox dynamics in groundwater and
rice cultivation systems influence As biogeochemistry could help
“Environmental Geochemistry, Bayreuth Center for Ecology and Environmental  decrease the risk of As intake for consumers.>’°
I'Qesearch (J'Ba'yCEER'), University of Bayreuth, 95440 Bayreuth, Germany. E-mail: The mobility and tOXiCity of As depend on its Speciation.“
miiolgh, Depmne of G, Ty of Tbgen, s UMCT Eub-onic and anosic conditions, 43 is mobilized mainly
Tibingen, Gemi}’ny p ' v ser by the reductive dissolution of As-bearing Fe'™ (oxy)hydroxides
+ Electronic supplementary information (ESI) available: ESI and figures supporting as arsenate or arsenite.””™" These two SPECieS (Summarized as
the above-described observations and discussion based on soil properties and the inorganic oxyarsenic) are known carcinogens.>® Arsenite can be
aqueous phase redox biogeochemistry of C, S, Fe, and As. Mossbauer spectra from biotically methy]ated in consecutive steps to form the OXy-
original and depleted soils, and supplementary discussion on the use of uXRD for methylated arsenates, mono- and dimethylarsenate (MMA and

identification of mineral phases. See DOI: https://doi.org/10.1039/d4em00764f .
1:‘ e 1;)[10 frinerat phases. See tps://doi.org/ Jddem DMA, respectively).”?” Oxymethylated arsenates are currently
I Deceased.

This journal is © The Royal Society of Chemistry 2025 Environ. Sci.; Processes Impacts
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considered as less toxic to humans.*"** Arsenic methylation is
carried out by microbes carrying the S-adenosylmethionine
methyltransferase (arsM) gene.'>**2° Different microbial groups
can methylate As depending on environmental conditions. For
example, in geothermal springs, methanogens have been
identified as methylators.>® In paddy soils, sulfate-reducing
bacteria (SRB)**** and fermentative bacteria®® have been
shown to methylate As. Methanogens have been identified in
paddy soils as de-methylators, transforming oxymethylated
arsenates back to arsenite.*>****

Current studies on As speciation often focus on arsenate,
arsenite, MMA, and DMA, and the biogeochemical processes
governing their contribution to total As. However, another group of
As species called thioarsenates has been shown to contribute
significantly to As speciation in different environmental
systems.?*? Thioarsenates form when reduced sulfur (S) species,
mainly as sulfide (S™"), but also as zerovalent S (S°), substitute one
or more hydroxyl groups in an As oxyanion.”**”*° The formation of
thioarsenates requires, thus, the reaction of arsenite or methylated
oxyarsenates with reduced S species, to form inorganic or meth-
ylated thioarsenates, respectively.””** Depending on the system,
these reduced S species could be of abiotic origin or produced by
microbially mediated sulfate reduction.*****

The formation of either inorganic or methylated thio-
arsenates is determined by the distribution of As species,
availability of reduced S species, and pH conditions.*”** Inor-
ganic thioarsenates are preferentially formed in environments
with excess S"  at neutral to alkaline pH when arsenite
consecutively reacts with S and S° to form mono-, di-, tri-, and
tetrathioarsenate (MTA, DTA, TTA, and TetraTA, respectively)
depending on S/As ratios.””*® The role of S° in inorganic thio-
arsenate formation is either related to the formation of MTA, or
the oxidation of the unstable intermediate thioarsenites to
thioarsenates.*® Alkaline, sulfidic geothermal springs have been
described as hotspots for the formation and identification of
inorganic thioarsenates.***>

The formation of methylthioarsenates is largely governed by
the availability of oxymethylated arsenates, which are readily
thiolated in the presence of S .33*% Consecutive reactions of
MMA with S"~ produce monomethylthioarsenate (MMMTA),
monomethyldithioarsenate (MMDTA), and mono-
methyltrithioarsenate (MMTTA). Similarly, the thiolation of
DMA produces dimethylmonothioarsenate (DMMTA) and
dimethyldithioarsenate (DMDTA). Field and laboratory obser-
vations suggest that the S~ excess required to form methyl-
thioarsenates decreases with the number of methyl groups
attached to As.*** For example, DMA requires a lower S"~
excess to be thiolated than MMA.* A lower S"~ requirement to
form methylthioarsenates, together with the low stability of
inorganic thioarsenates at pH values < 8,** suggests that at
neutral and acidic pH, methylthioarsenate formation is ther-
modynamically preferred to that of inorganic thioarsenates.

Thioarsenate formation and identification in relatively low-S
terrestrial environments, such as wetlands and paddy soils, has
been controversial. In such systems, SRB carrying out dissimi-
latory sulfate reduction (DSR) have been identified to be the
main producers of S"~ for As thiolation.??*3%3” However, the

Environ. Sci.: Processes Impacts
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anoxic conditions required for DSR also trigger reductive
dissolution of Fe(m) minerals.® Reduced Fe scavenges S~
through the precipitation of FeS phases,**™*' decreasing its
availability to form thioarsenates.*®*® Moreover, both wetlands
and paddy soils are considered methanogenic environments
where DSR accounts for only a small fraction of anaerobic
respiration since the low sulfate contents in the soil, and hence
aqueous phase concentrations are readily depleted.” Despite
these assumptions, thioarsenates have been shown as impor-
tant contributors to the mobility and export of As in ground-
water® and wetland systems,”*** as well as being formed in
flooded rice fields,*®**** and accumulated in rice grains.*® Their
presence in paddy soils and rice grains has raised concern,
given their high mobility, phyto-, and cytotoxicity, comparable,
in the case of dimethylthioarsenates, to that of arsenite.*>***
Moreover, thioarsenates have been observed and suggested to
contribute to As mobility in systems with high dissolved Fe
concentrations, where the availability of S"~ should be
limited.>*® Thus, a better understanding of the biogeochemical
processes influencing As thiolation is required.

Micro- and mesocosm experiments have suggested that the
cryptic S-cycle (CSC) plays an important role in the formation of
thioarsenates, providing small amounts of S™ and S° for As
thiolation.?®* Such a CSC is related to the reoxidation of "~ to S°
coupled with the reduction of Fe™ (oxyhydr)oxides, releasing Fe'
into the aqueous phase.*** Zerovalent S can be consecutively
further oxidized to thiosulfate and sulfate, thus being recycled
and available again as a substrate for DSR.****** Thus, even when
most of the original “primary” pool of sulfate content has been
consumed, S"~ abiotic reoxidation forms a “secondary” pool of
sulfate. The re-reduction of this recycled sulfate through DSR
offers a constant source of reduced S species. While the role of
CSC in As thiolation has been implied,>****** to the best of our
knowledge, it has not been directly evaluated, yet.

In the environment, the CSC has been reported in marine
systems,> low sulfate lakes,* and wetlands.**** Holmkvist and
Ferdelman® described how the reoxidation of S™ explains the
abundance of SRB in marine sediments with low but constant
sulfate availability. The authors associated the presence of
stable sulfate background concentrations with the presence of
Fe'" phases and S"~ in sediment samples. The same study
suggests that the CSC might take place independent of sulfate
limitations, but that S-rich environments might mask the small
secondary pool of freshly produced sulfate. According to the
authors, only S-depleted environments allow the identification
of the CSC. In paddy soils, the CSC has been reported due to
root oxygen loss, which creates redox interfaces in which sulfate
is constantly reduced to S", and partially reoxidized to form S°,
thiosulfate, and sulfate.*****” However, the identification in the
bulk soil and the role of a secondary sulfate pool in thioarsenate
formation has been elusive due to the masking effect of the
bigger primary sulfate pool, despite products of partial $"~
reoxidation being found in the bulk soil.”*?*° In this sense, a S-
depleted paddy soil system is required to identify the role of
the CSC and its associated secondary sulfate pool in As
thiolation.

This journal is © The Royal Society of Chemistry 2025
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Here, we present the results of a long-term microcosm
experiment. Through repetitive redox cycling and aqueous
phase removal, we decreased a paddy soil's background
concentrations (i.e., depleting it) of S, Fe, and As, aiming to
investigate the role of the CSC in As thiolation. Our hypothesis
is that in a S-depleted system with a smaller primary sulfate
pool, CSC will provide a constant source of "~ and S°, forming
thioarsenates. Following changes in S, Fe, and As speciation, we
show that even in low-sulfate, high-methanogenic systems,
thioarsenates form and even dominate As speciation, with CSC
providing small amounts of sulfate which, through DSR, form
S"" for thioarsenate formation.

Materials and methods
Long-term microcosm experiment

Soil from the paddy cultivation area in Cixi, Province of Zhe-
jiang, China, was used for a long-term microcosm experiment.
This soil is the youngest paddy soil (50 years of paddy use — P50)
of a chronosequence which has been previously used to
understand how long-term paddy use affects pedologic
properties®®*® and redox biogeochemistry.***”** With its early
stage of paddy development, the soil has shown a high potential
for the formation of thioarsenates, due to low amounts of SOC
and reducible Fe, and high pH.***” For the microcosm experi-
ments, the <2 mm fraction of the topsoil (0-7 cm) was used. Soil
properties have been published elsewhere®***® and can be found
summarized in Table S1.7

Microcosms were prepared inside a glovebox (COY, with 95%
N, 5% H,) by mixing 10 g of paddy soil, 0.13 g of finely milled
rice straw to support microbial activity, and 20 mL of N, purged
tap water inside 120 mL septum vials. The rice straw had an As
content of 2.76 pg g~', while the tap water background
concentrations of S, Fe, and As were 14.3, 0.04, and
0.0003 umol L *. The vials were closed with butyl rubber stop-
pers and aluminum caps and incubated standing in the dark in
an oven at 30 °C. To deplete the soil from excess S, Fe, and As,
microcosms went through 30 redox cycles for one and a half
years. Each redox cycle consisted of an anoxic period of 10 days
followed by an oxic period of 5 days.

Redox fluctuations were carried out in the following way. After
10 days of anoxic incubation under the above-described condi-
tions, the vials were taken from the oven, allowed to reach room
temperature (20 °C), and shaken before removing the aluminum
caps and butyl rubber stoppers. After allowing the soil to settle, the
overlaying water was removed using a pipette. Finally, milled rice
straw (0.13 g) was mixed into the soil to replenish the available C
pool for microbes. The open vials were taken into the oven and
incubated oxically for 5 days. After the oxic period, the vials were
refilled with 20 mL of N, purged tap water inside the glovebox,
closed with butyl rubber stoppers and aluminum caps, and
anoxically incubated again at 30 °C for 10 days.

An additional, constantly anoxic (CA), setup was used as
control. These vials went through 10 anoxic incubation days
before being opened inside the glovebox to release the accu-
mulated gases and add new rice straw before being closed again
and returned to the oven. On the fifth day of the oxic cycle of the

This journal is © The Royal Society of Chemistry 2025
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main setup, the rubber stoppers of the CA bottles were punc-
tured with a needle inside the glovebox to release accumulated
gases. This release was done in order to keep similar starting
conditions between CA and the redox-cycled bottles throughout
the experiment and at the moment of sampling.

Samplings

After 10, 20, and 30 redox cycles (C10, C20, and C30, respectively),
sacrificial time-resolved samplings took place in which aqueous
phase and soils were taken at days 1, 3, 5, 7, and 10 days of the
anoxic cycle. Thus, in total 15 sacrificial vials were used per redox
cycle sampling. The triplicates of the CA setup were sampled only
on day 10 after 20 and 30 cycles (CA20 and CA30, respectively).
These sampling days were selected based on previous reports from
redox dynamics in similar setups with the same s0il.***”** On each
sampling day, the corresponding triplicate vials were taken out of
the glovebox, mixed, and allowed to reach room temperature. The
pressure inside the vials was measured with a handheld pressure
meter (Greisinger GMH, 3100 Series) before taking a 5 mL head-
space sample with a needle and a gastight syringe. This sample
was injected into an evacuated glass vial and stored until CH, and
CO, determination using a gas chromatograph with a flame
ionization detector (GC-FID, SRI Instruments 8610C) equipped
with a methanizer.

The vials were then brought inside the glovebox, mixed to
form a slurry, and their contents poured into a 50 mL centrifuge
tube. The tubes were closed and wrapped with Parafilm before
being centrifuged outside the glovebox (4000 rpm, 10 min).
Back inside the glovebox, the aqueous phase was separated
from the soil using a syringe and needle and used for the
different analyses described in each section below.

Aqueous phase analyses

The aqueous phase was filtered through 0.2 pm cellulose-acetate
filters (Chromafil® Xtra) and split into different aliquots for the
following biogeochemical analyses. A 2 mL aliquot was stabilized
with 15 pL of 30% H,0, and 20 pL of 65% HNO; and diluted
before the determination of total As and S by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, 8900 Triple Quad, Agilent).
The determination was carried out using reaction mode with O,,
with As being measured as AsO" (m/z = 91) and S as SO' (m/z = 48).
Rhodium was used as an internal standard to compensate for
signal drift, and a certified reference material (TMDA 62.2, Envi-
ronment Canada) was used for quality control.

A 700 pL aliquot for As and S speciation was stabilized with
a 10 mM solution of hydroxybenzylethylenediamine (HBED, pH
7) and directly frozen in dry ice.*® For analyses, the samples were
thawed inside the glovebox to avoid changes in the speciation
due to oxidation. Arsenic and S speciation was determined by
ICP-MS after chromatographic separation by ion chromatog-
raphy (IC, 940 Professional IC Vario Metrohm) using an AS16
column (Dionex AG/AS16 IonPac column) with a 2.5-100 mM
NaOH gradient, a 1.2 mL min " flow rate, and an injection
volume of 50 pL.** Concentrations were calculated through
a calibration containing arsenite, arsenate, MMA, DMA, sulfate,
and thiosulfate. Thioarsenates were identified based on

Environ. Sci.; Processes Impacts
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previously reported retention times,”?**' and their concentra-
tions were determined through their oxyarsenic homologs.
Throughout the text, As species are often grouped depending on
the biogeochemical processes ruling their formation. The sum of
oxymethylated and methylthiolated arsenates is referred to as
total methylated As, while the sum of inorganic and methylated
thioarsenates is referred to as total thiolated As.

Total dissolved Fe, Fe", and S"~ were determined photo-
metrically using the ferrozine® > and the methylene blue
method.® After stabilization according to the methods, colori-
metric reactions were done outside the glovebox. Photometric
determinations were carried out in triplicate using a multiplate
reader (Infinite® 200 PRO, Tecan). Sulfide was not detected
throughout the experiment (LOD = 1.2 umol L™%).

The rest of the filtered aqueous phase was used for the
determination of pH and redox potential using a multiparam-
eter (HQ40d, Hach) connected to the corresponding electrodes
(PHC301, Ag/AgCl electrode and MTC101, respectively).

Solid phase analyses

Subsamples from all post-incubation soils were immediately
frozen after being separated from the aqueous phase, and later
freeze-dried and homogenized. Zerovalent sulfur (S°) was
determined via HPLC-UV-Vis after chloroform extraction.* Soil-
extracted S° is operationally defined as chloroform-extractable S
(which includes zerovalent S in polysulfides, S bound to solid
phase, and Sy).

Total Fe content in the original soil and after redox cycling was
determined after microwave-assisted digestion (MARS Xpress,
CEM) in 10 mL aqua regia. The digested samples were filtered
through 0.2 pm cellulose-acetate filters (Chromafil® Xtra) and
diluted 1 : 10 with ultrapure deionized water (Millipore, 18.2 MQ
cm) before analysis by ICP-MS as described above. Changes in Fe
mineralogy due to repetitive redox cycling were assessed by
Mossbauer spectroscopy using samples from day 10 of the anoxic
cycle from C10 and C30, as well as the original soil (C0). Dried
mineral powders were loaded into Plexiglas holders (area 1 cm?),
forming a thin disc. Holders were inserted into a closed-cycle
exchange gas cryostat (Janis cryogenics) under a backflow of He
to minimize exposure to air. Spectra were collected at 5 and 77 K
using a constant acceleration drive system (WissEL) in trans-
mission mode with a >’Co/Rh source. All spectra were calibrated
against a 7 um thick o->’Fe foil that was measured at room
temperature. Analysis was carried out using Recoil (University of
Ottawa) and the Voigt Based Fitting (VBF) routine.®® The half
width at half maximum (HWHM) was constrained to 0.12 mm
s ' during fitting. Due to some uncertainties regarding the
mineral phases of the Fe'" and the Fe'™ (oxyhydr)oxides, addi-
tional uXRD measurements were carried out and can be found in
the ESI Discussion.f The reference minerals were partly taken
from the XRD Match! Software and partly from the mineralogical
database “Rruff”.

Statistical analyses

Unless stated otherwise, all data are presented as mean values +
standard deviation (7 = 3). Pearson correlation coefficients were
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used to assess the significance of all variable correlations pre-
sented. Tukey post hoc analyses were used to evaluate changes in
As speciation with increasing redox cycling. Pearson correlation
and Tukey post hoc analyses were carried out using R (version
4.2.1) in RStudio (R Development Core Team, 2008).

Results & discussion
Depletion of S, Fe, and As with repeated redox cycling

Repeated redox cycling and removal of the aqueous phase after
each anoxic period effectively depleted the soil of aqueous Fe, S,
and As, and in consequence, concentrations in the aqueous
phase. Aqueous Fe concentrations from the original soil (C0),
peaked at 0.55 + 0.09 mmol L™" at 7 days of incubation (Fig. 1a).
At day 7 Fe concentrations in the aqueous phase from the
depleted soils (C10, C20, and C30) were lowered by 49, 43, and
61%, respectively. On average, 89% of the Fe in the aqueous
phase was Fe' throughout the experiment (Fig. S11). Moreover, in
the aqueous phase from the depleted soils, Fe concentrations
increased constantly during the 10 day anoxic incubation period.
Aqueous phase S decreased strongly with repeated redox cycling.
Starting at 2.53 + 0.08 mmol L' at day 1 in CO, the aqueous
phase of the depleted soils lost, on average, 96% of this initial
dissolved S concentration, decreasing the size of the primary S
pool. In the depleted soils, a stable pool of dissolved S of around
0.10 mmol L~ ! was found in the system at the beginning of each
cycle. This observation suggests that during the oxic incubation
period, sulfide phases were re-oxidized, releasing partially or fully
oxidized soluble S forms, replenishing a small fraction of the
primary sulfate pool, which was available for reduction in the next
anoxic cycle (Fig. S21).°**” In C0 and C10, dissolved S concentra-
tion decreased during the first incubation days, indicating
consumption of sulfate from the primary pool, before stabilizing
by day 7 around 0.14 and 0.04 mmol L™, respectively. In C20 and
C30, stable dissolved S concentrations under 0.03 mmol L™ " were
reached after day 3, showing a faster consumption of a smaller
primary sulfate pool. Despite being depleted of electron accep-
tors, microbial activity was observed throughout the experiment,
as shown by the decreasing Eh values throughout the 10 day
anoxic period, and higher CO, and CH, production with
increased redox cycling (Fig. S31).

Dissolved As concentrations also decreased with increasing
redox cycling and depletion. In CO, concentrations increased
sharply with anoxic incubation time, peaking on day 7 at 2.11 +
0.09 pmol L™, In C10, C20, and C30, dissolved As concentra-
tions at the same incubation time were only 13, 5, and 6% of
those in CO, respectively. More importantly, opposite to the
trend observed in CO0, As concentrations in the aqueous phase of
the depleted soils decreased throughout the 10 day anoxic
incubation period.

In the CA controls (Fig. S47), dissolved Fe concentrations by
the end of each cycle remained constant for CA20 and CA30
(0.7 + 0.1 and 0.7 + 0.03 mmol L, respectively) showing an
increase compared to CO (0.47 + 0.06 mmol L' at day 10).
Dissolved S concentrations in CA20 and CA30 were 0.13 £ 0.01
and 0.16 4+ 0.01 mmol L, respectively. These concentrations
are comparable to the stable values found on CO from day 7 of
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Fig. 1 Depletion of dissolved Fe (a), S (b), and As (c) through repeated redox cycling and washout. Data points are average values and bars

indicate standard deviation (n = 3).

the anoxic period reported above. Dissolved As concentration
also decreased with longer CA cycling, but to a lesser extent than
in depleted soils. In CA20 and CA30, aqueous phase As
concentrations were 0.40 £ 0.02 and 0.57 + 0.07 pmol L™,
compared to 2.07 4 0.03 umol L " at day 10 in CO.

The depletion of S, Fe, and As in the soils and hence the lower
concentrations in the aqueous phase were a consequence of
redox cycling and the removal of the standing water. Under
anoxic incubation conditions, reductive dissolution of Fe(ur)
minerals took place, releasing Fe'' and the associated As into the
aqueous phase.” By removing the standing water at the end of
each anoxic cycle, the dissolved fraction of Fe' and As was
removed from the system. The repetition of this process with
repetitive redox cycling caused the depletion of the bioavailable
Fe fraction in the soils, lowering how much Fe™ could be
reductively dissolved in the next anoxic period. The decrease of
dissolved S throughout the 10 days of the anoxic periods indicates
DSR and suggests the precipitation of sulfides, likely through
reaction with dissolved Fe™.***” By removing the standing water at
the end of each anoxic cycle, the non-precipitated S was removed
from the system. The constant increase of dissolved Fe
throughout the anoxic periods in the depleted soils suggests that
FeS precipitation could be limited in these soils compared to CO0,
due to a lower availability of sulfate and hence, sulfide. In the CA
setups, the stable concentrations of Fe and S in the aqueous
phase suggest that their biogeochemistry might have reached an
equilibrium in these setups, with FeS precipitation no longer
taking place. The precipitation of Fe or As sulfide phases could be
responsible for the lower As concentrations in the aqueous phase
compared to C0.*°%%®

Changes in As speciation with repeated redox cycling

Repeated redox cycling directly affected As speciation. These
results are presented as the percentage contribution of group
species to total As, to correct for As depletion. Summarizing the
data of the 10 anoxic incubation days of each cycle, the median

This journal is © The Royal Society of Chemistry 2025

contribution to total methylated As showed no trends with
increasing redox cycling, with median values staying around
20-30% of total As (Fig. 2a). However, total As thiolation
increased sharply with increasing redox cycling (Fig. 2b). Total
contribution of thioarsenates to total As was 4% in CO0, signifi-
cantly increasing (p < 0.05) to 10, 40, and 39% in C10, C20, and
C30, respectively.

Breaking down these species groups into subgroups shows
that while there was no net trend in total methylated As, there
was a significant decrease (p < 0.05) in the contribution of
oxymethylated arsenates (Fig. 2¢), from a median contribution
of 26% in CO to only 7% in C30. In contrast, the contribution of
methylthioarsenates (Fig. 2d) increased significantly (p < 0.05)
with increasing redox cycling between CO and C20 from 3 to
25%. Since the contribution of total methylated species
remained constant throughout the repetitive redox cycling, the
opposite trends observed for these two subgroups suggest that
the decrease in the contribution of oxymethylarsenates is
caused by their thiolation to form methylthioarsenates. More-
over, the significant increase (p < 0.05) in the median contri-
bution of inorganic thioarsenates, from 0.6 to 24% from CO to
C30 (Fig. 2e), caused a sharp increase in the contribution of
total thiolated species. Strikingly, the thioarsenate contribution
to total As in these depleted systems, was much higher than
values commonly reported for paddy soils, which are often
<100A)‘28,36

An increasing S/As molar ratio in the depleted soils (C10-
C30) significantly correlated (p < 0.0001) with the increased
contribution of inorganic thioarsenates (Fig. 3a). In C0, despite
high S/As ratios, the contribution of inorganic thioarsenates to
total As was low, since S here was mostly found as sulfate
(Fig. S27). In the CA controls, S/As values were in the same
magnitude as those of C20 and C30, but the contribution of
inorganic thioarsenates in the CA setups was similar to that in
C10. Besides higher S/As ratios, the high contribution of thio-
arsenates in the depleted soils compared to CO can be linked to
the lower bioavailable Fe (Fig. S5at), since at low aqueous Fe"
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concentrations, more reduced S is available for thiolation.
Excess S over Fe correlated positively and significantly with high
inorganic thioarsenate formation (Fig. S5b¥). Repeated redox
cycling caused a higher ratio of inorganic thioarsenates over
their oxyarsenic homologs, particularly at the beginning of the
anoxic incubation period in C20 and C30. Nonetheless, arsenate
and arsenite were still the dominating inorganic species
throughout the experiment (Fig. S61).

Moreover, changes in the contribution of inorganic thio-
arsenates throughout the 10 days of the incubation period show
further insights into how increased redox cycling influenced
their formation. In the depleted soils, the contribution of
inorganic thioarsenates to total As was higher at the beginning
of the 10 day anoxic period (Fig. 3b). The depleted soils, espe-
cially C20 and C30, showed a higher contribution of highly
thiolated inorganic thioarsenates (DTA and TTA), which
decreased throughout the anoxic incubation. The constantly
anoxic controls did not show a similar trend, with MTA being
constantly the dominant inorganic thioarsenate and rather
a decrease in inorganic thiolation with increasing cycling
(Fig. S71).

Increasing S/As ratios also had a significant influence on the
contribution of methylthioarsenates (p < 0.001) (Fig. 3c). In CO,
despite the high S/As ratio, the formation of methylthioarsenates
was low. Moreover, the contribution of methylthioarsenates to

Environ. Sci.: Processes Impacts

total As changed throughout the anoxic incubation period,
showing differences from the trends reported above for inorganic
thioarsenates (Fig. 3d). With increasing redox cycling, the
formation, contribution, and degree of thiolation of methyl-
thioarsenates increased. In particular in C20 and C30, highly
thiolated monomethylated arsenates (MMDTA and MMTTA)
contributed significantly to total As. During most of the anoxic
incubation period in C20 and C30, methylthioarsenates domi-
nated over methyloxyarsenates. The contribution of methyl-
thioarsenate to total As did not decrease with increasing
incubation time, and the degree of thiolation was relatively
constant throughout the anoxic period.

The above-described results for the formation and stability
of inorganic and methylated thioarsenates show the contrasting
behaviors of these two species groups. The formation of inor-
ganic thioarsenates coincides kinetically with the consumption
of the primary sulfate pool in the first three days of incubation
(Fig. S81), with high inorganic thioarsenate concentrations
being present at high concentrations of sulfate. We suggest that
this period of high DSR triggers the formation of highly thio-
lated inorganic thioarsenates, due to a relative excess of S~
related to the high sulfate consumption. Once S"~ becomes
limited, due to the consumption of most of the primary sulfate
pool and likely the precipitation of FeS phases in the presence of
a relative excess of dissolved Fe, inorganic thioarsenate

This journal is © The Royal Society of Chemistry 2025
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concentrations decrease, indicating de-thiolation (Fig. S8t).
Around the same time of the anoxic incubation, the contribu-
tion of methylthioarsenates increased. Methylthioarsenate
formation was limited at the start of the anoxic period due to
low MMA and DMA concentrations, but once these species are
available, they are readily thiolated.*®* Moreover, methyl-
thioarsenates still formed when the system seemed to be 8"~
limited (Fig. S87), as suggested by the dethiolation of inorganic
thioarsenates and low sulfate concentrations.

Taking C20 and C30 as examples of highly depleted systems,
although there is a decrease in the contribution of inorganic
thioarsenates and an increase in methylthioarsenates, the
contribution of total thiolated As species remains constant
during the anoxic incubation period (Fig. S97). Similar obser-
vations of inorganic thioarsenate dethiolation coupled with the
formation of methylthioarsenates have been recently reported
along the outflow channel of a geothermal spring.®® Under
neutral pH conditions commonly found in paddy soils and in
the incubation setups of this experiment (Fig. S10t), methyl-
thioarsenates require a lower excess of S~ to form and, thus,
are thought to be more thermodynamically stable and preferred
thiolation products.**3* We suggest that under S"  limited
conditions in the depleted soils, the formation of MMA and
DMA could trigger the de-thiolation of inorganic thioarsenates.

This journal is © The Royal Society of Chemistry 2025

Such competition for §" could take place as the inorganic
thioarsenates de-thiolate due to a shift in the equilibrium
caused by lower S~ concentrations. The S released by the de-
thiolation could then react with MMA or DMA to form methyl-
thioarsenates, which are stable at lower S~ concentrations.

Changes in S speciation and influence on thioarsenate
formation

Zerovalent S and thiosulfate, products of the partial reoxidation
of 8", were found in the incubations. Despite the depletion of
dissolved S in the aqueous phase with increasing redox cycling,
8° accumulated in the solid phase (Fig. 4a). In C20 and C30, S°
formation did not decrease by the washout of over 95% of the
aqueous phase S. More importantly, S° was higher in depleted
soils than in CO. Thus, the formation and accumulation of S°
were independent of the S washout with increased redox
cycling. This newly formed S° pool stayed relatively stable
throughout the 10 day anoxic incubation, indicating compa-
rable rates of production and consumption. In the depleted
soils, S° content correlated positively (p < 0.05) with sulfate
concentration in the aqueous phase (Fig. 4b).

Similarly, thiosulfate was found in the aqueous phase, being
slightly higher at the beginning of the anoxic incubation and
decreasing with time (Fig. 4c). Thiosulfate concentrations
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peaking at the beginning of the incubation could be related to
the partial oxidation of S~ during the oxic incubation period.
Nonetheless, thiosulfate is reported to be highly reactive,
transforming easily back into S™
sulfate.®*  Thus, thiosulfate concentrations
0.025 pmol L™ * towards the end of the anoxic incubation period
suggest its formation under anaerobic conditions. Thiosulfate
concentrations also significantly correlated (p < 0.0001) with
sulfate concentrations (Fig. 4d). A stable pool of S° and thio-
sulfate formation under anoxic conditions, and their significant
correlations with aqueous sulfate concentrations, suggest an
active CSC in the depleted soils.

Reduction of Fe™ is the main proposed partner for S~
reoxidation under anoxic conditions.>»”® Increasing concentra-
tions of dissolved Fe during the anoxic incubation periods in
the depleted soils indicate Fe™ reduction. This reduction could
be partially associated with Fe respiration. However, trends in
CH, production suggest that Fe reductive dissolution is not
a central respiration pathway in the depleted soils. In C0, CH,
production had a lag phase (Fig. S31) normally associated with
the use of other thermodynamically preferred respiration
pathways,”"”? followed by a phase of exponential CH, produc-
tion. Bioavailable Fe'™ (oxyhydrjoxides are known to delay
methanogenesis.”>’* In the depleted soils, this lag was not

or further oxidizing into
around

present, showing a linear increase in CH, production between
day 1 and 10 of the anoxic incubation, suggesting the low

availability of other electron acceptors for anaerobic respiration

111

such as Fe'" and sulfate. These observations suggest that abiotic
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Fe reduction associated with the CSC might dominate over
biotically mediated Fe reductive dissolution.

In the solid phase, Mossbauer spectroscopy showed that
repeated redox cycling mainly caused changes in the distribu-
tion of Fe™ (oxyhydr)oxides (Tables $2, S3 and Fig. S11%).
Crystalline Fe™™ (oxyhydr)oxides contributed 24.6% to CO and
were decreased in half by C10. Further cycling slightly decreased
their contribution. In contrast, poorly crystalline Fe™ (oxyhydr)
oxides increased from 2.8% in CO to 5.4% in C10, with a slight
increase with further cycling. Moreover, there were slight
increases in the contribution of other identified phases, such as
Fe' and adsorbed Fe™ with increased redox cycling (Table S31).
These Fe phases could offer a chemically reactive Fe™ pool for
S reoxidation, as proposed by Hansel et al.” for low sulfate
freshwater sediments. Similarly, Holmkvist and Ferdelman®
correlated a slowly reacting Fe pool with S~ reoxidation.

Sulfate reduction, sulfide reoxidation, and thioarsenate
formation

The above-described results for As speciation suggest that the
formation of inorganic and methylated thioarsenates might be
ruled by different sources of reduced S species, depending
mainly on thermodynamic stability and sulfate reduction
kinetics. According to these results, early thiolation in paddy
soils could be driven by the reduction of a big primary pool of
sulfate, taking place in the first days of anoxic incubation. Later,
as this primary sulfate pool is consumed, thiolation is driven by
the reduction of a smaller secondary sulfate pool as a conse-
quence of the CSC. The As speciation in the depleted soils of
this experiment offers insights into this dependency.

High contribution of methylthioarsenates correlated posi-
tively (p < 0.01) with excess S° over methyloxyarsenates (as a molar
ratio of the precursors (S°) and reactants (MMA + DMA) required
for methylthioarsenate formation) (Fig. 5a). This correlation was
not present when considering inorganic thioarsenate formation
through the reaction of S° and arsenite (Fig. 5b). In contrast,
a higher contribution of inorganic thioarsenates was found at low
S°/arsenite ratios. Similarly, methylthioarsenate formation
correlated positively (p < 0.05) with excess thiosulfate over
methyloxyarsenates (Fig. 5¢), but not with inorganic thioarsenate
formation when comparing thiosulfate/arsenite (Fig. 5d). These
positive correlations do not imply thiolation directly through the
reaction of MMA and DMA with S° or thiosulfate, but rather S°
and thiosulfate as intermediate S species of CSC for the forma-
tion of sulfate, which will be biotically reduced to S"~, and form
thioarsenates.

A direct evaluation of thiolation through S" was not
possible since it was not detected in any setup. Low S"~ has
been previously linked to the CSC since the small and constant
amounts of S"~ produced readily react and thus, do not accu-
mulate.*>*® Sulfate concentrations were used to evaluate the role
of the reduction of the primary sulfate pool on As thiolation,
under the assumption that most of the available sulfate would
be reduced by SRB to form S"". Nonetheless, this correlation
does not consider that not all produced $"~ would be available
for As thiolation, due to, for example, FeS precipitation. High

This journal is © The Royal Society of Chemistry 2025
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sulfate over oxymethylated arsenate ratio correlated negatively
(p < 0.05) with methylthioarsenate formation, while high inor-
ganic thioarsenate formation correlated positively (p < 0.05)
with excess sulfate over arsenite, but only when considering C20
and C30 as highly S depleted systems (Fig. 5e and f).

These correlations suggest that in a S-depleted paddy soil,
the formation of inorganic and methylated thioarsenates takes
place through the reduction of two different sulfate pools,
summarized in Fig. 6 and contextualized for our 10 day incu-
bation period. Since inorganic thioarsenates formed mainly at
the beginning of the anoxic incubation period, and they lacked
a correlation with intermediate, partially oxidized S products of
the CSC, we suggest that their formation is strongly related to
the reduction of the primary sulfate pool (Fig. 6, process 1),
which was likely replenished through the oxidation of sulfide
phases during the oxic period. The relatively high availability of
S~ low dissolved Fe, and high S/As ratios then favored the
formation of highly thiolated inorganic thioarsenates (DTA and
TTA).
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After 5 days, and once the primary pool of sulfate had been
consumed by SRB, S" had been likely scavenged by FeS
precipitation, and methylated oxyarsenates were present,
inorganic thioarsenates dethiolated. Furthermore, the positive
correlation between methylthioarsenate formation and
partially oxidized products of the CSC suggest that the main
source of S for their formation in later stages of the anoxic
incubation is the secondary sulfate pool formed through the
CSC (Fig. 6, process 2). While this secondary sulfate pool would
theoretically be available for the formation of inorganic thio-
arsenates, the lower excess S~ necessary for the formation of
methylthioarsenates favors their formation in an S-depleted
system. Moreover, due to the depletion of S, the primary
sulfate pool becomes a less relevant source of S™  with
increasing redox cycling.

MMA / DMA
.. » MeThio As

8042—
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\' Thiosulfate

82032'

7 —

Ars;anite
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O_f_,o’
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SH-
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CO0 C10 C30
Relative importance with increasing repetitive redox cycling

»

Fig. 6 Conceptual model indicating the formation of inorganic thio-
arsenates (iThio As) and methylthioarsenates (MeThioAs) with S~ from
either a primary (1) or secondary (2) sulfate pool. The top diagram in
the figure displays the biogeochemical reactions involved in the
production of "~ and thioarsenates. The thickness of the arrows
qualitatively illustrates the importance of a reaction. Sulfur species are
protonated assuming pH 7, reflecting the neutral values during the
experiment (Fig. S10%). In the center, diagrams indicate changes in
concentrations of key players in the reactions throughout the 10 day
anoxic incubation period. Circles at the bottom of the figure show how
the reduction of the primary sulfate pool decreases in importance as
the soil is depleted, while S"~ produced due to the reduction of
a secondary sulfate pool gains importance.
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Conclusion

The results presented here show the importance of consid-
ering thioarsenate formation when studying As speciation. It
is often assumed that thioarsenates do not form in low-S
systems such as wetlands or paddy soils, considered to be
methanogenic environments. Here, we show that through the
CSC, a supply of reduced S species is available for thiolation
even in S-depleted systems and once the primary sulfate pool
is consumed by SRB activity. These observations help explain
the presence of thioarsenates in paddy soil porewaters even
when sulfate reduction is no longer taking place. In systems
with low As, where there is a high S/As ratio, thioarsenates can
significantly contribute to speciation and, thus, mobility,
long-range transport, and toxicity, depending on environ-
mental conditions. In the context of paddy soils, a large share
of thioarsenates can be related to a higher As uptake by rice
plants, risking food safety. The results presented here do not
imply that CSC only takes place in S-depleted systems. Cryptic
S cycling likely takes place in S-rich systems as well, but its
effects are masked by high S concentrations and changes in S
speciation dominated by SRB activity during the consumption
of the primary sulfate pool.

More importantly, this study highlights the differences in
the kinetics and thermodynamics of the formation of inorganic
and methylated thioarsenates. Systems with a high and
constant reduced S supply might be dominated by inorganic
thioarsenates, as is the case in many geothermal systems.
However, if methylated oxyarsenates are present, and reduced S
becomes scarce, our results suggest the dethiolation of inor-
ganic thioarsenates to form methylthioarsenates. These obser-
show the complex biogeochemistry behind As
thiolation, which depends on reduced S availability and the
presence of specific As species, which in turn are strongly gov-
erned by microbially mediated reactions and the biogeochem-
istry of C and Fe.
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Supplementary Data

Table S1: Selected soil properties of the original soil used for the long-term incubation experiment.

Soil Horizon* Horizon Soil  Soil Org. C* Soil Fe*  Soil As*™*  Soil S** Feo/Fenca™
name depth (cm)* pH*  (gkg™") (gkg') (mgkg') (gkg') O
P50 Alp1 0-7 7.4 17.8+0.5 38 17 3.52 0.43+0.04

*Data from Kolbl, et al. 1. **Data from Ledn Ninin, et al. 2. Oxalate extractable iron (Feo), Dithionate-
citrate-bicarbonate extractable iron (Fepcs).

Table S2: Parameters collected during Méssbauer spectra analysis.

Sample Phase (m?nsls) (rgsmlli) H(T) o* aR;I:t("\,f) 2

Fe'lagsorbed/Clays 0.46 0.72 52.6 0.64

(7(;0K) Fe'iota 124 287 30.1

Crystalline Fe"'(oxyhydr)oxides 0.39 -0.17 521 3.0 17.3
Fe(lll)/clays 0.48 0.72 45.5 0.77

co Fe! 1.30 2.81 27.2

(5K) Crystalline Fe"'(oxyhydr)oxides 0.49 -0.08 519 3.0 24.5

Poorly crystalline Fe"'(oxyhydr)oxides 0.35 -0.14 48.0 0.0 2.8
Fe''/clays 0.47 0.73 52.1 0.52

(7071 &) Fe! 123 2.84 33.6

Crystalline Fe"'(oxyhydr)oxides 0.53 -0.071 519 22 14.3
Fe''/clays 0.42 0.73 53.8 0.79

Cc10 Fe! 1.30 2.79 28.0

(5K) Crystalline Fe"'(oxyhydr)oxides 0.53 -0.072 519 22 12.8

Poorly crystalline Fe"'(oxyhydr)oxides 0.35 0.019 584 3.0 5.4
Fell/clays 0.44 0.71 50.7 0.55

(7073&) Fe! 124 284 32.1

Crystalline Fe''(oxyhydr)oxides 0.43 -0.069 515 23 17.2
Fell/clays 0.48 0.71 53.3 0.83

C30 Fe!l 1.30 2.78 304

(77 K)  Crystalline Fe''(oxyhydr)oxides 0.43 -0.14 515 23 9.5

Poorly crystalline Fe"'(oxyhydr)oxides 0.33 -0.034 491 3.0 6.8

Center shift (CS), quadrupole splitting (QS), hyperfine field (H), sigma, the relative area and the
goodness of the fit 2.

Table S3: Relative areas (%) of mineral phases and total Fe content in samples C0, C10, and C30.

Mineral phase & Fe soil content Cco Cc10 C30
Fe”ladsorbed/CIayS 455 53.8 53.3
Fellotal 27.2 28.0 30.4
Crystalline Fe''(oxyhydr)oxides 24.6 12.8 9.5
Poorly Crystalline Fe''(oxyhydr)oxides 2.8 5.4 6.8
Total Fe content (g kg™) 33+2 27 +2 23 +1

Values for Total Fe content in the soil are given as average + standard deviation (n = 3).
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Figure S1: Fraction of reduced Fe in total dissolved Fe throughout incubation time for all redox cycled
soils. Data points are average values and bars indicate standard deviation (n = 3).
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Figure S2: Time-resolved sulfate concentrations during the anoxic incubation period for all
soils. Data points are average values and bars indicate standard deviation (n = 3).
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Figure S3: Temporal changes on redox potential (a), CO2 production (b) and CH4 production (c) for all
redox cycled soils. Data points are average values and bars indicate standard deviation (n = 3).
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Figure S4: Comparison of aqueous phase Fe (a), S (b), and As (c) in C0O and constantly anoxic setups
at day 10 of the anoxic cycle. Bar height is the average value, and bars indicate standard deviation (n =
3).
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Figure S5: Influence of Fe depletion on thioarsenate formation in soils after repeated redox cycling (a)
and effect of excess S over Fe on thioarsenate formation for each repleted soil (b).
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Figure S6: Temporal dynamics and contribution of all inorganic arsenic species to total As in the
depleted soils.
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Figure S7: Inorganic thioarsenate and methylated As contribution to total As by anoxic incubation day
10 in CA setups.
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Figure S8: Temporal changes of inorganic and methylated thioarsenate concentrations in the soils after
repeated redox cycling. Data points are average values and bars indicate standard deviation (n = 3).
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Figure S9: Temporal dynamics in the contribution of inorganic, methylated and total thiolated As
species, and comparison with aqueous phase S species.Data points are average values and bars
indicate standard deviation (n = 3).

SI5

156



7.6
®
5 744 gy B
2
g : B 8
8 7.2 . <>
< 2 o
74 « CO
o C10
o C20
581 & ca0
T T T T T
1 3 5 7 10

Incubation time (days)

Figure S10: Temporal changes in aqueous phase pH with increasing redox cycling. Data points are
average values and bars indicate standard deviation (n = 3).
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Figure S11: Mdssbauer spectra and fitting of samples CO, C10, C30. Measurements taken at 77 and
5 K. Black dots show the original measurement. Blue and pink lines are the overall and individual fits,
respectively.
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Supplementary Discussion

Due to some uncertainties regarding the mineral phase of the Fe' and the Fe'"' (oxy)hydroxide,
additional pXRD measurements were carried out (Figure S12). All samples were dominated
by quartz. Therefore, some reflections were ambiguous. Other mineral phases found were
wustite (Fe"O), siderite (Fe''CO3) and hematite (Fe'";O3). Wiistite has a very similar pattern to
periclase (MgO), so the main Fe'" phase was most likely siderite. The uXRD patterns did not
show clear signs of clay minerals. However, the strong signal of quartz might have covered
low abundant mineral phases.
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Figure S12: uXRD patterns of C0O, C10, and C30 (from bottom to top). Quarz (Qz), Hematite (Hm),
Siderite (Sd), Wustite (Wu).
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