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Ganz neue Zusammenhänge entdeckt
nicht das Auge, das über ein Werkstück
gebeugt ist, sondern das Auge, das in
Musse den Horizont absucht.
(Carl Friedrich Freiherr von Weizsäcker)
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Summary
Over the last decades, dry season (boro) rice production in Bangladesh has been largely
intensified to meet the rising food demand of the growing population and to ensure food
self-sufficiency. To date, boro rice cultivation accounts for more than 50% of the country’s
rice production, as it provides higher yields and yield security than the traditional rice
varieties. Dry season rice requires large amounts of water for irrigation, which is mainly
provided by groundwater abstraction from shallow tube wells, often containing high
arsenic (As) concentrations. In the long-term, this may lead to As accumulation in paddy
soils and further to elevated As contents in rice plants, threatening food quality, rice yields
and human health.
In order to accurately assess all risks for human and environmental health associated with
boro rice cultivation using As-rich groundwater for irrigation, detailed investigations of
paddy soils and rice plants are necessary to provide insight into the complex cycling of As
in lowland paddy field systems. Consequently, the aim of the present work was to shed
light on the As cycling at a specific field site in Munshiganj district/Bangladesh. On the
study site, boro rice has been grown from December until May since the early 1990s.
During the growth season, the fields are irrigated intermittently through single water inlets
into individual fields with As-rich groundwater extracted from a shallow aquifer by diesel
powered pumps. Before harvest fields dry out and subsequently get inundated during
monsoon flooding between mid June and late October.
The three major objectives addressed in the present thesis were (i) to investigate the
spatiotemporal distribution of As in irrigated paddy soils, (ii) to quantify gains and losses
of soil As during irrigation and monsoon flooding over a three-year period in order to
assess the potential for long-term As accumulation in these fields, and (iii) to estimate the
extent of increasing soil As concentrations on growth of and As uptake by rice.
The input of As into paddy soils through As rich irrigation water is laterally heterogeneous
because of the gradual removal of As through coprecipitation together with iron from
slowly spreading and oxidizing irrigation water and As sorption to soil particles. Therefore,
soil As contents decrease with increasing distance to the water inlet, leading to highly
variable topsoil As concentrations within individual fields. Soil As contents after the
irrigation period showed that most As input occurred close to the water inlet and that As
was mainly retained in the top few centimeters of soil. After monsoon flooding, topsoil As
contents were again lower, suggesting As input during irrigation to be at least partly
counteracted by As mobilization during monsoon flooding. However, the persisting lateral
1

Summary
As gradient suggested net As accumulation over the past years of groundwater-based
irrigation.
To obtain a comprehensive picture of the As cycling and possible As accumulation at the
study site, the total As mass within the top 40 cm of paddy soil was determined and the
variations were monitored over a three-year period on a 3D-sampling grid to account for
the spatial distribution of soil As. Gains and losses of soil As in different depth segments
were calculated using a mass-balance approach. Annual As input with irrigation water
equaled 4.4 kg ha-1 a-1. Within the top 40 cm of soil, the mean As accumulation over three
years amounted to 2.4 kg ha-1 a-1, implying that on average 2.0 kg ha-1 a-1 were lost from
the soil. Seasonal changes of soil As showed that 1.05 to 2.1 kg ha-1 a-1 were lost during
monsoon flooding. The remaining As-loss (up to 0.95 kg ha-1 a-1) was attributed to
leaching with percolating irrigation water. Extrapolating the observed trends into the future
suggests that at the investigated field site, total As within the top 40 cm of soil will further
increase by a factor of 1.5 to 2 until 2050 under unchanged conditions.
The impact of As accumulation in soils on rice plants, i.e., rice straw and grain, was
investigated over three consecutive harvest seasons (2005-2007). The field data revealed
that straw and grain As concentrations were elevated in the field and highest near the
irrigation water inlet, where As concentrations in both soil and irrigation water were
highest. Additionally, a pot experiment with soils and rice seeds from the field site was
carried out in which soil and irrigation water As were varied in a full factorial design. The
results suggested that both, soil As accumulated in previous years and As freshly
introduced with irrigation water, influence As uptake during rice growth. At similar soil As
contents, plants grown in pots exhibited similar grain and straw As contents as plants
grown in the field. This suggested that the results from pot experiments performed at
higher soil As levels could be used to assess the effect of continuing soil As accumulation
on As content and yield of rice. Based on the scenario of long-term As accumulation at
the study site, we estimated that unchanged irrigation practice may result in an increase of
average grain As concentrations from currently ~0.15 mg As kg-1 to 0.25-0.58 mg As kg-1
by the year 2050. This could translate into a 1.5 to 3.8 times higher As intake by the local
population via rice, then possibly exceeding the provisional tolerable daily As intake by
FAO/WHO.
Overall, As is expected to increase within the soils at the investigated field site, even
though the accumulation is slowed by As losses during monsoon and irrigation. The
accumulation of As in the soils further leads to elevated As concentrations in the rice plant.
2
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In the future, this may adversely affect rice yield and quality, being a threat to food
security, human health and environment. The results presented in this thesis provide a
basis for evaluating the risks associated with current and predicted soil and plant As
concentrations. The present data set allowed estimating the specific risk of As
contamination for human and environmental health on a field site in Munshiganj district
(Bangladesh) associated with boro rice production using As-rich groundwater for
irrigation. However, transferring the results to other areas of Bangladesh should be
exercised with caution, as site-specific differences may play a key role in the nature of As
cycling. Further research addressing paddy soil As levels need to account for the possible
lateral and vertical heterogeneity of As concentrations within paddy fields. With regard to
an all-embracing risk assessment, site-specific differences must be particularly addressed
and emphasized in order to identify long-term mitigation strategies for all of Bangladesh.
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Zusammenfassung

Zusammenfassung
In Bangladesch wurde der Anbau von Boro Reis über die letzten Jahrzehnte stark
intensiviert, um den steigenden Nahrungsmittelbedarf der wachsenden Bevölkerung
unabhängig vom Ausland decken zu können. Boro Reis bietet im Vergleich mit
traditionellen Reisvarietäten höhere Erträge und Ertragsicherheit und macht heutzutage
mehr als 50% der Reisproduktion des Landes aus. Der in der Trockenzeit angebaute Boro
Reis erfordert jedoch eine intensive Bewässerung der Felder, für die häufig
oberflächennahes Grundwasser verwendet wird, das mit geogenem Arsen (As) belastet
ist. Langfristig kann dies zu erhöhten Arsengehalten in Reisfeldböden führen und in der
Folge

zu

steigenden

Arsenkonzentrationen

in

Reispflanzen,

die

dann

Nahrungsmittelqualität, Erträge wie auch die menschliche Gesundheit bedrohen.
Um die Risiken für Mensch und Umwelt beurteilen zu können, die mit der Verwendung von
arsenreichem Grundwasser für die Boro Reisproduktion verbunden sind, ist ein
Verständnis des komplexen Arsenkreislaufs im Tieflandreisanbau notwendig. Die
vorliegende Arbeit verfolgte das Ziel, den Arsenkreislauf an einem Feldstandort in
Munshiganj/Bangladesch zu untersuchen, an dem seit Anfang der 1990iger Jahren von
Dezember bis Mai Boro-Reis angebaut wird. Während der Reiswachstumsperiode werden
die einzelnen Felder periodisch durch je einen Wassereinlass mit arsenreichem
Grundwasser aus einem oberflächennahen Aquifer bewässert. Vor der Ernte trocknen die
Felder aus und sind anschliessend von Mitte Juni bis Ende Oktober vom Monsun erneut
überflutet.
Die Zielsetzungen der vorliegenden Arbeit bestanden darin, (i) die räumliche und zeitliche
Verteilung von Arsen im Feldboden zu untersuchen, (ii) die Zunahme und Abnahme von
Arsen während Bewässerung und Monsun über einen dreijährigen Zeitraum zu
quantifizieren, um daraus die langfristige Anreicherung von Arsen im Boden
abzuschätzen, und (iii) die Auswirkungen der Arsenanreicherung auf das Wachstum der
Reispflanzen und deren Arsenaufnahme zu ermitteln.
Analysen der Arsengehalte im Feldboden vor und nach der Bewässerungsperiode
zeigten, dass der höchste Arseneintrag nahe dem Wassereinlass stattgefunden hat und
dass Arsen mehrheitlich in den obersten Zentimetern zurückgehalten wurde. Diese
Beobachtungen wurden damit erklärt, dass Arsen zusammen mit Eisenkolloiden graduell
aus dem sich langsam ausbreitenden und oxidierenden Bewässerungswasser entfernt
wird und ausserdem an Bodenpartikel adsorbiert wird. Im Verlaufe der Feldüberflutung im
Monsun gingen die Arsengehalte im Oberboden wieder auf den Stand vor der
5

Zusammenfassung
Bewässerung zurück. Dies deutet darauf hin, dass eine Mobilisierung von Arsen während
des

Monsuns

zumindest

teilweise

dem

Arseneintrag

durch

die

Bewässerung

entgegenwirkt. Nichtsdestotrotz weist der bestehende laterale Arsengradient darauf hin,
dass Arsen über die letzten Jahre der grundwasserbasierten Bewässerung angereichert
wurde.
Um die zeitliche Arsenanreicherung am Feldstandort zu untersuchen, wurde die totale
Arsenmenge in den obersten 40 cm des Reisbodens über einen Zeitraum von 3 Jahren
mit Hilfe einer Massenbilanz quantifiziert. Hierfür wurde ein dreidimensionales
Beprobungsraster gewählt, welches die räumlich heterogene Verteilung der Arsengehalte
im Boden berücksichtigte. Der jährliche Arseneintrag über die Bewässerung betrug 4.4 kg
ha-1 a-1. Innerhalb der obersten 40 cm des Bodens betrug die mittlere Arsenanreicherung
über drei Jahre 2.4 kg ha-1 a-1. Demzufolge sind im Mittel 2.0 kg ha-1 a-1 aus dem Boden
ausgetragen worden. Saisonale Veränderungen im Bodengehalt implizierten einen Verlust
von 1.05 bis 2.1 kg ha-1 a-1 während des Monsuns und einen Verlust des Restes von bis zu
0.95 kg ha-1 a-1 mit infiltrierendem Bewässerungswasser. Eine Extrapolation der
beobachteten Trends lässt für den untersuchten Feldstandort eine Arsenzunahme in den
obersten 40 Zentimetern des Bodens um einen Faktor 1.5 bis 2 bis zum Jahr 2050
erwarten.
Die Auswirkung der Arsenanreicherung im Boden auf Reispflanzen wurde über drei
aufeinanderfolgende Erntezeiten untersucht (2005-2007). Die Feldstudie ergab, dass die
Arsengehalte in Stroh und Korn im Feld erhöht waren und nahe dem Wassereinlass
maximale Werte erreichten, wo auch die Arsenkonzentrationen in Bewässerungswasser
und Boden am höchsten waren. Zusätzlich wurde eine Topfstudie mit Boden und Saatgut
vom Feldstandort durchgeführt, in der Arsen im Boden und Bewässerungswasser in
einem vollständig faktoriellen Design variiert wurde. Die Ergebnisse zeigten, dass sowohl
das Bodenarsen, welches in vorhergehenden Jahren angereichert wurde, als auch das
Arsen,

welches

Arsenaufnahme

frisch

mit

während

dem
des

Bewässerungswasser
Reiswachstums

hinzugeführt
beeinflussen.

wurde,

die

Gleiche

Bodenarsenkonzentrationen führten sowohl in den Töpfen als auch im Feld zu ähnlichen
Stroh- und Kornarsengehalten. Dies legte nahe, dass die Resultate des Topfexperimentes
bei höheren Bodenarsengehalten dazu dienen könnten den Effekt von weiterer
Bodenarsenakkumulation auf den Arsengehalt in Pflanzen und den Reisertrag
abzuschätzen. Basierend auf dem Langzeitszenario der Bodenarsenanreicherung am
Feldstandort, wurde der Arsengehalt der Pflanzen abgeschätzt, wie er aufgrund der
extrapolierten Bodenarsengehalte im Jahre 2050 zu erwarten ist. Fortschreitende
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Bewässerung resultiert in einer Zunahme der Arsenkonzentrationen im Reiskorn von
derzeit 0.15 mg As kg-1 auf 0.25-0.58 mg As kg-1 im Jahre 2050. Die Aufnahme von Arsen
der lokalen Bevölkerung durch den Konsum von Reis mit der für 2050 extrapolierten
Arsenkonzentration erhöht sich gegenüber heute um einen Faktor von 1.5 bis 3.8 und
überschreitet somit den von der FAO/WHO vorgeschlagenen tolerierbaren Wert für die
tägliche Arsenaufnahme.
Gesamthaft wird erwartet, dass Arsen in den Böden des untersuchten Standortes
zunimmt, obwohl die Anreicherung durch Verluste von Arsen während des Monsuns und
der Bewässerung verlangsamt wird. Die Anreicherung von Arsen in den Böden führt
ausserdem

zu erhöhten Arsengehalten in den Reispflanzen, welche zukünftig

möglicherweise die Reisernte und -qualität nachteilig beeinflussen und somit eine Gefahr
für Nahrungssicherheit, menschliche Gesundheit und Umwelt darstellen könnten. Der hier
präsentierte Datensatz erlaubte das Risiko der Arsenkontamination für Mensch und
Umwelt im Zusammenhang mit der Boro Reisproduktion durch arsenreiches Wasser am
Feldstandort in Munshiganj/Bangladesch abzuschätzen. Die in dieser Doktorarbeit
präsentierten Resultate sollten jedoch nur mit Vorsicht auf andere Gebiete in Bangladesch
übertragen werden, da örtliche Gegebenheiten, wie Unterschiede in der Bewässerung und
im Monsun, den Arsenkreislauf grundlegend verändern können. Zukünftige Forschung
sollte die mögliche laterale und vertikale Heterogenität innerhalb der Reisfelder
berücksichtigen.

Hinsichtlich

einer

umfassenden

Risikobeurteilung

müssen

standortspezifische Unterschiede besonders berücksichtigt und hervorgehoben werden,
um Strategien zur langfristigen Abschwächung der Arsenanreicherung in ganz
Bangladesch zu entwickeln.
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1 Introduction
1.1 Research motivation
More than half of the world’s population depends on rice as subsistence diet (1),
predominantly in Asia where rice provides 73% of the calorific intake (2). One of the
countries reliant on rice as staple food is Bangladesh, one of the most densely populated
(2007/2008: 158 million people on 144 000 km2) and poorest countries in the world, with
40% of the population living under deprivation (3). Over the last decades, rice production in
Bangladesh has been intensified to meet the rising food demand of its growing population
and to enable the country’s food self-sufficiency (4, 5). This has mainly been accomplished
by increasing the cultivation of dry season boro rice and other high yielding rice varieties (5,
6) at the expense of traditional wet season varieties, i.e. aman and aus rice (7). In 2006, boro
rice accounted for 53% of the country’s total rice production (6). Boro rice provides higher
yields and yield security than the traditional varieties, but on the other hand requires large
amounts of water for irrigation (6). On average, the cultivation of boro rice depends on 1000
mm of irrigation water per season (8-12). Thus, as part of the Green Revolution, millions of
inexpensive shallow groundwater wells have been installed throughout Bangladesh in the
last three decades, resulting in a sharp increase of groundwater extraction for irrigation and
at least a duplication of rice production (6). Meanwhile, more than half of the cultivable land
in Bangladesh (4421 ha of total 8485 ha in 2001), is irrigated during the dry winter season
and 58% of this area (2564 ha) is irrigated by shallow groundwater wells (6)).
The groundwater extracted from shallow aquifers for irrigation or drinking water purposes
was reported to often naturally contain high concentrations of toxic arsenic (As) (13, 14).
Geogenic As in groundwater is meanwhile widely recognized as a threat to a part of the
world’s water resources with an estimated 100 million people worldwide exposed to
hazardous levels of As in their drinking water, predominately in South and Southeast Asia
(15). Long-term human exposure has resulted in arsenicosis and various cancers (16). In
Bangladesh, the use of groundwater as drinking water finds its origin in the 1970’s, when
microbial contamination of surface waters was responsible for a high infant mortality rate
and pathogen-free water was required to provide safe drinking water (14). The installation of
millions of shallow tube wells for domestic use led in the following years to a significant
decrease in infant mortality, but it was later discovered that a large part of these wells
contain As in concentrations well above the current WHO drinking water limit of 10 μg As L-1.
Nowadays, approximately 27 million people in Bangladesh are exposed to drinking water
containing more than 50 μg As L-1, the national guideline value, and approximately 50 million
9
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to drinking water containing more than 10 μg As L-1 (15), leading to what has been
described as the “worst mass poisoning in human history” (13). Even though a lot of As
mitigation efforts were undertaken within the last years and approximately 18 million people
living in As-affected areas now obtain drinking water from different wells, rain or treated
surface water with less than 50 μg As L-1 (15), As in drinking water still remains an urgent
problem to solve.
Based on estimates of the amount of As extracted through shallow irrigation wells used for
boro rice irrigation and the corresponding irrigated land area (17), on average an estimated
~0.4 kg As ha-1 a-1 are introduced into paddy soils in Bangladesh through irrigation with Asrich water. Rice is one of the crops most sensitive to As pollution, as it is grown as lowland
crop in flooded soils under often mainly reducing conditions where As availability for plants
is higher than under oxidizing upland conditions (18, 19). The accumulation of As in paddy
soils may adversely affect rice quality and yield, due to elevated As levels in the plants. This
leads to phytotoxicity (20), often resulting in straighthead disease (21, 22). Increased As
concentrations in rice grain and straw may further enhance human As intake, as direct
source via grain or as secondary source through feeding livestock producing meat or milk
for human consumption (23). As rice is the primary dietary source for As in a non-seafood
diet, particularly in Asia where consumption rates are high (24), accumulation of As in soils
and rice plants may pose a threat to general food security and in the long-term the
sustainability of agriculture in As affected areas (23, 25).
However, the relationships between As in irrigation water, paddy soils and rice plants are
complex and not yet fully understood. To assess the risk of possible As accumulation in
paddy soils and rice plants associated with groundwater-based lowland rice cultivation, it is
important to understand the processes governing the dynamics of As in the fields relevant
for As cycling within the soils and As uptake into rice plants. To date, only a few studies
have attempted to investigate the full complexity of complete irrigation water - paddy soilrice plant systems affected by high As in irrigation water. Furthermore, the combination of
studies concerned with irrigation, soil and rice plants and the detailed monitoring of one
system over several consecutive years was lacking. As soil properties and seasonal
conditions may differ by region, it is important to understand the influences of these factors.
The research presented in this dissertation therefore seeks to link irrigation, soils and plants
together through monitoring a specific field system with high spatial and temporal resolution
over three consecutive years. To address the spatial distribution and the seasonal variability
of As concentrations in a rice field, the long-term As accumulation within the soils and its
effect on growth of and As uptake by rice was studied in detail. The extent of As uptake by
10
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rice into straw and grains is expected to change with the content of As in the soil.
Knowledge on this extent is urgently needed to assess the risk for human and
environmental health associated with the potential increase of soil As levels in rice fields.
It is hoped that the results of the research herein will provide the scientific community with a
useful piece of information, being accessible for governments and policy makers concerned
with the consequences of paddy irrigation with As-rich groundwater, and that the
conclusions will serve as a basis for the process of mitigating further As accumulation in
soils and crops.

1.2 Arsenic in paddy soils and rice plants in Bangladesh
Several field studies conducted in Bangladesh showed that irrigation with As-rich
groundwater resulted in elevated topsoil As concentrations of up to ~80 mg kg-1 in the
upper paddy soil layers, whereas background soil As contents were typically <10 mg kg-1
(10, 24, 26-31). While increasing during irrigation, As concentrations in topsoil of paddy
fields were reported to decrease significantly during the monsoon season in regions with
pronounced monsoon flooding (10, 27). In regions with less intense flooding during the
monsoon season nearly all As added through irrigation was retained in the soil (31). Several
field studies reported relations between As in soil/irrigation water and rice plants (18, 24, 3034). Pot experiments with natural or spiked soil/irrigation water As concentrations (18, 32,
34-38) revealed similar trends and yield reduction was observed to occur at high As
concentrations (35, 37-39). First evidences of substantial yield reduction for rice grown on
paddy fields in Bangladesh irrigated with As-rich groundwater, where As was strongly
accumulated in the fields, were recently published (31, 34, 40). Panaullah et al. (31) reported
approximately 80% grain yield decrease from ~9 to ~2 t ha-1 (i.e. by a factor of 4.5) across
a soil As gradient of ~80 to ~10 mg As kg-1. Khan et al. (40) most recently supported these
findings in a field trial and reported yield reductions of boro and aman rice of up to 80% .
A global “normal” range of 0.08-0.20 mg kg-1 for As in rice grain was recently derived by
Zavala and Duxbury (41). Approximately half of the samples from Bangladesh considered in
their study contained more than the upper limit of this range. Meharg and Rahman (24)
reported grain As values up to 1.84 mg kg-1 from southwestern Bangladeshi districts,
showing the highest soil As concentrations within the country. Further, grain As values from
field studies in Bangladesh typically did not exceed this value (29-32, 42-46). Most recently it
was discovered that, in addition to causing elevated grain As levels, increasing soil As
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concentrations may also affect human nutrition by decreasing the content of important
nutrients such as Se, Ni and Zn in rice grain grown in the field (47). To date, shoot or straw
As contents from field studies in Bangladesh are studied to a lesser extent than grain As
contents. Reported straw As concentrations from field studies also show a wide variability
and range from 0.57 to ~14 mg kg-1 (30-32, 44). Compared to field studies, pot studies with
natural or artificially spiked soil or irrigation water As often revealed higher As concentrations
within the rice straw, usually up to ~30 mg kg-1 (13, 32, 34, 38, 39) and in certain cases
even up to >100 mg kg-1 (35, 36), although grain As contents were in the range reported for
field studies. So far, only a few studies addressed As transfer between different rice plant
compartments (18, 33, 42). Based on data from European and US field sites as well as on
data from a pot study (36), Williams et al. (18) showed that rice plants physiologically control
As transfer from straw into grain, resulting in exponentially decreasing transfer factors with
increasing straw As content. Adomako et al. (33) recently confirmed this trend for data from
Bangladesh. They further showed that straw and grain As are correlated with soil As and
that As was more efficiently transferred to grain in the Bangladeshi plants compared to the
European and US grown plants. According to the authors, this difference in the grain to
straw transfer is probably due to differing climatic conditions, i.e., temperate versus
subtropical, or inherent cultivar differences (33).
The uptake of As by rice and As impact on rice yield depend on multiple factors. Chemical
and biological processes within the rhizosphere of rice plants may influence As speciation
and, therefore, its bioavailability to plants (48). As(V) is the main As species in aerobic soil,
while As(III) dominates in reducing environments, such as flooded paddy soils (49, 50). Soil
flooding leads to mobilization of As(III) into the soil solution and therefore enhance As
bioavailability to rice plants (39, 51). Because soil As is relatively more available under
reducing conditions than under oxidizing conditions (19), the As contents of lowland crops
usually growing in a reducing environment, such as paddy rice grain, are often higher than
that of upland cereal crops (18). Recent studies revealed water management to be an
important factor, proving that aerobic rice cultivation lowered the uptake of As by the plant
and the incorporation in the grain (34, 39, 51). However, it was shown that in an intermittent
irrigated paddy field the soil above the plough pan transitioned from initially reducing to oxic
conditions over the course of boro rice growth (52).
It is widely accepted that As(V) and phosphate share the same uptake and transport
pathways in higher plants, with the carriers having a greater affinity for the latter (48). In
contrast, new evidence reveals that As(III) enters roots through aquaporin channels, which
are also used for silicate transport (53). Phosphate fertilization or silicon amendment of
12
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paddy soils could therefore be possibilities for reducing the uptake of As(V) and As(III) in the
rice plant, respectively (39, 54).
Recent studies indicated that plant genotype is another key factor controlling the chemical
form in and the uptake of As into the plant (39, 42, 46, 55, 56), as diverse rice strains
accumulate As to a disparate extent. Further, As translocation of different As species within
the plant was reported to be dissimilar (21, 53, 57). As speciation in rice grain is generally
dominated by inorganic As and dimethylarsinic acid (DMA) (42, 46, 56). Meharg et al. (58)
recently suggested that the fraction of inorganic As on total grain As decreases when total
grain As content increases, and Norton et al. (46) found a clear positive relation between
total grain concentration and percentage of DMA in the grain. In terms of toxicity, the
chemical form of As present in the plant tissue, especially in rice grain for direct food
consumption, is of major importance. Organic, e.g. methylated, As species are generally
believed to be less toxic than inorganic As species (59). Rice cultivars containing high
inorganic As therefore represent a greater risk to human health than rice with higher levels of
DMA (56). Whether As speciation in rice grain is more genetically or more environmentally
controlled is still a topic of scientific debate (51, 56, 60-62). Meharg et al. (55) found for
Bangladeshi rice a steep positive relation between inorganic As and total As in grain than for
other regions, implying that Bangladesh might be at a higher risk than other parts of the
world.

1.3 Scope of research
The general aim of the present research was to investigate the fate of As in an irrigation
water - paddy soil - rice plant system in Munshiganj, Bangladesh. The study includes field
observations in Bangladesh and laboratory/climate chamber experiments in Switzerland.
The work was funded by SNSF grants 200021-105612/1 and 200020-113654/1 and carried
out by two PhD students, with one focusing on the biogeochemical processes in the
aqueous phase controlling the fate of As in the system and the other zooming in on As
masses, gains and losses of the system and the effect of As on rice plants. Thirteen field
trips to Bangladesh were realized to collect samples of irrigation water, paddy soil, rice
plants, floodwater and soil porewater from the study site, where boro rice is grown under
lowland paddy field conditions from December until May. The fields are irrigated through a
channel distribution system by a single shallow irrigation well extracting As-rich groundwater
from 30-60 m depth. During the growth season, each field is irrigated through a single water
inlet and allowed to dry in between the single irrigation events. For harvest, fields usually dry
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out and subsequently get inundated during monsoon flooding between mid June and late
October, with strongly varying floodwater levels, reaching up to 4.5 m above rice field level
in typical years (9).
The first part of the project focused on the laterally heterogeneous input of As to paddy soils
with irrigation water through the removal of As from spreading irrigation water by coprecipitation with Fe(III) and As sorption to soil particles during flood irrigation events (63).
The resulting lateral and vertical heterogeneity of soil As concentrations in the investigated
rice fields, as well as the temporal variability of soil As concentrations over a one year cycle
of paddy irrigation and subsequent monsoon flooding is presented in Chapter 2 (64). A
second part of the project addressed possible long-term accumulation of As in irrigated
paddy soils (Chapter 3, (65)) Based on laterally and vertically resolved data on soil As
contents at 7 different dates over a three-year monitoring period, long-term trends of As
accumulation in the studied paddy fields were estimated by quantifying gains and losses of
soil As in a rice paddy field during irrigation and monsoon flooding. In a third part, the
remobilization of As through reductive dissolution during monsoon flooding, its vertical
redistribution to deeper soil layers and/or into the floodwater, and the lateral export of As
with receding floodwater into the river system draining Bangladesh was investigated (66). To
better understand and characterize the immobilization/remobilization behaviour of As under
changing redox conditions a fourth part of the project addressed the dynamics of As in soil
solution over the annual cycle of intermittent irrigation and monsoon flooding (52). The fifth
part of the project was concerned with the effect of soil As on rice growth, As uptake into
rice plants, and resulting As concentrations in rice straw and grain (Chapter 4). At the field
site, rice plants have been sampled during three consecutive harvesting seasons, as the
laterally variable degree of soil As enrichment observed at the field site may be reflected in
the As content of rice straw and grains. In addition, a first experiment on the transfer of As
from soil to rice under controlled laboratory conditions has been carried out as a diploma
thesis (67). Based on these preliminary data, an extensive pot study addressing the effect of
As in irrigation water and soil on rice growth and As uptake into different plant parts under
controlled laboratory conditions was performed (Chapter 4).
In short, this present thesis addresses three specific objectives: (i) to investigate the
spatiotemporal distribution of As in irrigated paddy soils (ii) to quantify gains and losses of
soil As during irrigation and monsoon flooding over a three-year period to assess the
potential for long-term As accumulation in these fields and (iii) to estimate the extent of
increasing soil As concentrations on growth of and As uptake by rice.
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2 Spatial distribution and temporal variability of
arsenic in irrigated rice fields in Bangladesh:
2. Paddy soil1
Jessica Dittmar, Andreas Voegelin, Linda C. Roberts, Stephan J. Hug, Ganesh C. Saha,
M. Ashraf Ali, A. Borhan M. Badruzzaman, Ruben Kretzschmar
Environmental Science & Technology 2007, 41: 5967-5972

2.1 Abstract
Arsenic-rich groundwater from shallow tube wells is widely used for the irrigation of boro
rice in Bangladesh and West Bengal. In the long-term this may lead to the accumulation
of As in paddy soils and potentially have adverse effects on rice yield and quality. In the
companion article, we have shown that As input into paddy fields with irrigation water is
laterally heterogeneous. To assess the potential for As accumulation in soil, we
investigated the lateral and vertical distribution of As in rice field soils near Sreenagar
(Munshiganj, Bangladesh) and its changes over a one year cycle of irrigation and
monsoon flooding. At the study site, 18 paddy fields are irrigated with water from a
shallow tube well containing 397±7 μg L-1 As. The analysis of soil samples collected
before irrigation in December 2004 showed that soil As concentrations in paddy fields did
not depend on the length of the irrigation channel between well and field inlet. Within
individual fields, however, soil As contents decreased with increasing distance to the
water inlet, leading to highly variable topsoil As contents (11-35 mg kg-1, 0-10 cm). Soil As
contents after irrigation (May 2005) showed that most As input occurred close to the
water inlet and that most As was retained in the top few centimeters of soil. After the
monsoon flooding (December 2005), topsoil As contents were again close to levels
measured before irrigation. Thus, As input during irrigation was at least partly
counteracted by As mobilization during monsoon flooding. However, the persisting lateral
As distribution suggests net arsenic accumulation over the past 15 years. More
pronounced As accumulation may occur in regions with several rice crops per year, less
intense monsoon flooding, or different irrigation schemes. The high lateral and vertical
heterogeneity of soil As contents must be taken into account in future studies related to
As accumulation in paddy soils and potential As transfer into rice.
1

This chapter was published as the second part of two companion articles in Environmental Science & Technology 2007.
The first part was published as: Roberts et al.: Spatial distribution and temporal variability of arsenic in irrigated rice fields
in Bangladesh: 1. Irrigation water. Environ. Sci. Technol. 2007, 41: 5960-5966 (16).
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2.2 Introduction
Over the last decades, rice production in Bangladesh has been intensified to meet the
food demand of the growing population. This has mainly been accomplished by
increasing the production of dry season boro rice (1). While boro provides higher yields
than traditional varieties of wet season rice (2), it also requires large amounts of
groundwater for irrigation. Today, boro rice accounts for about half of the total rice
production in Bangladesh and the irrigation water needed for its cultivation is mainly
extracted from shallow tube wells (2), which often contain high As levels (3, 4). Ali et al. (1)
estimated that irrigation with As-rich groundwater introduces 1360 tons of As into paddy
soils in Bangladesh each year. Several recent studies reported that the As content of
paddy soils depends on the As content of the irrigation water applied (5-12). However,
clear correlations were not found. While background soil As contents were typically <10
mg kg-1, As contents around 40 mg kg-1 were reported for As-affected soils (6, 9). Rice
grown with As-rich irrigation water was reported to have elevated grain As contents (6,
13). In greenhouse studies, increasing As concentrations in irrigation water led to
increasing As contents in rice plants and to decreasing plant yield (14, 15). Thus, if As
from irrigation water accumulates in soil, rice yield and quality may be adversely affected.
From two field studies, Ali et al. (7) and Saha and Ali (12) concluded that soil As contents
increased in the topsoil during irrigation and decreased during monsoon flooding.
However, it is currently not clear which processes are most relevant for the loss of As from
paddy soils and to what degree this loss counteracts long-term As accumulation due to
irrigation with As-rich water.
To accurately assess the extent of As accumulation in paddy soils irrigated with As-rich
groundwater, data on the changes of soil As contents over the annual cycle of paddy
irrigation and monsoon flooding are needed. In the first part of this study (16) we showed
that chemical processes in the irrigation water led to spatially heterogeneous As input
within individual paddy fields. We therefore hypothesized that soil As contents are not
only vertically but also laterally heterogeneous. Thus, the objectives of the present study
were (i) to investigate the lateral and vertical distribution of As in paddy fields irrigated for
the last 15 years with As-rich groundwater and (ii) to determine the temporal changes in
soil As concentrations over a one year cycle of paddy irrigation and subsequent monsoon
flooding.
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2.3 Materials and Methods
2.3.1 Description of the field site
The study site is located in Munshiganj district near Sreenagar, 30 km south of Dhaka and
5 km north of the Ganges river. Previous studies conducted at this field site or nearby
have addressed the seasonal hydrologic budget (17) and the nature of the underlying
sediments (18). The region has a subtropical monsoon climate, with a cool and dry winter
(November-February), a hot and mostly dry pre-monsoon (March-June), and a rainy
monsoon (June-October). During the monsoon, Munshiganj is subject to intensive
flooding. Rice production is therefore restricted to late winter and early pre-monsoon
(December-May), in which boro rice is grown under irrigation with groundwater from
mostly shallow tube-wells. The soil is tilled only once a year by puddling before
transplantation of the seedlings in December. The site includes 18 paddy fields with a
total area of 3.16 ha (Figure 2.1).

Figure 2.1: Map of the field site. Three main irrigation channels lead from the irrigation well to 18
paddy fields. Each field is irrigated from a single water inlet.
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Since the early 1990s, rice has been cultivated and irrigated by a single irrigation well
extracting groundwater from 30-60 m depth. The well water is anoxic, has neutral pH, and
contains 397±7 μg L-1 As (84% As(III)), 1.97 mg L-1 P, and 11.0 mg L-1 Fe (16). Three
irrigation channels direct the water to the fields, which are surrounded by bunds. For
irrigation, a narrow opening (inlet) in the bund is created through which the water flows
from the channel into the field. The soil at the study site is a typical paddy soil (Hydragric
Anthrosol (Hypereutric, Siltic) (19)). The soil is carbonate-free, has a high base saturation
and a silt loam to silty clay loam texture. A detailed soil description is provided in the
Supporting Information.

2.3.2 Soil sample collection
Soil samples were collected before soil puddling and rice transplantation (December
2004), after rice harvest (May 2005) and after the monsoon flooding (December 2005). In
December 2004, soil samples were collected on 12 fields on a 20×20 m grid (2-9 points
per field) from two depths (0-10 cm and 30-40 cm). Field I (2778 m2) was sampled on a
finer grid of 10×10 m plus 8 additional samples on a 5×5 m grid (38 samples in total)
(Figure 2.1). Soil cores were collected by pushing PVC tubes (diameter: 3.75 cm, length:
75 cm) into the soil. In May and December 2005, soil sampling was restricted to field I,
but samples were collected with higher vertical resolution (0-5 cm, 5-10 cm, 10-25 cm
and 25-40 cm) using a core sampler with PVC sleeves (diameter: 3.5 cm, length: 42 cm,
Humax, Switzerland). In May and December 2005, soil profiles in field G close to the
water inlet (Figure 2.1) were sampled with high vertical resolution (0-1 cm, 1-5 cm and
subsequent 5 cm steps down to 65 cm).

2.3.3 Preparation and analysis of soil samples
Soil samples were oven-dried at 60ºC, ground to <0.2 mm, and homogenized. Total
elemental composition was determined by X-ray fluorescence spectrometry (XRF). Fe in
poorly crystalline Fe-(hydr)oxides and associated As and P were determined by extraction
with acid NH4-oxalate (20). In addition, soil pH (in 0.01 M CaCl2) and total and inorganic C
were determined using standard methods. Further details are provided in the Supporting
Information.
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2.4 Results and Discussion
2.4.1 Soil As concentrations as influenced by irrigation well and field
inlet position
The As concentrations in the topsoil (0-10 cm) and subsoil (30-40 cm) of 12 paddy fields
before the onset of irrigation in December 2004 are shown in Figure 2.2. The boxes in
Figures 2.2A and 2.2B represent data for the 8 fields with n>5 sampling points. The data
are arranged from left to right according to increasing length of the channel between the
irrigation well and the inlets of the fields. The median As concentrations in the subsoil
varied between 7 and 14 mg kg-1. In the topsoil, median As concentrations were
consistently higher, ranging from 12.5 to 18 mg kg-1. They did not vary systematically with
the length of the irrigation channel. This observation is in agreement with our findings
from the first part of this study (16): Since the sorption of As to hydrous ferric oxide (HFO)
colloids forming during irrigation water oxidation is limited by competition with phosphate,
and since HFO settling in the channels is prevented by turbulent and fast water flow, As
removal in the irrigation channels is negligible and As input to the fields does not depend
on the length of the irrigation channels. The variability of the As concentration was
generally higher in topsoils than in subsoils (Figure 2.2A), demonstrating that topsoil As
distribution was laterally more heterogeneous. To further explore the origin of this
heterogeneity, we pooled all data from December 2004 and regrouped it according to
distance between sample location and water inlet of the respective field. In Figure 2.2C
and Figure 2.2D, boxes represent samples grouped within 10 m distance intervals. While
no systematic trends for As concentrations in the subsoil were observed, the As
concentrations in the topsoil decreased markedly with increasing distance from the water
inlet. This trend can be explained by the chemical processes that occur during the flow of
irrigation water across the fields (16): Since water flow in the fields is much slower than
that in the channels, formation and settling of As-bearing HFO colloid aggregates and
direct adsorption of As to soil minerals lead to As removal from the irrigation water.
Therefore, As concentrations in the water and As input to soil decrease with distance from
the inlet. The resulting laterally heterogeneous As distribution explains the large variation
in the As contents of topsoil samples from individual fields (Figure 2.2A).
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Figure 2.2: As concentrations (mg kg-1) in the topsoil (0-10 cm, A and C) and the subsoil (30-40
cm, B and D) of the paddy fields sampled in December 2004. (A, B): Boxes represent data from
single fields arranged by increasing length of the irrigation channel from the well to the water inlet
(n=number of samples, field labels and distances indicated for each box; only fields with n>5
shown). (C, D): All data pooled and grouped according to distance between field inlet and
sampling point. Boxes represent data from 10 m intervals. The boxplots indicate the lower and
upper quartile (box), the median (line), the mean (open square), the 5th and 95th percentiles
(whiskers), and the extrema (crosses). Background As content at >70 cm depth ~6 mg kg-1.

2.4.2 Lateral distribution and temporal variation of As and P in the
topsoil of a single field
To determine the lateral distribution and temporal variation of As concentrations in greater
detail, field I was sampled on a finer grid. The distribution of As in the topsoil of field I
before the onset of irrigation in December 2004 is depicted in Figure 2.3.
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Figure 2.3: Distribution of As in the topsoil (0-10 cm) of field I in December 2004. Labels indicate
the concentration at each sampling point. Detailed data for the transect are shown in Figure 2.4.

Soil As concentrations near the water inlet were about twice as high as those at the
opposite side of the field, which is in agreement with the general trend over all fields
(Figure 2.2C). To monitor the changes in soil As content over the annual cycle of paddy
irrigation and monsoon the monsoon but before soil puddling in December 2005. The
following discussion focuses on data collected along the transect from the water inlet
across field I (see Figures 2.1 and 2.3). The concentrations of total and oxalateextractable As and P in the topsoil (0-10 cm) along the transect are shown in Figure 2.4.
The corresponding concentrations of total and oxalate-extractable Fe and soil pH are
provided in Figure 2.8. The As concentrations along the transect (Figure 2.4A) in
December 2004 match the trend over all fields (Figure 2.2C). After irrigation in May 2005,
the As concentrations near the water inlet were clearly increased. The input of As to the
paddy soil decreased strongly with increasing distance from the inlet, reflecting the
steady removal of As from irrigation water spreading across the field (16). Figure 2.9
further illustrates the relationship between As in the irrigation water and soil As at the end
of the irrigation season.
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After the monsoon in December 2005, soil As concentrations close to the inlet were again
lower and similar to those measured in December 2004. In December 2004, oxalateextractable As accounted on average for 77% of total topsoil As. The changes in oxalateextractable As during irrigation and monsoon paralleled the changes in total As content.
This suggests that As input and remobilization mainly affected the oxalate-extractable As
pool representing As bound to amorphous or weakly crystalline Fe- and Al-(hydr)oxides
and As adsorbed to other soil mineral surfaces (21). The temporal fluctuations in topsoil
As are confirmed when plotting total As concentrations of all sampling points in field I as a
function of distance from the irrigation inlet for all three sampling times (Figure 2.10).

B 1200

30

1000

25
-1

P (mg kg )

-1

As (mg kg )

A 35

20
15
10
5

/

Astot/Asox Dec 04

/

Astot/Asox May 05

/

Astot/AsoxDec 05

800

/

Ptot/PoxDec 04

/

Ptot/Pox May 05

/

Ptot/Pox Dec 05

600
400
200
0

0
0

10

20

30

40

50

Distance from inlet (m)

60

70

0

10

20

30

40

50

60

70

Distance from inlet (m)

Figure 2.4: Total and oxalate-extractable As (A) and P (B) concentrations of topsoil (0-10 cm)
sampled along a transect from the water inlet (x=0 m) to the opposite corner of field I (see Figures
2.1 and 2.3) in December 2004, May 2005 and December 2005. Relative standard deviations were
<7% for total and <5.5% for oxalate-extractable concentrations.

The total and oxalate-extractable P in the topsoil decreased markedly from the water inlet
to the field (Figure 2.4B), reflecting the rapid removal of P from irrigation water with
settling HFO colloid aggregates (16). The estimated fertilizer P application onto field I
(0.2-0.6 g m-2 a-1) accounted for less than 40% of the estimated P input with irrigation
water (1.6-2.4 g m-2 a-1). P fertilizer was applied in a single treatment over the entire field
before transplanting the rice. Over one year, P concentrations did not fluctuate markedly.
Since P, in contrast to As, cannot be reduced to a less competitively sorbing species, the
accumulation of P in the soil relative to its concentration in the irrigation water was larger
than that for As. Consequently, the relative variations in P content over the year were
smaller than those for As.
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2.4.3 Vertical distribution and temporal variation of As, P, Fe and pH in
soil profiles
The topsoil and subsoil As concentrations determined in December 2004 (Figure 2.2)
indicate that the As input with irrigation water mainly affected the topsoil, in agreement
with previous studies (7, 9, 12). To characterize the vertical As distribution with higher
resolution, we sampled soil profiles close to the inlet of field G (see Figure 2.1) in May
2005 after rice harvest and in December 2005 after the monsoon. A detailed description
of the profile sampled in May 2005 is provided in the Supporting Information. Total and
oxalate-extractable As, P and Fe, and soil pH in the two soil profiles are shown in Figure
2.5.
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Figure 2.5: Total and oxalate-extractable As (A), P (B) and Fe (C) and soil pH (D) in soil profiles
studied in May and December 2005 close to the inlet of field G. Relative standard deviations were
<7% for total and <5.5% for oxalate-extractable concentrations.

In May 2005, both As and P exhibited peak concentrations in the top centimeter of the soil
(149 and 2300 mg kg-1, respectively), paralleled by the highest oxalate-extractable As and
P fractions in the profile (92% and 80%, respectively). This enrichment in mostly oxalateextractable form is in agreement with the conclusions from the transect data (Figure 2.4)
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and our findings on the water chemistry (16), which showed that settling HFO aggregates
remove P and partly As from the irrigation water near the water inlet. Markedly lower As
and P concentrations at 1-5 cm depth were followed by a second As and P peak at 5-10
cm depth (54 mg kg-1 As and 1000 mg kg-1 P). This pattern may be related to a high root
density at that depth. By releasing oxygen, rice roots promote the oxidation of ferrous
iron, resulting in the formation of Fe(III)-(hydr)oxides in the rhizosphere (22). Due to their
high affinity for Fe-(hydr)oxides, arsenate and phosphate tend to accumulate strongly in
these Fe-enrichments (23). At depths below 30 cm, As and P concentrations reached
relatively constant concentrations (4-11 and 400-600 mg kg-1, respectively), showing that
As input via irrigation is mostly restricted to the soil layers above the plow pan. After the
monsoon in December 2005, the As and P concentrations down to the plow pan (20-25
cm depth) were lower than those in May 2005. This suggests that As and P were
remobilized during the monsoon due to reduction of the submerged soil. While reductive
dissolution of Fe-(hydr)oxides causes the release of both As and P, reduction of As(V) to
the less competitively sorbing As(III) further promotes the reductive mobilization of As.
The Fe concentrations in May and December 2005 were fairly similar. While the total
contents of Fe decreased only slightly from 48-50 g kg-1 in the topsoil to 39-46 g kg-1 in
the subsoil, the oxalate-extractable fraction decreased significantly from ~20% in the
topsoil to <5% in the subsoil below the plow pan. The higher oxalate-extractable Fe
content in the topsoil reflects the transformation of Fe contained in primary soil minerals
into poorly crystalline Fe-(hydr)oxides. Total and oxalate-extractable Fe contents in topsoil
samples collected along the transect in field I confirmed the profile data (Figure 2.8A): On
average, the topsoil contained ~50 g kg-1 of Fe and 20% were oxalate-extractable. Over
the one year cycle (December 2004, May 2005, December 2005), total and oxalateextractable Fe in the topsoil did not vary, indicating that annual Fe input with irrigation
water is negligible relative to soil Fe contents (~0.1% a-1).
The soil pH at depths >30 cm varied within a relatively narrow range from pH 6.8 to pH
7.1 and did not change from May 2005 to December 2005. Towards the soil surface, the
soil pH decreased to values around 6.5 at 5-10 cm depth. The largest seasonal pH
variations were observed in the first 5 cm of the soil. In May 2005, soil pH was highest in
the uppermost centimeter of the soil. Lower soil pH values in the top 5 cm were recorded
in December 2005 after monsoon flooding. The seasonal variations in topsoil pH may be
influenced by input of alkalinity during irrigation and by soil ferrolysis. Ferrolysis results
from the reduction of soils during monsoon flooding and their reoxidation after the water
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recedes and is typical for soils in this area (24). The pH values in the soil profiles are in
good agreement with the pH values along the transect in field I (see Figure 2.8B).

2.4.4 As input, leaching and further accumulation at the field site
At our field site, about 1000 mm of irrigation water have been applied each season (12)
since approximately 1990. The average bulk density of the top 25 cm of soil is 1.0 kg L-1
(average value for all sampling points in field I) and the background As content is around
6 mg kg-1 (typical value in samples collected at >70 cm depth). Assuming that the As
delivered by irrigation water is retained in the top 25 cm of the soil, irrigation with 1000
mm a-1 of water with 400 μg L-1 As would result in an annual increase of the topsoil As
content by 1.6 mg kg-1. Over 15 years of irrigation (assuming constant water
composition), this corresponds to a net As input of 24 mg kg-1 and a total As content of
30 mg kg-1 within the top 25 cm of soil. Similar estimates have been presented in previous
studies to interpret the extent of As accumulation in paddy soils in relation to the As
content of well water (6, 7, 10, 12). These calculations were based on the implicit
assumption of a homogeneous As distribution over the investigated soil volume.
However, our results clearly demonstrate that the distribution of As in paddy fields is
highly heterogeneous, both laterally (Figures 2.2, 2.3 and 2.4) and vertically (Figure 2.2
and 2.5). Therefore, correlations between As concentrations in irrigation water and soil As
content determined at a single point may not be adequate to reliably determine the effect
of irrigation with As-rich water on soil As contents.
Our simple mass balance calculation suggests that 15 years of irrigation should have led
to an average soil As concentration of about 30 mg kg-1 in the top 25 cm of soil at our
study site. From Figure 2.3, it is apparent that As concentrations in the top 10 cm of soil
are substantially lower, indicating that a large fraction of imported As was removed from
the topsoil. Leaching of As into the subsoil and underlying sediments represents one
possible pathway for As removal (18). Vertical As profiles down to 70 cm depth (Figure
2.5) and the subsoil As contents along the transect in field I (Figure 2.11A) do not indicate
a substantial increase in subsoil As. This may be attributed to the presence of a compact
plow pan limiting downward water transport. However, rapid As transfer into the subsoil
along preferential flow paths may play an important role (e.g., mouse burrows, soil cracks
forming under dry conditions, under-bund percolation (25)). Microbially mediated arsine
formation and As volatilization was speculated to be another possible pathway for As
release from soils (26), but its relevance has not been demonstrated so far. In this study,
we found that a substantial fraction of the As delivered by irrigation water is retained in the
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top few centimeters of the soil (Figure 2.5). Therefore, reductive dissolution of Fe(III)(hydr)oxides during monsoon flooding in combination with As(V) reduction to As(III) and
subsequent As(III) diffusion into the floodwater may be a major mechanism for As
remobilization. Further research is needed to quantify the relative importance of the
various pathways for As leaching from paddy soils.
Due to the heterogeneity of As input and the various possible pathways for As
remobilization, predictions on the future development of topsoil As contents at our field
site are difficult. The lateral As distribution in the fields (Figure 2.2, 2.3 and Figure 2.4)
clearly demonstrates that As accumulation has occurred in the past. The temporal
changes in topsoil As contents further show that As accumulation during irrigation is
counteracted by As losses during the monsoon (Figure 2.4 and 2.5). At present, however,
we cannot say whether As input and output have reached a dynamic steady-state, or
whether continued irrigation with As-rich water may lead to a further increase in soil As
contents. To reliably quantify these long-term trends, detailed spatially and temporally
resolved data on the As content in a well defined area is needed over an extended
monitoring period.

2.4.5 Significance of results
At our field site, the irrigation water flows rapidly through irrigation channels from the well
to the fields, where it enters through a single inlet. Under these conditions, mean soil As
concentrations in individual fields are independent of the length of the channels. On the
other hand, the As concentrations in individual fields strongly decrease with distance from
the inlet. These distribution patterns result from the chemical changes in the irrigation
water and its interaction with the soil surface (16). Our results suggest that the soil As
distribution strongly depends on the irrigation system used. Other irrigation schemes,
such as cascade irrigation, would result in different As distribution patterns.
For our study site, we found that As input to the soil during irrigation is counteracted by
As leaching during the monsoon, resulting in strong temporal fluctuations of soil As
contents. Differences in irrigation water demand, percolation losses, and intensity of
monsoon flooding between years may affect the annual changes in soil As content. At the
studied site, only one rice crop per year is grown and monsoon flooding is usually
intense. In areas with several crops per year or less intense monsoon flooding, As
accumulation in paddy soils due to irrigation with As-rich water may be more pronounced.
The high lateral and vertical gradients and temporal fluctuations of soil As concentrations
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demonstrated here need to be taken into account in future studies assessing the risk of
long-term As accumulation in paddy soils and potential As transfer into rice.

2.5 Supporting Information
2.5.1 Analysis of soil samples
2.5.1.1 Chemicals
All reagents used were analytical grade from Merck (Germany) or Fluka (Switzerland). All
solutions and standards for soil analyses were prepared with high purity 18 MΩ cm water
(Milli-Q®, Millipore, USA).

2.5.1.2 Soil pH, total and inorganic C
The soil pH was determined in 0.01 M CaCl2·2H2O at a solid to liquid ratio of 4 g/10 mL
after shaking and equilibration for 30 minutes. Total carbon content was determined in
duplicates using a CHNS-analyzer (CHNS-932, LECO, Germany). Inorganic carbon
content was determined in triplicates by reacting 0.2-0.5 g of soil in boiling 1 M H2SO4 to
dissolve carbonates. The released CO2 was trapped in a column containing NaOH on
support and determined gravimetrically.

2.5.1.3 Elemental composition by XRF and method validation
The elemental composition of the soil samples was analyzed by X-ray fluorescence
spectrometry (XRF). Around 10 g of soil were milled to <50 μm in a tungsten carbide disc
swing mill (Retsch® RS1, Germany). 4 g of soil powder were mixed with 0.9 g of Licowax®
C Micropowder PM (Clariant, Switzerland), pressed into a 32-mm pellet and analyzed
using an energy dispersive X-ray fluorescence spectrometer (SPECTRO X-LAB 2000,
SPECTRO Analytical Instruments, Germany).
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Table 2.1: Analyses of the reference materials LKSD-1 (CANMET MMSL, Ottawa, Canada)
EnviroMAT SS-1 and SS-2 (SCP Science, Quebec, Canada) by XRF. Certified mean values and
confidence limits are indicated for SS-1 and SS-2. For LKSD-1, only a provisional mean value and
no confidence limits are available. SE=standard error, RSD=relative standard deviation,
n=number of analyses.
Certified/Provisional value

Measured value

Mean
(mg kg-1)

Confidence interval
(mg kg-1)

Mean
(mg kg-1)

SE
(mg kg-1)

RSD
(%)

n
(-)

SS-1

17

13-21

19.3

0.31

6.4

16

LKSD-1

40

————

37.1

0.30

4.1

26

SS-2

78

62-94

81.6

0.49

2.2

14

To validate the XRF-method for the analysis of As in soil samples, we repeatedly analyzed
3 reference materials (Table 2.1). The results show that the measured As contents for SS1 and SS-2 are within the certified confidence limits. The relative standard deviation (RSD)
increases with decreasing As concentration in the sample. Within the relevant
concentration range, the RSD is <7%.
In addition, a spike experiment was performed using quartz powder (<0.3 mg kg-1 As,
SiO2, puriss p.a., Fluka, Switzerland) and soil material from the field site with low As
content (~5.4 mg kg-1 As) (Figure 2.6). Spike solutions were prepared using
Na2HAsO4·7H2O. Both the quartz powder and the soil were spiked with 0, 5, 10, 15, 20
and 25 mg kg-1 As. All spikes were performed in triplicates. From each sample, one pellet
was prepared for XRF-analysis and was analyzed 3 times. In Figure 2.6, the average
concentration for each spike level and the standard deviation of the 3 replicate spikes for
quartz and soil are plotted versus the nominal spike level. Linear regression parameters
are provided in Table 2.2. For both the experiment with quartz and soil, the regression
slope did not significantly deviate from unity (p=0.05), demonstrating the accuracy of the
XRF-results. Note that the effective spike level may slightly deviate from the nominal level.
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Figure 2.6: Measured As concentrations in quartz and soil spiked with 0, 5, 10, 15, 20, and 25 mg
kg-1 As. Each spike level was prepared in triplicates. From each replicate, one pellet was analyzed
3 times by XRF. The error bars represent the standard deviation of the As concentration of the 3
replicate spikes. The As concentrations in the replicate spikes were obtained by averaging 3
repeated XRF measurements. Parameters for the linear regression lines are provided in Table 2.2.

Table 2.2: Linear regression parameters (with standard error) linking the measured average As
concentration (Y) to the nominal spike level (X). (Regression equation Y=A+BX, df=degrees of
freedom).
A (mg kg-1)

B

df

r2

Quartz

0.010 (±0.388)

0.977 (±0.026)

4

0.997

Soil

5.571 (±0.342)

1.051 (±0.023)

4

0.998

2.5.1.4 Acid NH4-oxalate extraction
To quantify the amount of Fe contained in poorly crystalline Fe-(hydr)oxides and the
associated fractions of As and P, soil samples were extracted with acid NH4-oxalate in the
dark (20). Acid (pH 3.0) 0.2 M NH4-oxalate was prepared from 0.2 M (NH4)2C2O4·H2O and
0.2 M C2H2O4·2H2O. Subsamples of 0.5 g of soil were weighed into 50 mL centrifuge
tubes and continuously agitated with 20 mL of acid 0.2 M NH4-oxalate for 4 h in the dark.
Subsequently, the tubes were immediately centrifuged (20 min, 1800 g). Aliquots (10 mL)
were filtered (0.45 μm, nylon, WICOM, Germany) and acidified with 1% v/v of 30% HCl
(Suprapur®, Merck, Germany). The extracts were analyzed within one week. P and Fe
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were analyzed using an inductively coupled plasma-optical emission spectrometer (CCD
simultaneous ICP-OES, Vista-MPX, Varian, Australia) and As using a graphite tube
atomizer-Zeeman atomic absorption spectrometer (GTA-AAS, GTA120-AA240Z, Varian,
USA). Fe standards were prepared from an atomic spectroscopy standard solution
(Fluka, Switzerland), P standards from a phosphate standard solution (9870 Titrisol®,
Merck, Germany), and As standards from Na2HAsO4·7H2O. For all elements, the RSD
from triplicate extractions were <5.5%.

2.5.2 Soil profile description
The soil at the study site is a non-calcareous (Canorg<0.2 g kg-1) Hydragric Anthrosol
(Hypereutric, Siltic) according to the World Reference Base for Soil Resources (19). The
soil is mottled, varying in color between grey and red/brown with local Fe enrichments
around roots, pores and on aggregate surfaces (Figure 2.7). The grey soil regions contain
blackish Mn concretions. The soil pH at >20 cm depth fluctuates around pH 6.8 to 7.0. In
the topsoil, cyclic pH variations between pH 5.6 and 7.3 are observed, depending on
sampling time and depth (Figures 2.5 and 2.8). The seasonal variations in topsoil pH may
be influenced by input of alkalinity during irrigation and by soil ferrolysis. According to
Brammer (24), ferrolysis results from the reduction of soils during monsoon flooding and
their reoxidation after the water recedes and is typical for seasonally flooded Bangladesh
floodplain soils. The topsoil contains around 22.8 g kg-1 organic C and the subsoil around
6.6 g kg-1 (n=30, 10 topsoil and subsoil samples from December 2004, May 2005 and
December 2005, respectively). The higher clay content of the topsoil compared to the
subsoil results from the annual intensive puddling prior to rice cultivation. The puddled
topsoil is confined by a compacted plow pan at about 20-25 cm depth (Table 2.3).
Table 2.3: Description of the paddy soil profile investigated in May 2005 close to the inlet of field G.
Horizon

Morphological description

Apg1

0-2 cm, red-brown silt clay loam; coherent structure; consolidated

Apg2

2-25 cm, grey silt clay loam with red-brown mottles around roots, pores and
aggregate surfaces; coherent structure; dense; many roots, from 20-25 cm
compacted plow pan with high density

Bwg1

25-50 cm, red-brown silt loam with grey areas; aggregated, prismatic structure;
consolidated; some roots

Bwg2

>50 cm, red-brown, diffuse yellowish mottled silt loam with grey areas; coherent,
slightly prismatic structure; unconstrained
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Figure 2.7: Soil profile studied in May 2005 close to the inlet of field G (see Figure 2.1). The four
labeled horizons are described in Table 2.3.

2.5.3 Additional data on field information
2.5.3.1 Total/oxalate-extractable Fe and pH in topsoil along transect
The total and oxalate-extractable concentrations of Fe remain almost constant along the
transect and over the year (Figure 2.8A). In Figure 2.8B, the soil pH along the transect for
soil samples collected in May and December 2005 from 0-5 cm and 5-10 cm depth are
shown. Over most of the transect, the soil pH values at 5-10 cm depth are between 6.1
and 6.6 and show no marked variation from May to December 2005. In May 2005, the soil
pH at 0-5 cm depth is consistently higher than at 5-10 cm depth. In December 2005, soil
pH at 0-5 cm depth was markedly lower than in May 2005, in agreement with the trend
observed in the soil profiles (Figure 2.5D).
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Figure 2.8: (A) Total and oxalate-extractable Fe concentrations of topsoil (0-10 cm) sampled along
a transect from the water inlet (x=0 m) to the opposite corner of field I (see Figures 2.1 and 2.3) in
December 2004, May 2005 and December 2005. (B) pH in the topsoil (0-5/ 5-10 cm) in May and
December 2005. The RSD of the measurements was <7% for total and <5.5% for oxalateextractable concentrations.

2.5.3.2 Total As in soil versus total As in irrigation water
Figure 2.9 shows total As concentrations in soil (0-5 cm, May 2005) versus total As
concentrations in irrigation water on field I directly after irrigation (April 2005). As
concentrations in the water, and consequently As input to soil, decrease with distance
from the inlet, resulting in a close correlation between soil and irrigation water As contents
measured at different distances from the irrigation water inlet.
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Figure 2.9: Total soil As in 0-5 cm depth (May 2005) versus total As (unfiltered) in irrigation water
(April 2005) in field I (n=13). Irrigation took place from 7-10 am and water was sampled from
10:20-12:30 am, as described in (16). Figure 2.1 and Figure 1 of the companion manuscript (4)
indicate soil and water sampling locations, respectively. Each water sampling point was correlated
to the nearest soil sampling point (maximum distance between the points: 6.9 m; n=10). For water
sampling points lying between two soil sampling points, the average As concentration of the two
soil samples was plotted (maximum distance between water sampling point and virtual soil
sampling point: 4.1 m; n=3).

2.5.3.3 Total topsoil As concentrations at all sampling points
Figure 2.10 depicts total topsoil (0-10 cm) As concentrations for all sampling points in
field I from December 2004, May 2005, and December 2005 as a function of distance
from the irrigation inlet. The data confirm the trends observed along the transect (Figure
2.2A): From December 2004 to May 2005, an increase in topsoil As contents is observed,
which decreases with increasing distance from the irrigation inlet. After the monsoon in
December 2005, topsoil As concentrations are again lower, especially close to the inlet
where most input occurred during irrigation.

2.5.3.4 Total subsoil As and P along transect
Figure 2.11 shows the total As and P concentrations profiles in the subsoil (25/30-40 cm)
of field I along the transect (Figure 2.1 and 2.3). Except for the sampling point nearest to
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the inlet, As concentrations in the subsoil do not increase from December 2004 to May
2005.
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Figure 2.10: Total As concentrations of topsoil (0-10 cm) sampled in field I with increasing distance
from the water inlet (x=0 m). (A) December 2004 (n=38) and May 2005 (n=38). (B) May 2005 and
December 2005 (n=35).
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Figure 2.11: Total As (A) and P (B) concentrations of subsoil (25/30-40 cm) sampled along a
transect from the water inlet (x=0 m) to the opposite corner of field I (Figures 2.1 and 2.3) in
December 2004, May 2005 and December 2005.
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3 Arsenic accumulation in a paddy field in
Bangladesh: Seasonal dynamics and trends over
a three-year monitoring period
Jessica Dittmar, Andreas Voegelin, Linda C. Roberts, Stephan J. Hug, Ganesh C. Saha,
M. Ashraf Ali, A. Borhan M. Badruzzaman, Ruben Kretzschmar
Environmental Science & Technology 2010, 44: 2925-2931

3.1 Abstract
Shallow groundwater, often rich in arsenic (As), is widely used for irrigation of dry season
boro rice in Bangladesh. In the long term, this may lead to increasing As contents in rice
paddy soils, which threatens rice yields, food quality, and human health. The objective of
this study was to quantify gains and losses of soil As in a rice paddy field during irrigation
and monsoon flooding over a three-year period. Samples were collected twice a year on a
3D-sampling grid to account for the spatially heterogeneous As distribution within the soil.
Gains and losses of soil As in different depth segments were calculated using a massbalance approach. Annual As input with irrigation water was estimated as 4.4±0.4 kg ha-1
a-1. Within the top 40 cm of soil, the mean As accumulation over three years amounted to
2.4±0.4 kg ha-1 a-1, implying that on average 2.0 kg ha-1 a-1 were lost from the soil.
Seasonal changes of soil As showed that 1.05 to 2.1 kg ha-1 a-1 were lost during monsoon
flooding. The remaining As-loss (up to 0.95 kg ha-1 a-1) was attributed to downward flow
with percolating irrigation water. Despite these losses, we estimate that total As within the
top 40 cm of soil at our field site would further increase by a factor of 1.5 to 2 by the year
2050 under current cultivation practices.
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3.2 Introduction
Rice production in Bangladesh was increased over the last decades to meet the rising
food demand of the growing population. This was mainly achieved by increasing the
cultivation of dry season boro rice (1), which provides higher yields and increased yield
security compared to traditional varieties of wet season rice (2). Boro rice requires large
amounts of water for irrigation, which is mainly extracted from shallow aquifers using tube
wells (2). The groundwater extracted from shallow depth often contains high As
concentrations (3, 4). Based on estimates of the amount of As extracted through shallow
irrigation wells used for boro irrigation and the corresponding irrigated land area (5), on
average ~0.4 kg As ha-1 a-1 are introduced into boro paddy soils in Bangladesh. Arsenic
may adversely affect rice yield and quality. Elevated As levels in rice straw and grain may
lead to phytotoxicity. The transfer of As from rice straw into grain and the resulting human
As uptake via rice represents an additional As uptake pathway in human nutrition, which
may even dominate where human As intake via drinking water is limited (by provision of
low-As drinking water) (6). In addition, increasing soil and plant As concentrations may
affect human nutrition by decreasing the content of important nutrients such as Se, Ni,
and Zn in rice grain (7). Numerous field studies reported relations between As in
soil/irrigation water and rice plants (8-14). Pot experiments with natural or artificial
soil/irrigation water As concentrations (8, 10, 14-18) revealed similar trends and yield
reduction was observed to occur at high As concentrations (15, 17-19). First evidence of
substantial yield reduction for rice grown on a paddy field in Bangladesh irrigated with Asrich groundwater, where As was strongly accumulated in the soil, was recently published
(12, 14).
Several field studies conducted in Bangladesh showed that irrigation with As-rich
groundwater causes elevated As concentrations in the upper soil layers (11-13, 20-25).
Panaullah et al. (12) investigated paddy fields in Bangladesh that are not deeply flooded
during the monsoon season. They found that nearly all As added through irrigation was
retained in the soil. In contrast, As content in topsoil of paddy fields affected by
pronounced monsoon flooding decreased significantly over the monsoon season (22, 23,
25). During flood irrigation, arsenic is removed from spreading irrigation water by
coprecipitation with Fe(III) and sorption to soil particles (26), which leads to laterally
heterogeneous As inputs to paddy soils, particularly if the irrigation inlet remains
unchanged for several years (12, 13, 23). Soil monitoring of As concentrations over one
year and simple mass balance estimates after 15 years of irrigation indicated that this
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pattern of soil As accumulation persisted (23), despite the loss of As from the upper soil
layers during monsoon flooding (22, 23, 25).
In a recent study, we identified As release into floodwater followed by lateral removal
toward rivers as a major pathway attenuating As accumulation in paddy soil (27).
Calculations based on concentration gradients in the soil porewater and in monsoon
floodwater suggested that 0.5-2.5 kg As ha-1 a-1 were released from the soil during
monsoon flooding, corresponding to 13-62% of the estimated annual As input via
irrigation of 4 kg ha-1 a-1. This clearly demonstrated that monsoon flooding is a key factor
controlling the extent of long-term As accumulation in paddy soils. However, the
uncertainties in these quantitative estimates are rather large and need to be further
constrained. Additionally, other pathways such as As losses by leaching during irrigation
must also be considered to obtain a comprehensive picture of As cycling during irrigation
and monsoon seasons and to predict the possible long-term risks of As accumulation in
soils caused by irrigation with As-rich groundwater.
The objective of the present study was to derive a mass balance of As inputs and losses
in a paddy field in Bangladesh irrigated with As-rich groundwater by determining the total
As mass within the top 40 cm of soil and its variations during irrigation and monsoon
flooding over a 3-year monitoring period. The lateral and vertical distribution of soil As
(23) were taken into account by collecting data on a three-dimensional sampling grid. The
estimated As pools and fluxes and potential environmental implications are discussed
based on long-term trend scenarios.

3.3 Materials and Methods
3.3.1 Description of the field site.
The study site is located in Munshiganj district 5 km north of the Ganges River and 1 km
east of the Ichamati River. Since the early 1990s, the site was exclusively used for boro
rice cultivation in the dry season. During rice growth from December until May, the fields
are irrigated by a single shallow irrigation well extracting As-rich groundwater from 30 to
60mdepth. The well water is anoxic, has neutral pH, and contains 397±7 μg L-1 As
(~84% As(III)), 2 mg L-1 P, and 11 mg L-1 Fe (26). For irrigation, an opening (inlet) is
trenched into the field bund through which the water flows from the irrigation channel into
the topographically flat field. The amount of irrigation water annually applied to the paddy
fields at the study site may vary and several values have been reported in previous
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studies: 900 mm a-1 (22) and 960 mm a-1 (28) for the year 2004; 1200 mm a-1 for 2006 (29)
and 1350 mm a-1 for 2007 (29). Calculations in this study were based on the mean of the
four reported values (±standard error), i.e., 1100±100 mm a-1. The resulting average
annual As input to the fields is 4.4±0.4 kg As ha-1 a-1 (±standard error). During the
monsoon, between mid June and late October, the area is flooded with floodwater levels
reaching up to 4.5 m above soil surface (27, 28). The soil is tilled once a year by puddling
before transplantation of the rice seedlings in December. Detailed descriptions of the soil
properties at the site (23) and the nature of the underlying sediments (30) have previously
been published.

3.3.2 Soil sampling
Soil samples were collected before soil puddling and rice transplantation in December
2004, 2005, 2006, and 2007 and after rice harvest in May 2005, 2006, and 2007. Figure
3.1 shows the investigated paddy field (2778 m2) sampled on 30 sampling points on a
grid of 10 × 10 m with an additional eight samples on a finer 5 × 5 m grid (n=38 in total).

Figure 3.1: Map of the investigated field showing the sampling points (numbered in gray)
monitored from December 2004 to December 2007. Large black numbers indicate the difference
in soil As concentration (in mg kg-1) between December 2004 and December 2007. A map of the
entire field site was previously published (23, 26).

46

Materials and Methods

Soil cores were collected either by pushing PVC tubes (diameter: 3.75 cm, length: 75 cm)
into the soil (December 2004 and December 2006) or using a core sampler with PVC
sleeves (diameter: 3.5 cm, length: 42 cm, Humax, Switzerland) (May 2005, December
2005, May 2006, May 2007, and December 2007). In December 2004, cores were divided
into two depth segments (0-10 and 30-40 cm), and in December2006 into three
segments (0-10, 10-25, and 25-40 cm). At all other sampling times, soil samples were
collected with higher vertical resolution (0-5, 5-10, 10-25, and 25-40 cm). The depth
segments 0-10 and 10-25 cm were chosen as they represent the upper and lower portion
of the soil above and including the plow pan, that is, the main rooting zone of rice. The
soil segment 25-40 cm represents the unconsolidated alluvial material below the plow
pan. The inlet position of the investigated field was maintained at the same place until
2006, but was shifted 15.3 m to the left in 2007 due to changes in land tenancy (Figure
3.1).

3.3.3 Preparation and analysis of soil samples
Soil samples were oven-dried at 60 °C, ground to <0.2 mm, and homogenized. The
elemental composition was determined by X-ray fluorescence spectrometry (XRF).
Around 10 g of soil were milled to <50 μm in a tungsten carbide disk swing mill (Retsch
RS1, Germany). Four grams of milled soil powder were mixed with 0.9 g of Licowax C
Micropowder PM (Clariant, Switzerland), pressed into a 32 mm pellet and analyzed using
an energy dispersive X-ray fluorescence spectrometer (SPECTRO X-LAB 2000, SPECTRO
Analytical Instruments, Germany). To validate the XRF-method for the analysis of As in
soil samples, certified reference materials were repeatedly analyzed (23). Based on
reported RSD values (23), the RSD for measurements in the As concentration range
relevant for the present study were estimated to be 6.4, 8.4, and 10.4% for samples from
0-10, 10-25, and 25-40 cm depth, respectively.

3.3.4 Mass balance calculations
Based on the data from all sampling locations (i=1-38), we first calculated the areaweighted average As concentration for each depth segment d (d=0-10 cm (calculated
from 0-5, 5-10), 10-25, and 25-40 cm) and each sampling date according to:
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[As ] = ∑ ⎛⎜⎜ [As ]A
⎝

⋅ Ai ⎞
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⎠
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d

where [ As ]d is the mean As concentration in each depth segment d, [As]i,d represents the
As concentration at a sampling point i in each depth segment d, Ai describes the area
assigned to one specific sampling point, and Atot represents the total area of the field. The
areas assigned to each sampling point are provided in Table 3.1 in Chapter 3.6.
From the average As concentration at each sampling depth, we calculated the total As
mass in the field at each sampling date using the following equation:

([ ]

)

M tot = ∑ As d ⋅ ρ d ⋅ Atot ⋅ Dd ,

[2]

where Mtot is the total As mass in the field, [ As ]d describes the mean As concentration in
each depth segment d, ρ d represents the mean bulk density in depth segment d, and Dd
is the thickness of each depth segment d. The mean bulk densities of each depth
segment d were calculated from all soil cores collected with the PVC sleeve-core
sampler. Details on the treatment of lacking soil As data and error propagation
calculations are described in Chapter 3.6.

3.4 Results
3.4.1 Seasonal changes in soil As concentrations at individual
sampling points
The soil As concentrations in 0-10 cm depth ranged from 11.2 mg kg-1 to 25.0 mg kg-1 in
December 2004 and from 14.5 mg kg-1 to 32.0 mg kg-1 in December 2007. The
corresponding changes in soil As concentrations at individual sampling points ranged
from -3.1 to +13.8 mg kg-1 As (Figure 3.1). At 36 of 38 sampling points, concentrations
were higher in December 2007 than in December 2004, clearly indicating a significant
increase in topsoil As concentrations over the 3-year monitoring period (p<0.001; all
pairwise comparisons performed using the Wilcoxon rank-sum test). Depth-wise
comparison of soil As concentrations in December 2007 and December 2005 (Figure 3.5)
also indicated a significant increase in the 0-10 cm depth segment (p<0.001), in line with
the trend observed in Figure 3.1 (and Figure 3.6). The As concentrations in 10-25 and 2548
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40 cm depth, on the other hand, did not change significantly between December 2005
and December 2007 (10-25 cm: p=0.86; 25-40 cm: p=0.20). Thus, based on As
concentrations at individual sampling points, an increase in soil As was only observed in
the top 0-10 cm over 2-3 years, whereas no trend was evident in the soil depths 10-25
and 25-40 cm, respectively. Soil As concentrations in 0-10 cm depth also showed a clear
seasonal trend, with a marked increase during irrigation followed by a decrease during
monsoon flooding (27), as previously reported for the period December 2004 to
December 2005 (23). The trend of the years 2006 and 2007 thus confirmed our earlier
results (Figure 3.7).

3.4.2 Changes in area-weighted average soil As concentrations
The area-weighted average soil As concentrations in the different depth segments
(calculated using eq. [1]) for all sampling times are shown in Figure 3.2A. Average As
concentrations decreased with increasing soil depth. In 0-10 cm depth, average As
concentrations were higher in May and lower in December, indicating net As input during
irrigation and net As loss during the monsoon and confirming the trends derived from the
comparison of individual sampling points. Interestingly, the average concentrations in 1025 cm depth showed the opposite trend, that is, a decrease during irrigation and an
increase during monsoon flooding. This indicates that As translocation between different
soil depth segments must have occurred during irrigation as well as during monsoon
flooding. Average As concentrations in the depth segment 25-40 cm below the plow pan
did not reveal a clear seasonal trend. The same general trends in area-weighted soil As
concentrations as observed for the entire field were observed for a subplot near the
irrigation inlet and a subplot at the opposite field corner (Figure 3.8). The trends in 0-10
cm depth were more pronounced in the subplot close to the irrigation inlet, that is, where
more As is accumulated in the soil.

3.4.3 Changes in soil As mass integrated over soil depth
Figure 3.2B shows the soil As mass integrated over increasing soil depth at all sampling
dates. For the top 10 cm of soil, the trends in total As mass mirror the seasonal trend in
As concentrations, since As mass and average As concentrations are linearly related (Eq.
[2]). When integrating over 0-25 cm depth, seasonal trends are markedly reduced. This is
due to the opposite trends in As concentrations in the depth segments 0-10 and 10-25
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cm (Figure 3.2A) and the fact that the smaller concentration differences in 10-25 cm are
outbalanced by the larger depth range and the higher soil bulk density (1.18 g cm-3)
compared to the 0-10 cm depth segment (bulk density: 0.89 g cm-3). Finally, when
integrating down to 40 cm depth, differences between consecutive time points are
generally within the methodological standard error. Nevertheless, over the three-year time
period sampled, the As mass integrated over 0-40 cm depth indicates an upward trend
(Figure 3.2B).
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Figure 3.2: (A) Area-weighted average soil As concentrations (Eq. [1], Table 3.3) in 0-10, 10-25
and, 25-40 cm depth for the period December 2004 to December 2007. (B) Soil As mass
integrated over increasing soil depth (Eq. [2]). Error bars indicate standard errors as estimated by
error propagation (Tables 3.2 and 3.3). Lines connecting single points are meant to guide the eye.
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Annual changes in soil As mass over integrated depth segments (0-10, 0-25, and 0-40
cm) were derived from all December data sets (Table 3.4) and are summarized in Figure
3.3. The soil As mass (Figure 3.3C) increased by +1.2±0.1 kg ha-1 a-1 in 0-10 cm depth,
by +1.6±0.3 kg ha-1 a-1 in 0-25 cm depth, and by +2.4±0.4 kg ha-1 a-1 in 0-40 cm depth.
These data clearly indicate that despite substantial As losses, a significant portion of the
As introduced via irrigation remained within the soil and also emphasize the relevance of
As transport to depths below the plow pan. About 70% of the total As contained in the
depth segment 0-40 cm was retained in the top 25 cm of soil, that is, in the main rooting
zone of rice.
Average As pool sizes, that is, the average As mass present in each depth segment, and
seasonal trends of changes in soil As mass derived from data in Figure 3.2B are also
summarized in Figure 3.3. The depth segment 0-10 cm contained the lowest As mass but
exhibited the largest seasonal variations in mean As concentrations (Figure 3.2B and A,
respectively). For this depth segment, seasonal changes in soil As mass could therefore
be reliably determined (three replicates over the study period). During irrigation seasons
the As mass in the 0-10 cm depth range was found to increase by +3.3±0.3 kg ha-1 a-1
while the decrease associated with monsoon flooding was -2.1±0.3 kg ha-1 a-1. As
evidenced by the trends in average soil As concentrations in different depth segments,
the changes in As mass in the top 10 cm of soil cannot solely be attributed to gains and
losses of the top 40 cm of soil, but also include vertical As transport between the 0-10 cm
and 10-25 cm soil depth segments. Vertical As translocation likely also occurred between
the 10-25 cm and 25-40 cm depth segments, but was masked by the experimental error
associated with the respective pool estimates.

For this depth segment, seasonal

changes in soil As mass could therefore be reliably determined (3 replicates over the
study period). During irrigation seasons the As mass in the 0-10 cm depth range was
found to increase by +3.3±0.3 kg ha-1 a-1 while the decrease associated with monsoon
flooding was -2.1±0.3 kg ha-1 a-1. As evidenced by the trends in average soil As
concentrations in different depth segments, the changes in As mass in the top 10 cm of
soil cannot solely be attributed to gains and losses of the top 40 cm of soil, but also
include vertical As transport between the 0-10 cm and 10-25 cm soil depth segments.
Vertical As translocation could also have occurred between the 10-25 cm and 25-40 cm
depth segments, but was masked by the experimental error associated with the
respective pool estimates.
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3.5 Discussion
3.5.1 Arsenic gains and losses during monsoon flooding
From the 0-10 cm depth segment an estimated 2.1±0.3 kg As ha-1 a-1 were lost during
monsoon flooding. However, as revealed in Figure 3.2, this loss could not exclusively be
attributed to loss of As to the overlying floodwater, but also included downward transfer of
As to the 10-25 cm depth segment. As we have previously shown, porewater As
concentration profiles during the monsoon exhibited a peak at 5-10 cm depth (27),
suggesting both upward and downward As transport. Considering that soil As
concentrations after irrigation are highest in the top few centimeters of soil (23) and that
soil porosity decreases with depth (27), a larger amount of As was likely released to the
floodwater than transported to below 10 cm depth. Porewater data indicated that
downward diffusion during the monsoon was limited to the soil above the plow pan (<20
cm depth) (27). As an upper limit, at most 1.05 kg As ha-1 a-1 were thus transported from
the top 10 cm to 10-25 cm soil depth and As loss to the floodwater ranged between 1.05
and 2.1 kg As ha-1 a-1. This latter estimate of As release into floodwater further constrains
our earlier estimates (0.5-2.5 kg As ha-1 a-1) based on porewater and floodwater
concentration profiles (27).

3.5.2 Arsenic gains and losses during irrigation
From the average annual As input via irrigation of 4.4 kg As ha-1 a-1 and the average
annual As accumulation of 2.4 kg As ha-1 a-1 within 0-40 cm, it follows that 2.0 kg As ha-1
a-1 are annually lost from the 0-40cmsoil profile. Because 1.05-2.1 kg As ha-1 a-1 are lost
into monsoon floodwater and no As is lost to below 40 cm depth during the monsoon
season, up to 0.95 kg As ha-1 a-1 must be lost from the soil profile during the irrigation
season. Assuming a best-guess As loss into monsoon floodwater of 1.6 kg As ha-1 a-1
(average of estimated range), the As loss from 0-40 cm depth during irrigation would
amount to 0.4 kg As ha-1 a-1. This corresponds to about 9% of the As added with irrigation
water. Based on a water balance over a 2-year monitoring period at the field site of the
current study, Neumann et al. (29) recently concluded that about half of the irrigation
water applied to a paddy field was lost by under-bund flow, and about 25% by downward
matrix infiltration and preferential flow. Comparing the downward loss of about 75% of the
irrigation water (29) to the estimated 9% of As loss from 0-40 cm depth during irrigation,
suggests that most of the As added with irrigation water is retained in the top 40 cm of
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soil during irrigation. On the other hand, considering the large fraction of irrigation water
lost by percolation, it is plausible that some As (best guess 9%, range 0-21% of annual As
input into paddy field) is leached from the top 40 cm of soil during irrigation. Based on As
contents of rice straw and grain from the study site (unpublished results), export of As via
harvested rice plants at the end of the irrigation season (before soil sampling) was
calculated to be negligible (<1% of annual As input via irrigation). Recent results also
suggest As loss by volatilization from flooded soil to be quantitatively negligible (31). The
vertical As fluxes from the 10-25 cm depth segment to the neighboring segments (0-10
cm, 25-40 cm) described earlier are in line with concentration gradients of As in the soil
porewater during irrigation (preliminary data), but do not affect the overall As massbalance of the top 40 cm of soil.

Figure 3.3: Schematic As mass balance showing mean changes in As mass during (A) irrigation
(n=3; December 2004 to May 2005, December 2005 to May 2006, and December 2006 to May
2007) and (B) monsoon flooding (n=3; May 2005 to December 2005, May 2006 to December
2006, and May 2007 to December 2007). (C) shows the mean As pool sizes and concentrations
within individual depths (n=4; December 2004, December 2005, December 2006, and December
2007) and the mean net annual As increase over cumulative depths (n=3; December 2004 to
December 2005, December 2005 to December 2006, and December 2006 to December 2007) as
calculated using eq. [2]. Red arrows and numbers indicate As gains, blue arrows and numbers As
losses, and green arrows and numbers vertical As translocation within the soil profile. Bold black
numbers in (A) and (B) indicate the mean changes in As mass in 0-10 cm depth. The soil system
boundary is indicated by a violet dashed line in all plots. Dashed arrows indicate additional
conceivable fluxes. Standard errors were calculated based on error propagation. Calculation
details and tabulated values are provided in Chapter 3.6. Changes are given in kg ha-1, pool sizes
in kg ha-1 a-1, and concentrations in mg kg-1.
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3.5.3 Long-term As accumulation in paddy soils
In order to estimate the possible extent of long-term As accumulation in the top 40 cm of
the studied paddy field, we calculated several trend scenarios (Figure 3.4) based on As
gains and losses determined over the three-year monitoring period. These scenarios are
based on the assumption of continued rice production with unchanged agricultural
practices and stable climate and consider the entire top 40 cm of soil (ignoring internal As
translocation). A first scenario A was calculated based on a background soil As
concentration of 6 mg kg-1 (corresponding to the As content of samples from a
nonirrigated location nearby and to typical As contents at >70 cm depth (23)) at the start
of groundwater irrigation at the field site around 1990 and an annual As input with
irrigation of 4.4 kg As ha-1 a-1 into the top 40 cm of soil, ignoring any As loss during
irrigation and monsoon. The soil As levels predicted by this scenario (dotted line) clearly
exceeded the experimentally determined average soil As concentrations during the study
period (2004-2007), confirming that substantial loss of As occurred. A second scenario B
was calculated based on the average soil As content determined over the study period
and assuming the annual As loss from the top 40 cm of soil to be constant and to amount
to the average value of 2.0 kg As ha-1 a-1 determined for the years 2004-2007. When
calculating back to the start of groundwater irrigation, this scenario yielded an initial soil
As content which closely matched the background concentration of 6 mg kg-1 As derived
from a nonirrigated location nearby (23). Extrapolating into the future, this scenario
predicts average As concentrations in the top 40 cm of soil to more than double by the
year 2050 and to continue increasing thereafter. A third scenario C was calculated
assuming that As loss from the soil is proportional to the total As mass retained in the top
40 cm of soil (i.e., that As loss increases with increasing soil As content, see Figure 3.8).
Considering the average annual As loss (2.0 kg ha-1 a-1, years 2004-2007) and the total As
mass within the top 40 cm of soil (61.4 kg ha-1), the annual As loss from the top 40 cm of
soil corresponds to 3.3% of the total soil As mass. Backward calculation from the
monitoring period to the start of irrigation returned a somewhat lower As concentration
than the measured background As concentration (23). In the long term, the proportional
loss scenario would reach a steady state in which annual loss compensates annual input
via irrigation. However, this would not be the case until 2050 (Figure 3.4). The
discrepancy between the “non-loss” scenario (A) and the two scenarios including As loss
(B and C) illustrates the magnitude of the attenuating effect of As loss during irrigation
and monsoon. Despite this attenuation, both scenarios including As loss suggest that the
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average soil As concentration within the top 40 cm of our study field will further increase
by a factor of 1.5-2 over the next decades under unchanged boundary conditions.
The total input of As into paddy soil is controlled by four major parameters: As
concentration in the irrigation water, years of paddy cultivation with As-rich groundwater,
irrigation intensity, and number of groundwater-irrigated crops per year. Results from a
recent study on soil As levels in 30 rice fields from three different districts (32) suggest
that average soil As levels (top 10 cm of soil) increase with increasing As concentration of
the irrigation water. The As concentration of the water at our field site was higher than at
any site investigated by Lu et al. (32) (see Figure 3.9) and the annual As input of 4.4 kg As
ha-1 a-1 is more than 10 times higher than the average of ~0.4 kg As ha-1 a-1 introduced
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Figure 3.4: Estimated changes in soil As content in the top 40 cm of soil according to three
scenarios (details in text): Scenario (A) (dotted line) represents the hypothetical evolution of soil As
without loss during irrigation and monsoon, assuming an annual input of 4.4±0.4 kg As ha-1 a-1
and based on a background As concentration of 6 mg kg-1 at the start of boro rice production.
Scenario (B) (solid line) assumes constant As input and loss as determined at the study site.
Scenario (C) is based on constant As input and on As loss proportional to total soil As (dashed
line).

However, the As input estimated for our field site falls within the range of annual As inputs
to Bangladeshi paddy soils reported by Huq et al. (1.4-5.5 kg As ha-1 a-1) (33). The
average As level in the top 10 cm of soil at our site (Figure 3.2A) was higher than As levels
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at most sites investigated in the study of Lu et al. (32) (from which average soil As levels
were derived from a radial transect away from the irrigation inlet, which likely overrepresents As-rich soil close to the inlet). Whereas irrigation intensity per dry season crop
is likely similar among various sites, a larger difference in total irrigation intensity may be
expected between areas with only a single crop and those with an additional sometimes
partly irrigated crop. For example, aman or aus rice is usually sown before and harvested
during the monsoon season (34). For our field site with intense monsoon flooding, we
found that As losses during the monsoon likely dominate over As losses with laterally or
vertically draining irrigation water. Considering that~21% of the total area of Bangladesh
are flooded to depths greater than 0.9 m and 9% of the area to depths greater than 1.8 m
(35), our study site with floodwater reaching depths up to 4.5 m (27) is deeply flooded.
This may promote As attenuation by monsoon flooding compared to less intensively
flooded sites. Thus, at sites with less intense monsoon flooding, overall attenuation of As
accumulation by different As release pathways maybe smaller and As losses during
irrigation may dominate over As losses during the monsoon. The impact of high irrigation
intensity and As input (due to a cascade irrigation) and of limited monsoon flooding can
be seen in a recent field study in Faridpur district by Panaullah et al. (12). At this site,
irrigation over a similar number of years with water containing more than three times less
As (115 μg L-1) than at our site (397 μg L-1) resulted in markedly higher mean soil As
concentrations (29.2±21.1 mg kg-1 and 21.1±4.4 mg kg-1 respectively; see Figure 3.9).
Thus, apart from areas irrigated with groundwater containing extremely high As levels,
areas with high irrigation intensity and limited monsoon flooding may be at particular risk
of substantial As accumulation in paddy soils.

3.5.4 Significance of As accumulation for rice production
Our results strongly suggest that areas without pronounced monsoon flooding (and high
As inputs via irrigation) may be at greater risk of soil As accumulation than areas with
strong monsoon flooding. This may be especially pronounced in areas where two or three
rice crops are grown per year. Regarding As toxicity, recent findings from a field trial
demonstrated that increasing soil As levels result in a concomitant decrease in rice yield
(12). This trend was already apparent at an increase in soil As from ~15 to ~20 mg kg-1,
and might even occur at lower As levels, suggesting that long-term accumulation of soil
As will result in a concomitant long-term decline in rice yields on As-affected paddy fields.
In order to limit As accumulation in paddy soils and its adverse effects on rice quality and
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yield, solutions are required that limit the extent of As input into soils as well as the uptake
of As by rice. One such solution may be to direct irrigation water across a field or pond
with sufficient residence time for As(III) and Fe(II) oxidation where As removal is possible
(26). However, such an approach will be limited to sites with sufficiently high groundwater
Fe(II) levels and will take arable land out of production. Another solution would be to
increase the use of alternative water sources, preferably of surface water from rivers or
storage ponds. Deep As-free groundwater sources should however not be used for largevolume pumping to preserve deep groundwater as a source of drinking water (36).
Fertilization of P and amendment of Si were suggested to reduce As plant uptake (19,
37), but their efficiency may strongly depend on the conditions at specific sites. The
breeding of high-yielding rice varieties more tolerant to As in soils and with lesser water
demand may represent a promising approach. Growing rice under aerated soil conditions
with less irrigation water (14, 38) would reduce both As input into soils and As uptake by
rice.

3.6 Supporting information
3.6.1 Spatiotemporal variations of soil As in 0-10 cm depth
Figure 3.5 shows soil As concentrations of the three depth segments 0-10 cm, 10-25 cm
and 25-40 cm in December 2007 and December 2005. In 0-10 cm depth, at 84.2% of the
sampling points soil As concentrations were significantly higher in December 2007
compared to December 2005 (p<0.001, Wilcoxon rank-sum test), in line with the trend
observed in Figure 3.1. In contrast, the As concentrations in 10-25 and 25-40 cm depth
did not vary significantly between December 2005 and December 2007 (Wilcoxon ranksum test p-values of 0.86 and 0.20, respectively).
Figure 3.6 compares data of December 2004 and December 2007, representing the first
and last sampling time point of the investigated period. Total As concentrations (mg kg-1)
in 0-10 cm depth are plotted as a function of the distance from the irrigation water inlet in
the investigated paddy field and show that As concentrations are higher in December
2007 compared with December 2004 (p<0.001, Wilcoxon rank-sum test).
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Figure 3.5: Soil As concentrations in 0-10 cm, 10-25 cm, 25-40 cm depth in December 2007
compared to concentrations in December 2005. The solid line represents 1:1 relation.

Figure 3.7 shows the total As concentrations in 0-10 cm depth of the field as a function of
the distance from the irrigation water inlet in the 2nd and 3rd year of the investigation
period, i.e., data from five samplings (December 2005, May 2006, December 2006, May
2007 and December 2007). Arsenic input with irrigation water caused a substantial
increase in soil As contents over the irrigation season (Figure 3.7A and C, both p<0.001,
Wilcoxon rank-sum test). The steady removal of As from irrigation water spreading across
the field (26) during irrigation is reflected in the spatial As gradient, decreasing strongly
with increasing distance from the inlet. Monsoon flooding always led to an at least slightly
significant decrease in soil As contents (Figure 3.7B and D, p<0.001 in B and p=0.002 in
D, Wilcoxon rank-sum test), confirming that substantial amounts of As are exported with
monsoon floodwater (27). Similar spatiotemporal patterns were already observed in the
1st year of the study from December 2004 to December 2005 (23). These spatiotemporal
patterns of soil As and As concentrations above the background level of ~6 mg kg-1 As
(determined at a non-irrigated location nearby and typical value in samples collected at
>70 cm depth (23)) are clear indications for As accumulation caused by irrigation in the
past ~17 years. Even though the irrigation inlet of the field was shifted ~16 m to the left
(Figure 3.1) at the beginning of 2007, the soil As data showed that a single irrigation
season was not sufficient to change the evolved pattern substantially.
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Figure 3.6: Total soil As concentrations (mg kg-1) in 0-10 cm depth in December 2004 and
December 2007 (first and last sampling campaign) as a function of the distance from the irrigation
water inlet (x=0 m). Data from December 2004 were previously published (23).
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Figure 3.7: Total As concentrations (mg kg-1) in 0-10 cm depth as a function of the distance from
the irrigation water inlet (x=0 m). Samples were collected in December before irrigation (after
monsoon) and in May after irrigation (before monsoon). (A) December 2005-May 2006, (B) May
2006-December 2006, (C) December 2006-May 2007 and (D) May 2007-December 2007. Data for
the period December 2004-December 2005 were previously published (23).
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3.6.2 Mass balance calculations
3.6.2.1 Area assigned to each sampling point i
For the calculation of area-weighted mean As concentrations (Eq. [1]), each sampling
point i (i=1-38) was assigned a specific area (Table 3.1) based on the sampling grid
(Figure 3.1). Points 1-30 lie on a grid of 10×10 m. Points 31-38 are additional samples on
a finer 5×5 m grid. Points at the border of the 10×10 m grid represent slightly larger
areas than points from the interior of the grid.
Table 3.1: Areas assigned to sampling points i (i=1-38), used to calculate an area-weighted
average As concentration of the investigated field (2778 m2).
Point

Area (m2)

Point

Area (m2)

Point

Area (m2)

Point

Area (m2)

1

86

11

100

21

70

31

25

2

86

12

100

22

65

32

25

3

88

13

94

23

94

33

25

4

86

14

88

24

100

34

25

5

75

15

75

25

75

35

25

6

81

16

80

26

81

36

25

7

94

17

94

27

94

37

25

8

100

18

88

28

81

38

25

9

100

19

94

29

46

10

103

20

100

30

60

2

Total field area (m )

2778

3.6.2.2 Treatment of lacking soil data
In December 2005, rice nurseries prevented the sampling of the points 3, 4 and 5. In
December 2006, the points 16 and 31 to 34 could not be sampled for the same reason.
The As concentrations at these points were therefore estimated as the average of the
surrounding points or, in some cases, set equal to the concentration of a neighboring
sampling point (3=average of 2 and 8; 4=7; 5=6; 16=average of 15, 17 and 25;
31=average of 29, 30 and 35; 32=average of 22, 29 and 35; 33=average of 21, 22 and
35; 34=average of 21, 30 and 35).
In December 2004, samples were only collected from 0-10 cm and 30-40 cm depth. The
As concentrations in 30-40 cm depth were assumed to correspond to As concentrations
in 25-40 cm depth from other sampling dates, considering that vertical As concentration
profiles show little variation below the plow pan (~25 cm) (23). The missing data for 10-25
cm depth in December 2004 were estimated from As concentrations at 0-10 cm and 3060
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40 cm depth. For this purpose, data from December 2005 was used to derive a linear
regression relating the As concentration at an individual point at 10-25 cm depth to the
concentrations at 0-10 cm and 25-40 cm depth:
As(10-25 cm) = 5.72 mg kg-1 + 0.384 × As(0-10 cm) + 0.16 × As(25-40 cm)
(n=38, r=0.518)

3.6.2.3 Mean bulk densities
The mean bulk density of each depth segment (0-10 cm, 10-25 cm and 25-40 cm) was
calculated from soil cores collected with a PVC sleeve-core sampler (May 2005,
December 2005, May 2006, May 2007 and December 2007), which were considered to
be less affected by compaction than cores collected with PVC tubes. The density was
calculated from the sampled dry soil mass and the sample volume. Densities did not
exhibit systematic seasonal or lateral variations. Mean bulk densities for each depth
segment were therefore calculated from all sample densities (n=5 × 38 = 190). From 010 to 10-25 to 25-40 cm depth, the mean bulk densities increased from 0.89 to 1.18 to
1.20 g cm-3 (with a standard error of 0.01 g cm-3 corresponding to a relative standard error
of 0.8%).

3.6.2.4 Estimation of measurement uncertainty
In a first step of the mass balance calculations, area-weighted average concentrations
were derived for each depth segment (Eq. [1]). The relative standard deviation (RSD) of
the XRF method for 3 reference materials with different As concentrations indicated
increasing RSD with decreasing As concentration (RSDAs of 6.4%, 4.2%, and 2.2% for
materials with 19.3, 37.1, and 81.6 mg kg-1 As, respectively (23)). Based on these values,
the RSD of As measurements in the different depth segments was estimated (Table 3.2)
considering typical As concentration levels (~20, ~15, and ~10 mg kg-1 for samples
from 0-10, 10-25, and 25-40 cm depth, respectively; Figure 3.2). For area-weighted
average As concentrations, the relative standard error (RSEavg) was estimated considering
only sampling points on the 10×10 m grid (i.e., n=30) and ignoring the area-weighting.
Furthermore, because other factors such as swelling and shrinking of the clayey soil or
compaction of soil cores and associated errors in depth resolution may have affected
accurate determination of the As concentration, RSEavg was assumed to be 1.5-times
higher than the purely analytical RSE (Table 3.2; RSEavg = 1.5 × RSDAs/sqrt (30)). Error
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bars in Figure 3.2A correspond to RSEavg from Table 3.2. For the estimation of the As
mass per depth segment, area-weighted average As concentrations were multiplied with
mean bulk densities (Eq. [2]), which were associated with an RSE of 0.8%. The resulting
RSEmass was dominated by the uncertainty of the area-weighted average As concentration
(Table 3.2). Error bars in Figure 3.2B correspond to RSEmass from Table 3.2.

Table 3.2: Uncertainty of area-weighted average As concentrations and As mass in different soil
depth segment. See text for details.
Depth segment (cm)

RSDAs (%)

RSEavg (%)

RSEmass (%)

0-10

6.4

1.2

1.9

10-25

8.4

1.5

2.4

25-40

10.4

1.9

3.0

3.6.2.5 As mass balance data
For all sampling dates, area-weighted average As concentrations, the As mass per
depth-unit and integrated over increasing soil depth are listed in Table 3.3. The reported
standard errors (SE) were calculated from RSE reported in Table 3.2 (based on error
propagation for As masses over increasing depth intervals). Area-weighted average As
concentrations are shown in Figure 3.2A, and depth-integrated As masses in Figure 3.2B.
Decreasing soil As concentrations with depth paralleled by increasing soil-bulk density
and depth-unit thickness resulted in similar masses of As in each depth segment. Thus,
the higher SE in lower depth segments were mainly due to the greater analytical error at
lower mean As concentrations. When integrated over increasing soil depth, the SE clearly
increased, both due to the increase in As mass and the concomitant increase in RSE as
depth segments with lower mean As concentrations were included. Considering the size
of the SE relative to the estimated average annual As input by irrigation (4.4±0.4 kg ha-1
a-1), it is evident that seasonal trends in soil As over increasing soil depths were more and
more masked by the methodological standard error.
Table 3.4 summarizes all values shown in Figure 3.3, giving additionally all calculation
details.
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Table 3.3: Area-weighted average As concentrations, As mass per depth segment, and integrated
As mass over increasing soil depth. SE were calculated from RSE indicated in Table 3.2 based on
error propagation.

Depth
segment
Dec2004
/section
(cm)

May2005

Dec2005

May2006

Dec2006

May2007

Dec2007

Area-weighted average As concentrations (mg kg-1)
0-10

16.4±0.3 20.0±0.4 17.9±0.3 21.0±0.4

17.8±0.3

22.3±0.4 20.5±0.4

10-25

13.7±0.3 13.0±0.3 14.3±0.3 13.5±0.3

15.7±0.4

14.2±0.3 14.5±0.3

25-40

10.3±0.3 10.7±0.3 10.9±0.3 10.5±0.3

10.7±0.3

11.7±0.3 11.5±0.3

-1

As mass in single depth segments (kg ha )
0-10

14.5±0.3 17.7±0.3 15.9±0.3 18.6±0.4

15.8±0.3

19.7±0.4 18.1±0.3

10-25

24.3±0.6 23.1±0.6 25.4±0.6 24.0±0.6

27.9±0.7

25.1±0.6 25.6±0.6

25-40

18.5±0.6 19.2±0.6 19.5±0.6 18.9 ±0.6 19.2±0.6 21.0±0.6 20.7±0.6

As mass in cumulative depths (kg ha-1)
0-10

14.5±0.3 17.7±0.3 15.9±0.3 18.6±0.4

15.8±0.3

19.7±0.4 18.1±0.3

0-25

38.8±0.7 40.7±0.7 41.2±0.7 42.6±0.7

43.7±0.7

44.9±0.7 43.7±0.7

0-40

57.3±0.9 59.9±0.9 60.7±0.9 61.4±0.9

62.8±0.9

65.8±1.0 64.9±0.9

Table 3.4: Mean As pool sizes (kg ha-1; n=4; Dec 04, Dec 05, Dec 06 and Dec 07), mean
changes in As mass during irrigation (kg ha-1; n=3; Dec 04 to May 05, Dec 05 to May 06 and Dec
06 to May 07) and monsoon (kg ha-1; n=3; May 05 to Dec 05, May 06 to Dec 06 and May 07 to
Dec 07) and mean annual As accumulation (kg ha-1; n=3; Dec 04 to Dec 05, Dec 05 to Dec 06
and Dec 06 to Dec 07) with increasing depth sections, i.e., cumulative depths (0-10, 0-25 and 0-40
cm), calculated using Eq. [2]. In the depth sections 0-25 and 0-40 cm, changes during irrigation
and the monsoon are given in brackets and should be interpreted with caution, as they were within
the range of the methodological error.

Depth section

Pool size
(n=4)a

Change during Change during
irrigation (n=3)b monsoon (n=3)c

Annual change
(n=3)d

(cm)

(kg ha-1)

(kg ha-1)

(kg ha-1)

(kg ha-1 a-1)

0-10

16.1 (±0.2)

+3.3 (±0.3)

-2.1 (±0.3)

+1.2 (±0.1)

0-25

41.9 (±0.4)

(+1.5 (±0.6))

(+0.2 (±0.6))

+1.6 (±0.3)

0-40

61.3 (±0.5)

(+2.1(±0.7))

(+0.3(±0.7))

+2.4 (±0.4)

a

determined from As mass in Dec 2004, 2005, 2006, 2007.
calculated from difference in As mass: May 05-Dec 04, May 06-Dec 05, May 07-Dec 06.
c
calculated from difference in As mass: Dec 05-May 05, Dec 06-May 06, Dec 07-May 07.
d
calculated from difference in As mass: Dec 05-Dec 04, Dec 06-Dec 05, Dec 07-Dec 06.
b
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3.6.3 Analyses of field subplots
Analyses of two subplots with 9 sampling points each, one near the irrigation water inlet
(372 m2) and one far from the inlet in the opposite corner (817 m2) are shown in Figure 3.8
in analogy to Figure 3.2 of the main manuscript for the whole field. The results
qualitatively confirm that larger concentration changes occur near the inlet, where more
As is accumulated in the soil, than in the opposite corner of the inlet, where less As is
accumulated in the soil. The irrigation inlet shift at the beginning of 2007 (Figure 3.1) is
visible in the 0-10 cm depth segment of the near inlet subplot, where concentrations in
May 2007 are lower (Figure 3.8A).
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Figure 3.8: Area-weighted average soil As concentrations (Eq. [1], as calculated for Figure 3.2 in
Table 3.3) in 0-10 cm, 10-25 cm, 25-40 cm depth for the period December 2004-December 2007
of the near inlet corner subplot (A) and the subplot in the corner far from the inlet (C). For both
subplots soil As mass integrated over increasing soil depth (Eq. [2]) are shown in (B) and (D),
respectively. The near inlet corner subplot includes 9 sampling points (i.e. 21, 22, 29, 30, 31, 32,
33, 34 and 35, see Figure 3.1) and comprises an area of total 372 m2. The subplot in the far corner
from the inlet includes 9 sampling points (i.e. 3, 4, 5, 6, 7, 8, 13, 14 and 15, see Figure 3.1) and
comprises 817 m2. Error bars indicate standard errors as estimated by error propagation (as
calculated for Figure 3.2 in Tables 3.2 and 3.3). Lines connecting single points are meant to guide
the eye.
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3.6.4 Total As input and mean soil As concentrations from selected
studies
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Figure 3.9: Mean soil As levels versus total As input at our study site compared to corresponding
values derived from Lu et al. (32) and Panaullah et al. (12). Error bars indicate the standard
deviation.

Figure 3.8 shows mean soil As levels versus total As input for our study site compared to
corresponding values derived from Lu et al. (32) and Panaullah et al. (12). Total As input
was estimated from the reported irrigation years and As concentrations in the irrigation
water, assuming that 1000 mm of irrigation were applied per year. Soil As data for the 10
paddy field transects from Faridpur (1st sampling year) and the 10 transects from Jessore
were point-wise digitized from Figure 1 in Lu et al. (32) and used to calculate the
corresponding average and standard deviation (n=9 for each transect). For field data
from Gazipur, where As input with irrigation water was negligible, average soil As levels
were graphically estimated from Figure 1 in Lu et al. (32). For the study of Panaullah et al.
(12), selected pre-plant soil As levels were taken from Table 3 and weighted to obtain an
estimate for the average As content within the field (average and standard deviation of
2×T1, 2×T2, 1×T4 and 1×T6; 29.2±21.1 mg kg-1). For the present study, the average and
standard deviation was calculated from soil As levels in 0-10 cm depth in December 2007
(n=38; 21.1±4.4 mg kg-1).
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Figure 3.8 shows mean soil As levels versus total As input for our study site compared to
corresponding values derived from Lu et al. (26) and Panaullah et al. (15). Total As input
was estimated from the reported irrigation years and As concentrations in the irrigation
water, assuming that 1000 mm of irrigation were applied per year. Soil As data for the 10
paddy field transects from Faridpur (1st sampling year) and the 10 transects from Jessore
were point-wise digitized from Figure 1 in Lu et al. (26) and used to calculate the
corresponding average and standard deviation (n=9 for each transect). For field data
from Gazipur, where As input with irrigation water was negligible, average soil As levels
were graphically estimated from Figure 1 in Lu et al. (26). For the study of Panaullah et al.
(15), selected pre-plant soil As levels were taken from Table 3 and weighted to obtain an
estimate for the average As content within the field (average and standard deviation of
2×T1, 2×T2, 1×T4 and 1×T6; 29.2±21.1 mg kg-1). For the present study, the average and
standard deviation was calculated from soil As levels in 0-10 cm depth in December 2007
(n=38; 21.1±4.4 mg kg-1).
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4.1 Abstract
Groundwater rich in arsenic (As) is extensively used for dry season boro rice cultivation in
Bangladesh, leading to long-term As accumulation in soils. This may result in increasing
levels of As in rice straw and grain, and eventually, in decreasing rice yields due to As
phytotoxicity. In this study, we investigated the As contents of rice straw and grain over
three consecutive harvest seasons (2005-2007) in a paddy field in Munshiganj,
Bangladesh, which exhibits a documented gradient in soil As caused by annual irrigation
with As-rich groundwater since the early 1990’s. The field data revealed that straw and
grain As concentrations were elevated in the field and highest near the irrigation water
inlet, where As concentrations in both soil and irrigation water were highest. Additionally, a
pot experiment with soils and rice seeds from the field site was carried out in which soil
and irrigation water As were varied in a full factorial design. The results suggested that
both, soil As accumulated in previous years and As freshly introduced with irrigation water,
influence As uptake during rice growth. At similar soil As contents, plants grown in pots
exhibited similar grain and straw As contents as plants grown in the field. This suggested
that the results from pot experiments performed at higher soil As levels could be used to
assess the effect of continuing soil As accumulation on As content and yield of rice.
Based on a recently published scenario of long-term As accumulation at the study site, we
estimate that unchanged irrigation practice may result in an increase of average grain As
concentrations from currently ~0.15 mg As kg-1 to 0.25-0.58 mg As kg-1 by the year 2050.
This could translate into a 1.5 to 3.8 times higher As intake by the local population via rice,
then possibly exceeding the provisional tolerable daily As intake by FAO/WHO.
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4.2 Introduction
Cultivation of irrigated dry season boro rice in Bangladesh has increased over the last
decades to meet the rising food demand (1). Meanwhile, more than half of the cultivable
land in Bangladesh is irrigated during the dry winter season and 58% of this area is
irrigated with groundwater from shallow tube wells that is often high in arsenic (As) (2, 3).
Field studies in Bangladesh showed that irrigation with As-rich groundwater results in a
continuing accumulation of As in paddy soils (4-10), which may be especially severe in
regions that are not intensely flooded during the monsoon season (11). In the long-term,
this may lead to increasing As concentrations in rice straw and grain and decreasing rice
yields, posing a potential threat to future food security. Elevated As contents of rice were
already observed in several field studies on As-affected soils (5, 8, 10, 12-14) and in pot
experiments with As-spiked soil or irrigation water (12, 14-18). Significant yield reductions
were observed in pot experiments (15, 17-19) and in rice fields in Bangladesh with soil As
concentrations up to ~80 mg/kg (10, 20).
Pot studies performed with As-containing field soil, artificially As-spiked soil, or soil
irrigated with As-spiked irrigation water often revealed higher straw As concentrations
than field studies, whereas similar grain As contents were generally found in pot and field
experiments. However, the comparability of the As uptake by rice grown in pots versus
rice grown in paddy fields are still topic of debate (21, 22). Pot studies offer the
opportunity to control the factors under investigation, e.g., varying the As concentration in
irrigation water and/or soil, while keeping other factors constant. Thus, pot experiments
may contribute to the understanding of processes, even though differences in growth
conditions between pots and field soil may influence soil-plant interactions. To date,
combined field and pot studies using the same soil are rare (23), even though they may
represent a useful tool to estimate the risk of As accumulation in rice plants.
In a recent field study in Bangladesh, we found that annual irrigation with As-rich
groundwater leads to a pronounced gradient in soil As within paddy fields. Soil As
concentrations decreased with increasing distance from the irrigation water inlet (9).
Based on a seasonally resolved mass-balance for soil As, we estimated that soil As
concentrations at the site will further increase by a factor of 1.5 to 2 until 2050 (24). The
tasks of the present study were (i) to determine the concentrations of As in soil, rice straw,
and rice grain along a transect from the irrigation water inlet to the opposite side of a
paddy field with a documented gradient in soil As, (ii) to investigate growth and As-uptake
by rice in a pot experiment as affected by As concentrations in the soil and the irrigation
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water, and (iii) to compare the results from the field and the pot study. The environmental
relevance of the results are discussed in light of a recently published trend scenario of As
accumulation at the study site (24).

4.3 Materials and Methods
4.3.1 Field site
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Figure 4.1: Field site with soil and plant sampling points in May 2005, May 2006, December 2006
(only soil batch) and May 2007. Numbers next to points correspond to grid sample numbers
according to (9, 24).

The field study was performed in a farmer’s field located in Munshiganj district in
Bangladesh, about 30 km south of Dhaka and 5 km north of the Ganges River. Since the
early 1990s, the paddy fields are exclusively used for single crop boro rice (Oryza sativa
L.) cultivation in the dry season (December to May). The soils are puddled once a year
73

Chapter 4
before transplantation of the seedlings in December. The paddy fields are irrigated using
a single irrigation well extracting anoxic groundwater containing 397±7 μg As L-1 from 3060 m depth (25). The water flows through irrigation channels and then onto the fields
through an opening (‘inlet’) in the field bund. A more detailed description of the field site,
including the soil properties, can be found in (9).

4.3.2

Sampling of soils and rice plants

Figure 4.1 shows the distribution of sampling locations within two paddy fields (fields I
and G). Plant samples (Oryza sativa L., variety BR29) were collected during rice harvest in
May 2005, 2006, and 2007 on field I at 9 sampling points forming a transect from the
irrigation water inlet to the opposite side of the field. In 2007, the farmer shifted the inlet
position by 15.3 m. Therefore, soil and plant samples were collected at seven additional
points in May 2007 (Figure 4.1). Complete tillers (i.e., shoots, leaves, and panicles) were
sampled at each point, cutting the stems 20 cm above the soil surface to avoid
contamination with soil or irrigation water.
Soil cores were collected using a core sampler with PVC sleeves (diameter: 3.5 cm,
length: 42 cm, Humax, Switzerland) from four depth segments (0-5 cm, 5-10 cm, 10-25
cm and 25-40 cm). For pot experiments, three batches of ~150 kg soil each with different
As concentrations were collected from 0-10 cm soil depth in field G in May 2005, May
2006, and December 2006 (Figure 4.1).

4.3.3

Soil preparation and analysis

Soil samples collected with the core sampler were oven-dried at 60ºC, homogenized, and
subsamples were ground to <50 μm using a disc swing mill (Retsch® RS1, Germany).
The samples were analyzed for total elemental composition by energy dispersive X-ray
fluorescence spectrometry (SPECTRO X-LAB 2000, SPECTRO Analytical Instruments,
Germany). Soil pH (in 0.01 M CaCl2) and total and inorganic C were determined using
standard methods. Further details on soil analytical methods were reported previously (9,
24).
Three batches of soil material for pot experiments were oven dried at 60ºC, broken up
into soil aggregates <2 cm using a jaw crusher (Retsch®, Germany), and subsequently
homogenized. To determine soil As contents, ≥10 subsamples of each homogenized
batch were analyzed by energy dispersive X-ray fluorescence spectrometry. The soils had
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As concentrations of 15.1±0.5 mg kg-1 (n=10, December 2006), 25.2±0.8 mg kg-1
(n=10, May 2006) and 43.1±1.2 mg kg-1 (n=22, May 2005), respectively. A fourth soil
batch was prepared by spiking the soil from December 2006 with additional 28 mg kg-1
As. Arsenate (AsHNa2O4·7H2O) solution was uniformly sprayed on the spread out soil.
The homogenized spiked soil contained 42.1±1.2 mg kg-1 As (n=10, December 2006
spiked). Total concentrations of selected elements and soil properties of the soil batches
are provided as supporting information.

4.3.4 Pot experiment
Rice seeds (Oryza sativa L., variety BR29) were germinated and grown for 35 days in 120
g portions of soil to obtain at least 12 healthy and strong seedling trios (‘plant bundles’)
per soil batch. The plant bundles including the soil were then transplanted into pots
(diameter: 12.5 cm, height: 20 cm) containing 1380 g of soil to obtain a total soil mass of
1500 g pot-1. After transplantation, plants were irrigated with water containing either 0, 0.4,
or 0.8 mg As L-1, leading to 12 different soil As/irrigation water As treatments. Each
treatment had four planted pots (i.e., replicates), and one additional pot was left
unplanted as a control. The As-containing water (pH 7-8) was prepared from stock
solutions of AsNaO2 (arsenite) and AsHNa2O4·7H2O (arsenate) mixed at a molar ratio of
1:1 in deionized water. Plants were irrigated daily to weekly by flooding up to 7 cm above
the soil surface as soon as the soil surface began to dry. The full factorial experimental
design with four soil and three irrigation water concentrations consisted of 12 treatments,
which will be referred to as follows (soil As in mg kg-1 / irrigation water As in mg L-1): 15/0,
15/0.4, 15/0.8, 25/0, 25/0.4, 25/0.8, 43/0, 43/0.4, 43/0.8, 15+28/0, 15+28/0.4 and
15+28/0.8 (with 15+28 denoting the As-spiked soil).
The experiment was conducted in a climate chamber set to a 10 hours day light period at
27°C and 75% relative humidity, a 12 hours night period at 20°C and 80% relative
humidity, and a dawn and dusk ramp of 1 hour each. Photosynthetically active radiation,
determined with a light meter (LI-250A Quantum, LI-COR, USA), was 300 to 500 μmol m-2
s-1. Plants were fertilized with N, P, K, Ca, S, and Zn corresponding to recommendations
of the International Rice Research Institute (26). Plant maturity was reached after ~200
days and all plants were harvested after 202 days. Plants were cut ~12 cm above soil
surface to avoid contamination with soil particles or irrigation water. Soil solutions were
monitored periodically (Figures 4.5-4.7). Data on the nutritional status of the rice plants
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(straw), and on the variation of selected macro- and micro-nutrients as a function of grain
and straw As contents are provided in Chapter 4.5 (Figures 4.9-4.11).

4.3.5 Preparation and analysis of plant samples
All plant samples were rinsed with deionized water and oven-dried at 60ºC. Whole tillers
were divided into straw (i.e., stems and leaves), grains, and husks. The dry biomass was
determined for the plants from the pot experiment for whole plants, straw, empty (i.e.,
sterile) and filled (i.e., fertile) grains and husks. Straw was ground to <50 μm in a disc
swing mill (Retsch® RS1, Germany). Grain and husk material was ground to <100 μm in a
mixer mill (Retsch® MM200, Germany). From each sample 250 mg were weighed into a
Teflon® digestion tube. After addition of 1 mL of high purity 18 MΩ cm water, 2.5 mL of
concentrated HNO3 and 1.5 mL of 30% H2O2 the tubes were allowed to react for one hour
before microwave digestion for 30 minutes at 500 W and 175°C (lavisETHOS, MLS
GmbH, Germany). The digests were cooled, diluted to 25 ml with deionized water, and
passed through filter paper (Whatman Grade 5893 Blue Ribbon) into plastic tubes. Each
solution was analyzed in triplicate for total As using hydride generation-atomic
fluorescence spectrometry (HG-AFS, Millenium Excalibur, PS Analytical, UK). When
sufficient plant material (>4 g) was available, the plant samples were also analyzed by
energy dispersive X-ray fluorescence spectrometry (SPECTRO X-LAB 2000, SPECTRO
Analytical Instruments, Germany) for total elemental composition. To validate the
methods, we repeatedly analyzed a certified reference material (DC73349 Bush Branches
and Leaves, National Analysis Center for Iron and Steel, China) and a polished rice grain
sample from field I as internal reference. Certified and measured element contents of the
reference material are provided in Chapter 4.5.

4.3.6 Statistical analysis
The results of the pot experiment were analyzed by a two-way analysis of variance
(ANOVA) to test for the effects of soil and irrigation water As levels including interactions
on evapotranspiration, total biomass, straw As, grain As, and fractions of empty spikelets.
Tukey’s pairwise comparison of means was performed on all possible combinations.
Further details on the statistical analysis are provided in Chapter 4.5.
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4.4 Results and Discussion
4.4.1 Field study
Figure 4.2 shows the concentrations of As in soil, rice straw, and grain in three
consecutive years (2005-2007) plotted as a function of increasing distance from the
original irrigation water inlet. Soil As contents clearly decreased with increasing distance
from the inlet, mirroring irrigation water As concentrations on the field (9, 25). The
concentrations of As in straw and grain were also highest near the inlet, but at greater
distance no clear trend was observed. The shift of the irrigation water inlet in 2007 was
noticeable, as soil, straw, and grain As in 2007 were all elevated at the sampling point
closest to the new inlet (Figure 4.2, points marked by arrow).
The concentrations of As in soil, straw, and grain are summarized as box plots in Figure
4.2, and the 3-year ranges and means are given in Table 4.4. Straw As concentrations
were between 0.3 and 8.5 mg kg-1 with a mean value of 1.7 mg kg-1, grain As contents
ranged from 0.08 to 0.43 mg kg-1 with a mean value of 0.17 mg kg-1. Zavala and Duxbury
(27) recently derived a global “normal” range of 0.08-0.20 mg kg-1 for As in rice grain. For
Bangladesh, they reported a mean value of 0.15 mg kg-1 As in grain with a range from
0.01 to 1.08 mg kg-1. For southwestern districts of Bangladesh where soil As
contamination through irrigation water is most pronounced, Meharg and Rahman (5)
reported a mean As content in grain of 0.50 mg kg-1 (range 0.06 to 1.84 mg kg-1). In an
extensive study covering entire Bangladesh, mean values from 0.10 to 0.95 mg kg-1
(range <0.01 and 2.05 mg kg-1) were reported for different districts (28, 29). The straw
and grain As contents from the field study indicated increased soil As to lead to elevated
As uptake into rice. On the other hand, the box plots in Figure 4.2 did not reveal any
systematic temporal trends for plant As over the 3-years period. This may be attributed to
larger year-to-year variations due to other factors, such as weather, irrigation intensity,
fertilizer application, and pests or diseases.
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Figure 4.2: As concentrations in soil (0-40 cm depth) (A), straw (B) and grain (C) in May 2005,
2006 and 2007 plotted versus distance from irrigation water inlet. For data from 2007, data are
plotted against inlet position 2004-2006, because this single irrigation seasons did not change the
pattern in soil As developed over more than 15 years of irrigation. Black arrows indicate the
sampling point closest to the new inlet in 2007. Dashed line in (C) represents the mean As
concentration (0.145±0.02 mg kg-1 dry mass, SD, n=28) of polished rice from the investigated
field (harvested in May 2007). Error bars indicate the standard deviation of four replicates at one
sampling point. For plant samples 30, 18 and 6 standard deviations from 16 samples (four times
four replicates) were plotted. Boxplots summarize data for soil As, straw As and grain As in the
years 2005-2007 (lower and upper quartile (box); median (line); mean (open square); 5 and 95
percentile (whiskers); extrema (crosses)). Soil data were previously reported in (9, 24).
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4.4.2 Pot study
Figure 4.3 shows the concentrations of As in straw and grain, the total biomass, and the
fraction of unfilled spikelets (i.e., sterile grains). Concentration ranges and mean values of
As in soil, straw, and grain are provided in Table 4.4. Straw contained between 3.2 and
20.2 mg As kg-1 (mean 11.8 mg As kg-1) and grain between 0.16 and 0.64 mg As kg-1
(mean 0.37 mg As kg-1). Soil As level had a significant influence on the As concentrations
in straw and grain (p<0.001, Table 4.6), whereas the effect of irrigation water As level was
highly significant for straw As (p<0.001) but only weakly significant for grain As (p<0.02).
Straw and grain As concentrations of plants grown in the spiked 15+28 mg As kg-1 soil
were significantly higher than in the 15 mg As kg-1 soil. On the other hand, straw and grain
As contents did not systematically increase with increasing natural soil As, i.e., from 15 to
25 to 43 mg As kg-1, suggesting that factors other than soil As content affected As uptake
from the different soil batches. In the soil with the lowest As content, the effect of
increasing As concentration in the irrigation water on the As contents of straw and grain
was most clearly visible (Figure 4.3A and B).
The spiked 15+28 mg As kg-1 soil showed greater variation in total biomass and unfilled
spikelets (Table 4.5) than all other soils, because plants growing in the 15+28 mg As kg-1
soil exhibited large differences in growth. Total biomass in the 15 mg As kg-1 soil was
significantly higher than in the soils with higher natural As level, but did not vary
systematically with increasing natural soil As (similar to grain and straw As). Total
biomass in the 15+28 mg As kg-1 soil irrigated with As-containing water (treatments
15+28/0.4 and 15+28/0.8) was lower than in the corresponding treatments of the
unspiked soil (15/0.4, 15/0.8). Due to the large variation in the growth of plants in the
15+28 mg As kg-1 soil, however, this difference was not statistically significant (Table 4.6).
Plants grown in the 25 mg As kg-1 soil contained higher As levels in straw and grain than
plants grown in the 15 and 43 mg As kg-1 soils (both p<0.001, Table 4.6), which may be
partly attributable to the lower biomass of these plants (and lower evapotranspiration,
Table 4.5) relative to plants grown in the 15 and 43 mg As kg-1 soils (ANOVA for biomass
and evapotranspiration in all three cases p<0.001, Table 4.6). Furthermore, plants grown
in the 43 mg As kg-1 soil exhibited significantly lower grain and straw As contents than
plants grown in the 15+28 mg As kg-1 soil, despite identical total soil As level.
Considering that all soil batches were taken at different locations within the same paddy
field and thus exhibited similar bulk elemental composition (Table 4.1), these
observations clearly indicate that small differences in growth-controlling properties of soils
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may significantly affect the extent to which soil and irrigation water As is taken up into rice
plants.
Changes in porewater composition (Figures 4.5-4.7) revealed that in most treatments
redox potential increased and dissolved concentrations of As decreased during rice
growth, attributable to soil aeration through rice roots (30). However, a different trend was
observed in the 15+28 mg As kg-1 soil receiving 0.4 or 0.8 mg L-1 As with irrigation water.
Here, redox potential decreased and dissolved porewater As increased towards the end
of the experiment (>day 100 after transplantation), indicating that soil aeration via rice
roots decreased towards later growth stages. At the same time, plants in these
treatments exhibited very low evapotranspiration at later times. Thus, As toxicity seemed
not only to result in poor plant growth, but at the same time promoted changes in soil
chemical conditions amenable to further As uptake into rice. This observation suggests
that As transfer from soil into rice and decrease in rice yield may not linearly increase with
increasing soil As, but at some critical level may readily respond to further As additions to
soil.
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Figure 4.3: As concentrations in straw (A) and grain (B), total biomass (C) and fraction of unfilled
spikelets (D) for all soil/water treatments in pot study. Error bars indicate the standard error of the
mean of four replicate pots per treatment. In (A) to (C), different labels above columns indicate
means that differ significantly from each other. No ANOVA could be performed for unfilled
spikelets (D). More details on the ANOVA are provided in Chapter 4.5.
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4.4.3 As uptake and transfer in field and pot experiment
Figure 4.4 shows straw and grain As concentrations from the field and the pot study as a
function of soil As contents. Straw and grain As both increase with soil As, but grain As
concentrations from the pot experiment exhibit high variability. In general, straw and grain
As concentrations from the pot experiment were higher than in the field study, consistent
higher soil As contents in the pots than in field soil. The overlap in straw and grain As
concentrations for similar soil As contents suggests that trends were consistent within
field and the pot data. Grain As contents increased with increasing straw As
concentrations (Figure 4.8). Overall, the concentration data of the field and pot
experiment complemented one another, and covered a range comparable with those in
recently published field studies (8, 10, 31). Soil and grain As contents observed in our pot
experiment closely compared to data from Panaullah et al. (10), those from the field study
compared to field observations of Lu et al. (31), and data in the region where field and pot
study overlapped compared to results from Hossain et al. (8). Also straw As contents as a
function of soil As contents closely compared to respective data from earlier studies (8,
10, 31). Some general relationship between soil and rice As contents thus appears to
exist, even though numerous factors may contribute to variable transfer of As from soil
into plants.
The straw-to-grain transfer factor (TF) (Figure 4.4C) decreased exponentially with
increasing straw As content and reached a constant value of ~0.04 above ~8 mg As kg-1
straw. This general trend has previously been observed and attributed to a physiologic
control of As transfer into grain at elevated straw As contents (14). The TF of the pot study
were between 0.02 and 0.06 (mean 0.03), the TF of the field study between 0.03 and 0.29
(mean 0.15). Studies assessing the transfer from soil to straw to grain revealed similar
ranges (13, 14), with TF between ~0.01 and ~0.4 for rice grown in Europe and the USA
(14) and TF between ~0.08 and ~1.7 for rice grown in Bangladesh (13). Similar TF as
observed in the present study were reported for a site in Faridpur with similar soil As
contents (13).
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Figure 4.4: Straw As (A), grain As (B) and straw-to-grain transfer factors (C) observed in field and
pot study plotted versus soil As content. Soil As in 0-40 cm depth reported for field study, and soil
As content at the end of the pot experiment (including As added with irrigation) for pot experiment.
Shaded areas in (A) and (B) represent estimate for soil As at the study site in the year 2050 (24).
Errors refer to the standard deviation of at least 4 replicate samples. The dotted line in (C)
represent an exponential fit of the entire data set (y=y0+A*exp(R0*x), where y0=0.037±0.006,
A=0.317±0.023 and R0=-0.966±0.118; adjusted r2=0.931).
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4.4.4 Significance of results
The combined results of the field and pot study suggest that continued accumulation of
As in paddy soils as a consequence of irrigation with As-rich water will result in increasing
As uptake by rice and, eventually, decreasing rice yields. At the field site from which the
soil for this study was collected, the top 40 cm of soil currently contain ~15 mg kg-1 As
(24). This corresponds to the Japanese threshold value for As pollution of paddy fields
(15 mg kg-1), which should ensure a yield reduction of at most 10% (32, 33). Based on a
detailed analysis of gains and losses of As at our study site during the irrigation and
monsoon seasons, we recently estimated that under unchanged agricultural practice the
soil As concentration in 0-40 cm depth may increase to between 26 and 38 mg kg-1 As in
the year 2050. Considering the relationship between soil and grain As derived in this
study (Figure 4.4B), this increase in soil As may result in an increase of average grain As
content from currently ~0.15 mg As kg-1 (dashed line in Figure 4.2C, measured on
polished rice from field I) to ~0.25-0.58 mg As kg-1 by the year 2050 (Table 4.4 and
Figure 4.4B). Assuming a daily rice consumption by a Bangladeshi adult of 0.4 kg, this
would correspond to a daily As intake with rice of 0.10 to 0.23 mg. The provisional
tolerable weekly intake suggested by FAO/WHO is 0.015 mg As per kg body weight (34),
corresponding to 0.15 mg As day-1 for an adult of 70 kg. Thus, the estimated As contents
in rice grain in 2050 may lead to an As intake via rice close to the tolerable value
according to FAO/WHO.
The grain yields in our pot experiment ranged from 10.4 to 30.5 g pot-1. Assuming that
one pot (with three rice plants) corresponds to a planting area of 20×20 cm2, this would
correspond to a yield of 2.6 to 7.6 t ha-1 in the field. Over the soil As range covered by our
pot experiment (15.1 to 61.1 mg kg-1 As), our data show only a slight decrease in grain
yields with increasing soil As (Figure 4.12). For our field site, we would thus expect that
the increase in soil As to 26-38 mg kg-1 by 2050 should not result in a significant decrease
in grain yield, although local effects may occur near irrigation water inlets. However,
further increases in soil As concentrations above a critical level may result in pronounced
yield reductions, as was recently observed in another field study with soil As
concentrations up to 80 mg kg-1 As (10).
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4.5 Supporting Information
4.5.1 Composition of soils used in the pot study

Table 4.1: Total concentrations of selected elements, C/N ratio and pH of the soil batches
(mean±standard deviation). Values in parentheses show oxalate extractable fractions in % of total
concentration. pH, C and N were analyzed in duplicate (n=10 for all soil batches).
May 2005
43 mg As kg-1
(n=22)

May 2006
25 mg As kg-1
(n=10)

Dec 2006
15 mg As kg-1
(n=10)

Dec 2006
15+28 mg As kg-1
(n=10)

As

43.1 ± 1.2 (85%)

25.2 ± 0.8 (79%)

15.1 ± 0.5 (80%)

42.1 ± 1.2 (70%)

P

994 ± 19 (69%)

642 ± 12 (52%)

479 ± 19 (39%)

483 ± 10 (43%)

644 ± 4 (38%)

568 ± 4 (37%)

510 ± 3 (28%)

515 ± 4 (23%)

Zn

97.2 ± 1.3

93.4 ± 1.6

92.8 ± 1.4

92.7 ± 1.5

S

324 ± 11

308 ± 6

427 ± 8

407 ± 13

Fe

48.8 ± 0.2 (20%)

45.7 ± 0.1 (20%)

44.9 ± 0.2 (15%)

45.1 ± 0.1 (14%)

Si

220 ± 2 (0.3%)

231 ± 1 (0.3%)

224 ± 1 (0.3%)

226 ± 2 (0.2%)

70.7 ± 0.3 (1.4%)

73.9 ± 0.3 (2%)

72.4 ± 0.4 (1.3%)

74.1 ± 0.6 (0.7%)

Ca

19.4 ± 0.3

17.5 ± 1.4

18.6 ± 0.2

n.d.

Na

2.2 ± 0.02

1.8 ± 0.2

2.1 ± 0.02

n.d.

C/Na

9.0 ± 0.1

10.0 ± 0.6

8.7 ± 0.1

n.d.

pHa

6.6 ± 0.1

6.4 ± 0.03

6.1 ± 0.1

6.0 ± 0.02

Soil batch

mg kg-1

Mn

g kg-1

Al

a
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4.5.2 Pot experiment: Factorial design, fertilizer additions and
determination of evapotranspiration

Table 4.2: Full factorial experimental design of pot experiment with different soil and irrigation water
As concentrations of the four soil and the three irrigation water treatments, resulting in 12 different
treatments. Numbers indicate pot numbers (n=60, i.e. 48 planted pots, 12 unplanted pots).
Irrigation water As

Soil As
-1

-1

15 mg kg

25 mg kg

43 mg kg-1

15+28 mg kg-1

0 mg L-1

1-4 planted
5 unplanted
1 & 5 with
rhizosamplers

6-9 planted
10 unplanted
6 & 10 with
rhizosamplers

11-14 planted
15 unplanted
11 & 15 with
rhizosamplers

16-19 planted
20 unplanted
16 & 20 with
rhizosamplers

0.4 mg L-1

21-24 planted
25 unplanted
21 & 25 with
rhizosamplers

26-29 planted
30 unplanted
26 & 30 with
rhizosamplers

31-34 planted
35 unplanted
31,33 & 35 with
rhizosamplers

36-39 planted
40 unplanted
36,38 & 40 with
rhizosamplers

0.8 mg L-1

41-44 planted
45 unplanted
41 & 45 with
rhizosamplers

46-49 planted
50 unplanted
46 & 50 with
rhizosamplers

51-54 planted
55 unplanted
51 & 55 with
rhizosamplers

56-59 planted
60 unplanted
56 & 60 with
rhizosamplers

Fertilizers were added after transplantation of the seedlings in 2 to 4 portions (2x 30 mg of
Zn as ZnSO4·7H2O, 4x 154 mg N as NH4NO3, 4x 30 mg P as K2HPO4, 4x 76 mg K as
K2HPO4, 4x 33 mg S as ZnSO4·7H2O and CaSO4·2H2O, 2x 23 mg Ca/2x 42 mg Ca as
CaSO4·2H2O) according to recommendations of the International Rice Research Institute
(26) after 40 days (Zn, N, P, K, S, Ca), after 80 days (N, P, K, S, Ca), after 110 days (Zn, N,
P, K, S, Ca) and after 160 days (N, P, K, S, Ca). Soil elemental concentrations were only
affected by fertilizer addition in the case of Zn, P and N with an added amount of
approximately +40%, +10% and +20% of the soil content, respectively. In the case of K,
S and Ca the added amount via fertilization was <1% of the soil content.
Evapotranspiration was controlled by weighing the pots before and after each watering,
evaporation in unplanted pots was determined analogously.

85

Chapter 4

4.5.3 Method validation for plant analyses

Table 4.3: Certified values and analyses of the reference material NCS DC 73349 Bush Branches
and Leaves (China National Analysis Center for Iron and Steel, Beijing 2004) by HG-AFS (for As)
and XRF (for all other elements). Errors refer to the standard deviation. Std=standard deviation,
RSD=relative standard deviation, n=number of analyses.
Element

Asa
Feb
Mnb
Znb
Sib
Kb
Pb
Cub
Nib
Cab
Mgb
Sb
a

Certified value
Mean±Std
(mg kg-1)
1.25 ± 0.15
1070 ± 57
61 ± 5
55 ± 4
6000 ± 700
9200 ± 1000
1000 ± 40
6.6 ± 0.8
1.7 ± 0.3
16800 ± 1100
4800 ± 400
7300 ± 600

Measured value
Mean±Std
RSD
(mg kg-1)
%
1.46 ± 0.14
9.5
1067 ± 11
1.0
79.6 ± 0.8
1.0
56.6 ± 0.9
1.6
4998 ± 120
2.4
9906 ± 98
1.0
1099 ± 12
1.1
6.8 ± 0.6
8.5
1.8 ± 0.3
17.9
17565 ± 173 1.0
5412 ± 141
2.6
6278 ± 92
1.5

n
46
10
10
10
10
10
10
10
10
10
10
10

measured by HG-AFS, b measured by XRF

In Figure 4.2C of the main manuscript the measured grain As concentrations are further
compared to the mean As concentration of a polished rice sample from field I harvested
by the farmer in May 2007 (dashed line, 0.15±0.02 mg As kg-1, SD, n=28). This
concentration is similar to the rice field samples, as it is only slightly lower than the mean
grain As concentration in 2007 (0.18±0.09 mg kg-1, SD, n=100). The offset could be
attributed to the polishing process which lowers grain As content (35-37). The value
therefore supports the analysis of field plants performed over the three years.

4.5.4 Chemicals
All reagents used were analytical or suprapure grade from Merck (Germany) or Fluka
(Switzerland). All solutions and standards for soil and plant analyses were prepared with
high purity 18 MΩ cm water (Milli-Q®, Millipore, USA). As(III), Fe, Mn, P, S, Si, Al, Ca, K, Na
and Zn standards were prepared from atomic spectroscopy standard solutions (Fluka,
Switzerland), P standards from a phosphate standard solution (9870 Titrisol®, Merck,
Germany), As(V) standards from Na2HAsO4·7H2O.
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4.5.5 Soil, straw and grain As concentrations, biomass, unfilled
spikelets and evapotranspiration

Table 4.4: Soil, straw, and grain As concentrations (range, mean, standard error) from the field
study and the pot experiment. In the field study, soil As concentrations refer to the top 40 cm of
soil. In the pot experiment, soil As concentrations at the time of harvest were calculated by adding
the amount of As introduced with As-spiked irrigation water to the initial soil As contents. The
number of replicates in the field study were n=43 (soil), n=116 (straw), and n=118 (grain). The
number of replicates in the pot study were n=4, except for the initial soil analyses where n=22 for
the 43 mg As kg-1 soil and n=10 for all other soil batches. The irrigation water at the field site
contained 397±7 μg As L-1 (25).
Irrigation
water As
(mg L-1)

Straw As
(mg kg-1)

Soil As
(mg kg-1)
Range

Mean±SE

Range

Grain As
(mg kg-1)

Mean±SE

Range

Mean±SE

0.08 - 0.43

0.17 ± 0.01

Field study (2005-2007)
~0.4

10.0 - 23.3

15.0 ± 0.5

0.3 - 8.5

1.7 ± 0.3

Pot study, 15 mg kg-1 As soil
0

—

15.1 ± 0.2

3.2 - 4.9

3.9 ± 0.4

0.16 - 0.25

0.20 ± 0.02

0.4

23.7 - 24.7

24.0 ± 0.2

7.6 - 9.5

8.5 ± 0.4

0.21 - 0.26

0.24 ± 0.01

0.8

32.2 - 35.2

33.2 ± 0.7

8.3 - 11.7

10.1 ± 0.9

0.33 - 0.36

0.34 ± 0.01

Pot study, 25 mg kg-1 As soil
0

—

25.2 ± 0.2

10.8 - 13.4

12.0 ± 0.6

0.23 - 0.44

0.30 ± 0.05

0.4

32.0 - 32.8

32.3 ± 0.2

14.2 - 17.4

15.8 ± 0.8

0.25 - 0.58

0.43 ± 0.09

0.8

39.3 - 41.1

40.1 ± 0.4

12.7 - 16.0

13.9 ± 0.7

0.36 - 0.56

0.46 ± 0.04

Pot study, 43 mg kg-1 As soil
0

—

43.1 ± 0.3

8.4 - 10.6

9.5 ± 0.6

0.16 - 0.45

0.31 ± 0.07

0.4

51.1 - 52.0

51.6 ± 0.2

10.4 - 12.9

11.6 ± 0.6

0.21 - 0.35

0.27 ± 0.03

0.8

58.4 - 60.3

59.7 ± 0.4

10.0 - 12.2

11.3 ± 0.5

0.35 - 0.38

0.37 ± 0.01

Pot study, 15+28 mg kg-1 As soil
0

—

42.1 ± 0.4

11.1 - 17.9

14.3 ± 1.4

0.44 - 0.63

0.53 ± 0.05

0.4

48.8 - 51.5

50.0 ± 0.6

12.6 - 15.9

14.5 ± 0.7

0.23 - 0.64

0.51 ± 0.09

0.8

57.7 - 61.1

59.6 ± 0.9

12.8 - 20.1

16.7 ± 1.6

0.38 - 0.63

0.52 ± 0.06
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Table 4.5: Biomass, percent unfilled spikelets, and evapotranspiration (range, mean, standard
error) from the pot experiment. Evaporation from the soils contributed with 2.7±0.1 L pot-1 (n=12)
to the evapotranspiration and was measured in the unplanted control pots. The number of
replicates was n=4 for all treatments.
Irrigation
water As
(mg L-1)

Biomass
(g pot-1)
Range

Unfilled spikelets
(%)

Mean±SE

Range

Evapotranspiration
(L pot-1)

Mean±SE

Range

Mean±SE

Pot study, 15 mg kg-1 As soil
0

77.8 - 80.5

79.1 ± 0.7

3.6 - 5.9

4.8 ± 0.6

33.5 - 34.3

33.8 ± 0.2

0.4

75.2 - 77.7

76.3 ± 0.5

4.2 - 8.1

5.6 ± 0.9

32.0 - 36.0

33.2 ± 0.9

0.8

75.4 - 80.9

77.7 ± 1.2

4.4 - 6.8

6.0 ± 0.5

32.1 - 37.7

33.9 ± 1.3

Pot study, 25 mg kg-1 As soil
0

59.2 - 62.0

60.3 ± 0.6

3.6 - 6.9

5.0 ± 0.7

28.3 - 29.2

28.8 ± 0.2

0.4

53.4 - 63.1

57.2 ± 2.3

3.8 - 4.7

4.2 ± 0.2

25.3 - 28.5

26.6 ± 0.7

0.8

58.1 - 66.5

61.1 ± 1.9

3.9 - 25.3

13.2 ± 5.0

26.4 - 29.8

27.9 ± 0.8

Pot study, 43 mg kg-1 As soil
0

71.0 - 73.9

72.2 ± 0.6

4.6 - 9.2

7.2 ± 1.1

31.1 - 36.9

33.0 ± 1.3

0.4

70.6 - 76.6

73.5 ± 1.2

4.0 - 8.0

5.5 ± 0.9

29.9 - 33.6

31.8 ± 0.9

0.8

69.5 - 75.8

72.1± 1.5

5.2 - 10.4

7.5 ± 1.3

28.8 - 32.3

31.1 ± 0.8

Pot study, 15+28 mg kg-1 As soil
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0

77.3 - 87.5

82.3 ± 2.6

5.5 - 8.3

6.8 ± 0.6

33.1 - 36.7

34.9 ± 0.9

0.4

46.0 - 82.6

65.5 ± 7.5

4.5 - 19.2

11.6 ± 3.7

25.3 - 35.3

29.9 ± 2.1

0.8

60.6 - 84.1

72.8 ± 6.1

7.2 - 30.5

13.9 ± 5.6

29.3 - 35.7

32.8 ± 1.6
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4.5.6 Soil solution composition during pot experiment
For soil solution sampling, one pot from each planted and unplanted soil/water treatment
was equipped with three rhizosamplers (0.2 μm pore size, 10 cm length of porous surface,
2.5 mm diameter, EcoTech®, Germany). The rhizosamplers were vertically inserted in a
triangular arrangement and probed the soil solution from 5 to 15 cm soil depth. Soil
solution was sampled at day 11, 49, 68, 81, 102, 126, 140, 159 and 165 after
transplantation under red light to minimize photochemical As(III) oxidation (38). From each
pot approximately 9 mL of solution (3 mL per rhizosampler after discarding the first 1-2 mL
of each sampler) were drawn into a 10 mL syringe and mixed thoroughly. Aliquots were
distributed onto different vials: 5 mL into a 10 mL polypropylene vial pre-acidified with 1%
v/v of 30% HCl (Suprapur®, Merck, Germany) for subsequent analyses of total As
(inductively coupled plasma-mass spectrometry, ICP-MS, Agilent 7500ce series, Agilent
Technologies, USA) and total concentrations of Fe, Mn, P, S, Si, Al, Ca, K, Na and Zn
(inductively coupled plasma-optical emission spectrometry, ICP-OES, Vista-MPX, Varian,
Australia), and 3 mL into a 10 mL polypropylene vial for immediate measurements of
electrical conductivity, Eh and pH under red light. Samples were stored at 4°C in the dark
until analysis.
Total dissolved element concentrations, pH, Eh, and electrical conductivity of porewaters
from the different soil batches of the pot experiment are shown in Figures 4.5-4.7. Soil
solutions indicated that pots of the 25 mg As kg-1 soil usually had a slightly lower redox
potential than the 43 mg As kg-1 soil (Figure 4.7). Further most of the elements in the 25
mg As kg-1 soil had higher concentrations, than in the other soils, at least in the first half of
the growth period (Figures 4.5 and 4.6). pH was constant at ~pH 7 for all soils during the
whole experiment (Figure 4.7). Even if As and P had lower initial concentrations in the soil
solutions of the 25 mg As kg-1 soil (1100 μg As L-1 and 10 mg P L-1, respectively)
compared to the 43 mg As kg-1 soil (2060 μg As L-1 and 14 mg P L-1, respectively), they
were measured to be higher in solution after around 50 days after transplantation (505 μg
As L-1 vs. 135 μg As L-1 and 4 mg P L-1 vs. 1 mg P L-1, respectively) (Figure 4.8).
Concentrations of Fe, Mn, Ca, Na and Mg as well as conductivity were highest within the
pots of the 25 mg As kg-1 soil until at least 80 days after transplantation and even ~40
days longer for conductivity and Mn (Figures 4.5-4.7). The results from soil solutions
therefore indicate, that a large part of the As uptake into the investigated plants of the 25
mg As kg-1 soil took place within the first 80 days after transplantation, i.e. in the vegetative
phase of the plant when high nutrient influxes are prevalent (26). During that time period
the As concentrations within the soil solutions were still high compared to the other natural
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soils having lower plant As concentrations. As uptake probably happened in line with P
uptake, resulting further in slightly higher P concentrations within plants grown in the 25
mg As kg-1 soil compared to the other soils (Figure 4.5).
However, from the present data set, it can not be conclusively determined why plants from
the 25 mg As kg-1 soil accumulated more As than those in the higher 43 mg As kg-1 soil. A
similar trend was found in a preliminary pot study by Duxbury and Panaullah (23) for straw
As, where plants were grown under continuous flooding. It can only be hypothesized, that
differing microbial activity, due to different sampling years and therefore ages of the soils,
might play an important role driving the redox processes which explain the occurrences in
the soil solutions.
Redox potentials measured over the course of the experiment within the soil solutions of
the 15+28 mg As kg-1 soil were lower than within the one of the 43 mg As kg-1 soil and the
15 mg As kg-1 soil, the initial soil of the spiked soil. However, until day 100 after
transplantation, where plants in the spiked soil partly started to die off, most of the
elements behave similar in all three soils, except from partly differing initial concentrations.
This indicates that the spiked soil As was more bioavailable than the As naturally present
in the soil, even if As concentrations in soil solutions were initially not higher (Figure 4.5).
The higher As accumulation in straw and grain within plants grown in the 25 mg As kg-1
soil compared to plants grown in the 43 mg As kg-1 soil is possibly due to differing
microbial activity in the soils sampled in different years. Ages of the soils may play an
important role driving the redox activity which explains the occurrences in the soil solutions
(Figures 4.5-4.7).
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Figure 4.5: Porewater concentrations of As (μg L-1), Fe, Mn, P and S (mg L-1) after transplantation of
the seedlings (at day 0). Porewater concentrations for each soil batch correspond to the average
(and standard error) of the three irrigation water As treatments, which generally exhibited small
differences.
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Figure 4.6: Porewater concentrations of Si, Al, Ca, K, Na and Zn (mg L-1) after transplantation of the
seedlings (at day 0). Porewater concentrations for each soil batch correspond to the average (and
standard error) of the three irrigation water As treatments, which generally exhibited small
differences.
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Figure 4.7: Porewater pH, Eh, and electrical conductivity after transplantation of the seedlings (at
day 0). Reported values for each soil batch correspond to the average (and standard error) of the
three irrigation water As treatments, which generally exhibited small differences.

93

Chapter 4

4.5.7 Relation between grain and straw As contents
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Figure 4.8: Relationship between grain and straw As contents in plants from the field study and the
pot experiment. Error bars correspond to the standard deviation of at least 4 replicate samples.

4.5.8 ANOVA for selected parameters from pot experiment
All ANOVA were performed with adequate models, and assumptions regarding the error
distribution were checked (i.e., constant variance, normality of residuals). Straw As, grain
As, and total biomass data were transformed logarithmically where residuals were not
fulfilling the assumptions. In case of model violation with or without transformed data,
ANOVA were performed without certain treatments or certain outliers, where coherent
reasons justified such modification and clarification was needed. However, these were
only used to judge the influence of treatments or outliers.
For total biomass the assumptions of the error distribution were not fulfilled for an ANOVA
with all treatments as the spiked 15+28 mg As kg-1 soil showed great variation in total
biomass, whereas all natural treatments were internally consistent. Therefore, three
replicates, i.e., outliers (two from 15+28/0.4 and one from 15+28/0.8; pots 36, 38 and 56
(Table 4.2) were eliminated before ANOVA was performed. The ANOVA without the three
outliers showed soil As to be highly significant for the total biomass (p<0.001), while the
effect of irrigation water As was only slightly and the interaction only marginally significant
(p<0.03 and p<0.05, respectively). The 25 mg As kg-1 soil was significantly different from
all other soil As treatments (all three p<0.001). If the 15+28 mg kg-1 As treatment was
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excluded from ANOVA (because of highly variable poor plant growth), soil As was found
to be highly significant (p<0.001), whereas irrigation water As and interaction were not.
The 25 mg As kg-1 soil was still significantly different from both other natural soils (both
p<0.001).
The percentage of unfertile grains generally showed a similar pattern as the total biomass.
Five pots (two from 15+28/0.4, one from 15+28/0.8 and two from 25/0.8; pots 36, 38, 47,
48 and 56 (Table 4.2)) did not fulfill the assumptions of the error distribution for ANOVA,
because of the high variability due to partly lower spikelet filling. Therefore, ANOVA was
not performed for the percentage of unfertile grains.
The interaction of both, soil As and irrigation water As was not significant for grain As
(p=0.41), but highly significant (p<0.001) for straw As concentration. The significance for
the latter is probably due to generally less varying data and smaller error intervals for straw
As combined with very low straw As concentrations for the 15/0 treatment. ANOVA without
the 15/0 treatment revealed that the interaction of soil and irrigation water As was not
significant anymore for straw As concentration (p=0.45), indicating that the low
concentrations of the unconsidered treatment highly influenced the ANOVA.
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Table 4.6: Results of all ANOVA performed (evapotranspiration, total biomass, total biomass
without outliers, total biomass without 15+28 mg kg-1 soil, straw As, straw As without 0 mg L-1
water) for the evaluation of the experiment. At the beginning of each section, the analysis of
variance table is depicted with “Df” being the degrees of freedom, “Sum Sq” the sum of squares,
“Mean Sq” the mean squares, “F value” the ratio of mean square and the error mean square, and
“Pr(>F)” the result (p-value) of the performed F-test for the null hypothesis “no differences between
groups”. Below the analysis of variance table, estimates for the difference between groups (“diff”)
together with a 95% confidence interval (“lwr” - “upr”) and the p-value for the test with the null
hypothesis “difference between groups is equal to 0” are given. Groupwise comparisons were
performed using “Tukey’s honest significant differences” that includes an adjustment of p-values
for multiple comparisons.
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Variable: Evapotranspiration
ANOVA
Soil As
Irrigation water As
Soil As × Irrigation water As
Error

Df
3
2
6
36

Sum Sq
239.79
41.20
28.17
174.21

Mean Sq
79.93
20.60
4.70
4.84

F value
16.52
4.26
0.97

Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

diff
-5.90
-1.67
-1.13
4.23
4.78
0.54
diff
-2.27
-1.21
1.05

lwr
-8.32
-4.09
-3.55
1.81
2.36
-1.88
lwr
-4.17
-3.11
-0.85

upr
-3.48
0.75
1.29
6.65
7.19
2.96
upr
-0.37
0.69
2.96

p adj
0.00000
0.26285
0.59649
0.00020
0.00003
0.92982
p adj
0.01634
0.27593
0.37451

Variable: Total biomass (log transformed)
ANOVA
Df
Sum Sq
Soil As
3
0.09082
Irrigation water As
2
0.00979
Soil As × Irrigation water As 6
0.01600
Error
36
0.06093

Mean Sq
0.03027
0.00490
0.00267
0.00169

F value
17.89
2.89
1.58

Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

upr
-0.07120
0.01572
0.01448
0.13215
0.13092
0.04400
upr
0.00066
0.02039
0.05527

p adj
0.00000
0.31009
0.27596
0.00005
0.00006
0.99986
p adj
0.05535
0.55525
0.37441

diff
-0.11644
-0.02952
-0.03075
0.08692
0.08569
-0.00123
diff
-0.03489
-0.01517
0.01972

lwr
-0.16167
-0.07475
-0.07598
0.04169
0.04046
-0.04646
lwr
-0.07044
-0.05072
-0.01583

Pr(>F)
0.00000
0.02191
0.45912

Pr(>F)
0.00000
0.06838
0.18260
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Variable: Total biomass (log transformed, without 3 outliers)
ANOVA
Df
Sum Sq Mean Sq
Soil As
3
0.10069 0.03356
Irrigation water As
2
0.00476 0.00238
Soil As × Irrigation water As 6
0.00870 0.00145
Error
33
0.01977 0.00060
Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

diff
-0.11644
-0.02952
-0.00656
0.08692
0.10988
0.02296
diff
-0.02487
-0.00870
0.01618

lwr
-0.14346
-0.05654
-0.03575
0.05989
0.08068
-0.00624
lwr
-0.04685
-0.03028
-0.00614

upr
-0.08941
-0.00249
0.02263
0.11395
0.13907
0.05215
upr
-0.00289
0.01289
0.03850

F value
56.02
3.97
2.42

Pr(>F)
0.00000
0.02845
0.04765

p adj
0.00000
0.02799
0.92887
0.00000
0.00000
0.16572
p adj
0.02375
0.58908
0.19242

Variable: Total biomass (log transformed, without 15+28 mg kg-1 soil treatment)
ANOVA
Df
Sum Sq Mean Sq F value Pr(>F)
Soil As
2
0.08793 0.04397 138.05
0.00000
Irrigation water As
2
0.00081 0.00041 1.28
0.29490
Soil As × Irrigation water As 4
0.00178 0.00045 1.40
0.26060
Error
27
0.00860 0.00032
Groupwise comparisons
Soil As
25–15
43–15
43–25
Irrigation water As
0.4–0
0.8–0
0.8–0.4

diff
-0.11644
-0.02952
0.08692
diff
-0.01064
-0.00122
0.00942

lwr
-0.13450
-0.04758
0.06886
lwr
-0.02871
-0.01928
-0.00864

upr
-0.09837
-0.01145
0.10498
upr
0.00742
0.01685
0.02749

p adj
0.00000
0.00109
0.00000
p adj
0.32531
0.98475
0.41091
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Variable: Straw As (log transformed)
ANOVA
Df
Soil As
3
Irrigation water As
2
Soil As × Irrigation water As 6
Error
36

Sum Sq
0.82372
0.23907
0.21433
0.12543

Mean Sq
0.27457
0.11953
0.03572
0.00348

F value
78.80
34.31
10.25

Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

lwr
0.23573
0.12668
0.27168
-0.17395
-0.02895
0.08009
lwr
0.09078
0.10553
-0.03626

upr
0.36553
0.25648
0.40148
-0.04415
0.10085
0.20990
upr
0.19280
0.20755
0.06576

p adj
0.00000
0.00000
0.00000
0.00036
0.45284
0.00000
p adj
0.00000
0.00000
0.76116

diff
0.30063
0.19158
0.33658
-0.10905
0.03595
0.14500
diff
0.14179
0.15654
0.01475

Variable: Straw As (log transformed, without 0 mg L-1 water treatment)
ANOVA
Df
Sum Sq Mean Sq F value
Soil As
3
0.26057 0.08686 29.19
Irrigation water As
1
0.00174 0.00174 0.58
Soil As × Irrigation water As 3
0.02003 0.00668 2.24
Error
24
0.07140 0.00298
Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.8–0.4
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diff
0.20477
0.09256
0.22316
-0.11221
0.01839
0.13060
diff
0.01475

lwr
0.12954
0.01732
0.14793
-0.18745
-0.05684
0.05537
lwr
-0.02505

upr
0.28001
0.16779
0.29840
-0.03698
0.09362
0.20584
upr
0.05455

p adj
0.00000
0.01196
0.00000
0.00209
0.90578
0.00039
p adj
0.45190

Pr(>F)
0.00000
0.00000
0.00000

Pr(>F)
0.00000
0.45190
0.10900
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Variable: Grain As (log transformed)
ANOVA
Df
Soil As
3
Irrigation water As
2
Soil As × Irrigation water As 6
Error
36

Sum Sq
0.57936
0.14961
0.09596
0.54385

Mean Sq
0.19312
0.07480
0.01599
0.01511

F value
12.78
4.95
1.06

Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

lwr
0.03184
-0.06188
0.15870
-0.22886
-0.00829
0.08543
lwr
-0.07182
0.02560
-0.00879

upr
0.30212
0.20840
0.42898
0.04142
0.26199
0.35571
upr
0.14061
0.23804
0.20364

p adj
0.01044
0.47149
0.00001
0.25970
0.07237
0.00052
p adj
0.71060
0.01213
0.07764

Variable: Transfer factor grain/straw
ANOVA
Df
Soil As
3
Irrigation water As
2
Soil As × Irrigation water As 6
Error
36

Sum Sq
0.00078
0.00063
0.00104
0.00209

Mean Sq
0.00026
0.00032
0.00017
0.00006

F value
4.46
5.46
2.98

Groupwise comparisons
Soil As
25–15
43–15
15+28–15
43–25
15+28–25
15+28–43
Irrigation water As
0.4–0
0.8–0
0.8–0.4

lwr
-0.01834
-0.01742
-0.01241
-0.00745
-0.00244
-0.00336
lwr
-0.01544
-0.01037
-0.00150

upr
-0.00160
-0.00067
0.00434
0.00930
0.01431
0.01338
upr
-0.00228
0.00280
0.01166

p adj
0.01428
0.03000
0.57009
0.99071
0.24226
0.38492
p adj
0.00618
0.34850
0.15746

diff
0.16698
0.07326
0.29384
-0.09372
0.12685
0.22057
diff
0.03439
0.13182
0.09743

diff
-0.00997
-0.00905
-0.00404
0.00092
0.00593
0.00501
diff
-0.00886
-0.00379
0.00508

Pr(>F)
0.00001
0.01260
0.40496

Pr(>F)
0.00917
0.00852
0.01817
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4.5.9 Nutritional status of rice plants (straw) in field and experiment
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Figure 4.9: Selected macro- and micro-nutrients in straw of rice plants at maturity. For field plants,
data were grouped by year, for pot plants by soil As treatment. Shaded areas represent the
optimum range, dotted lines the critical levels for deficiency and toxicity (26). Boxplots indicate the
lower and upper quartile (box), the median (line), the mean (open square), the 5 and 95 percentile
(whiskers), and the extrema (crosses). For May 2005, the number of samples (n) was only one
sample for all elements except for N (n=3, i.e. sampling points 6, 14, 35), as only little plant
material was left. The sample was pooled from samples of points 6, 14, 22 and 35. In May 2006
n=9 for all elements, except for N (n=3, i.e. sampling points 6, 18, 30). In May 2007 n=25 for all
elements, except for N (n=6, i.e. sampling points, 6.1, 6.2, 18.1, 18.2, 30.1, 30.2). For the pot
experiment, the different soil treatments were n=12, i.e. n=4 for each of the three water treatments,
for all elements, except for N (n=6, i.e. n=2 for each of the three water treatments).
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4.5.10 Selected macro- and micro-nutrients versus straw and grain As
levels
Recently, it was discovered that in addition to causing elevated grain As levels, increasing
soil As concentrations may also affect human nutrition by decreasing the content of
important nutrients such as Se, Ni and Zn in rice grain (39). Figures S6 and S7 show
scatter plots for As in rice straw and grain versus the selected macro- and micronutrients
of some field and experiment plants. Within the field plants, Si and Zn, possibly as well K
and Cu decrease with increasing As content of the rice straw, while P and Ca show a
positive relation with As. The other investigated elements do not show a clear systematic
trend with As. In grain of the field plants negative relations between As and nutrients can
be observed for Zn and slightly for Si, Ni and Cu. P shows again a slight positive relation,
while all other investigated elements do not systematically vary with As. Within the
experiment plants Mn and Zn decrease with increasing As content of the rice straw, while
all other investigated elements do not show clear systematic trends with As. In grains of
the pot experiment plants, slight negative relations between As and nutrients can be
observed for Mn, Zn and Si. All other elements do not systematically vary with As.
Deficiency in certain nutrients might mask systematic variation with As, e.g., in the case of
Si in straw of the experiment plants. As Si concentrations in the field plants were below the
optimum range and showed to be deficient in the experiment plants, while P showed the
pattern the other way around (Figure 4.9), amendments of these two elements via
fertilizers seem likely. It is known that fertilization with P and Si in paddy soils may affect
the As concentration in the rice plant (19, 40), as As(V) and phosphate share the same
transport pathway (41) and As(III) is using aquaporin channels, which are also used for
silicon transport (42). The As concentrations in the investigated plants seem to slightly
increase with increasing P and to decrease with increasing Si. The positive relation
between P and As could be explained by the presence of slight P deficiency, even though
the phosphate carriers usually have a greater affinity for phosphate compared to As(V)
(41). Additionally, the straw Si concentrations of the plants were negatively related with P
(data not shown). Under low P conditions P fertilization is not necessarily inhibiting As
uptake, due to improved formation of iron plaque and thus leading to more As
sequestration (40). Considering the observation of increasing As with increasing P in plant
tissue under slight P deficiency, Si fertilization could increase the As(V) uptake by
hindering P uptake at the same time, even if it is reducing As(III) uptake into the plant (19,
11). However, the effect of Si or P fertilization on As uptake is most likely depending on the
displacement of As(V) by P or As(III) by Si from soil particles and their competition for
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uptake. When the displacement of As by P or Si from soil particles preponderates, As
uptake by rice will increase.
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Figure 4.10: Selected macro- and micro-nutrients versus As content in rice straw.
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Figure 4.11: Selected macro- and micro-nutrients versus As content in rice grains. Black cross
represents processed rice from the studied field.
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4.5.11 Grain yield in pot experiment
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Figure 4.12: Grain yield in pot experiments as a function of soil As concentration. Error bars
correspond to the standard deviation of 4 replicate samples. Soil As concentrations include initial
soil As and the amount of As added with irrigation water. Grain yield was calculated assuming
every pot to represent one planting space of 20x20 cm in the field.
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Synthesis, conclusions and outlook
The research presented in this thesis investigated the spatiotemporal distribution of soil
As in irrigated paddy fields, assessed the potential for long-term As accumulation in these
fields, estimated the extent of the increase in soil As concentrations and predicted the
growth of and the As uptake by rice under increasing As concentrations.
At the investigated field site, irrigation water flows rapidly through irrigation channels from
the well to the fields and enters through a single inlet. Once on the field, the irrigation
water is moving as a slow spreading water body. Coprecipitation of As with Fe(III) and As
sorption to soil particles leads to laterally heterogeneous input of As to the paddy soil (1).
This results in a strongly heterogeneous distribution of As concentrations in individual
fields, decreasing with increasing distance from the inlet and further with increasing soil
depth. Highest As concentrations were found in the top few cm of the soil profile and
mean soil As concentrations in individual fields were independent of the length of the
irrigation channels. The results suggested lateral soil As distribution to depend strongly
on the irrigation system used and the spatial heterogeneity of soil As to be taken into
account in future studies related to As accumulation in paddy soils.
The As input to the soil during irrigation was found to be partly counteracted by As
leaching during the monsoon, resulting in strong temporal fluctuations of soil As contents
over the year. Recently, As release into floodwater followed by lateral removal towards
rivers was identified to be a major pathway attenuating As accumulation in paddy soil (2).
Based on concentration gradients in the soil porewater and in monsoon floodwater,
Roberts et al. (2) suggested that 0.5 to 2.5 kg As ha-1 a-1 were released from the soil
during monsoon flooding. This corresponded to 13-62% of the estimated annual As input
via irrigation of 4 kg ha-1 a-1. Monsoon flooding therefore turned out to be a key factor
controlling the extent of long-term As accumulation in paddy soils. However, the
uncertainties in these quantitative estimates were rather large and they clearly needed to
be further constrained, especially because As concentrations were found to be spatially
heterogeneous, the irrigation water demand may differ from growth season to growth
season, percolation losses and leaching during irrigation may occur and intensity of
monsoon flooding may vary between years. Obtaining a comprehensive picture of As
cycling during irrigation and monsoon seasons, and predicting the possible long-term
risks of As accumulation in soils caused by irrigation with As-rich groundwater, required
the quantification of gains and losses of soil As in a rice paddy field during irrigation and
monsoon flooding over several seasons. Therefore, the potential for As accumulation was
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investigated in a three-year monitoring period, considering the findings of spatial
heterogeneity. The annual As input with irrigation water equaled 4.4 kg ha-1 a-1. Within the
top 40 cm of soil, the mean As accumulation over three years amounted to 2.4 kg ha-1 a-1,
implying that on average 2.0 kg ha-1 a-1 were lost from the soil. Seasonal changes of soil
As showed that 1.05 to 2.1 kg ha-1 a-1 were lost during monsoon flooding. The remaining
As loss (up to 0.95 kg ha-1 a-1) was attributed to leaching with percolating irrigation water,
which may affect the underlying shallow aquifer (3). Despite these losses, the total As
within the top 40 cm of soil at the field site was estimated to further increase by a factor of
1.5 to 2 up to approximately 45 mg kg-1 until 2050 under current cultivation practices.
The total As mass accumulated in paddy fields due to irrigation with As-rich groundwater
is mainly controlled by (i) the total irrigation intensity, i.e. the amount of water applied,
defined by the irrigation system, the years of paddy cultivation and the number of
groundwater-irrigated crops cultivated per year, (ii) the As concentrations in the irrigation
water, and (iii) the degree of monsoonal flooding. When discussing the general relevance
of the presented results regarding the As accumulation these different aspects need to be
considered.
The irrigation system (ad (i)) at the investigated field site is representative of large parts of
Munshiganj district and other Bangladeshi districts, e.g. Bogra, Brahmanbaria, Comilla
and Naogaon (4, 5). Different irrigation schemes applied in other regions may result in
different As distribution patterns. For example, cascade irrigation, as partly applied in
Faridpur district, where the irrigation water is flowing through successive fields, was
reported to result in a more pronounced As gradient in the field first receiving the irrigation
water (6, 7). The irrigation intensity per dry season crop is likely similar among various
sites. A difference in total irrigation intensity may be expected between areas with only a
single crop, as at our site, and those with an additional crop of other rice varieties. Aman
or aus rice, for example, are usually sown before and harvested during the monsoon
season (8) and are therefore additionally irrigated before the onset of the monsoon.
Average topsoil As contents were suggested to increase with increasing irrigation water
As concentrations (ad (ii)) (9). Compared to the study by Lu et al. (9), the irrigation water
As concentration at our field site was higher than at any site investigated in their study.
Accordingly, the average As level in the top 10 cm of soil at our site was higher than the
As levels in the former study. The annual As input of 4.4 kg As ha-1 a-1 is more than 10
times higher than the average of 0.4 kg As ha-1 a-1 introduced into boro paddy soils in
Bangladesh (estimate based on data from (5)). However, general irrigation water
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composition may play an important role. At our field site, where irrigation water has not
only high As, but also high P and Fe, the reactions in the irrigation water leading to the
spatial As distribution pattern may significantly differ from sites having lower
concentrations in these elements.
Our field site is flooded intensely during monsoon ((ad (iii)) and flood water levels vary
strongly, reaching up to 4.5 m above rice field level in typical years (10). Arsenic losses
during the monsoon likely dominate over As losses with laterally or vertically draining
irrigation water. However, at sites with less intense monsoon flooding, overall attenuation
of As accumulation by As release to floodwater may be smaller and As losses during
irrigation may dominate over As losses during the monsoon.
Our results therefore suggest, that the ~80% of the total area of Bangladesh annually
flooded less deeply than 0.9 m (11) are probably at higher risk, because fields in these
areas are less intensely flooded and therefore probably multiply cropped. Of Munshiganj
district only approximately 43% is less deeply flooded than 0.9 m (11), revealing the
investigated field site to be representative for the area, even though it is only partly
representative for whole Bangladesh. The impact of high irrigation intensity and As input
(i.e. due to a cascade irrigation system) and of limited monsoon flooding can be seen in a
recent field study in Faridpur district by Panaullah et al. (6). At this site, irrigation over a
similar number of years with water containing more than three times less As than at our
site resulted in markedly higher mean soil As concentrations.
To evaluate the soil related findings with respect to the risk for human and environmental
health, plant uptake and toxicity data are essential. The analyses of the rice plants
sampled at our field site revealed that the spatial pattern of soil As contents resulted in a
similar, though less pronounced, spatial pattern of plant tissue As concentrations. Straw
and grain As concentrations were elevated in the field and highest near the irrigation
water inlet, where As concentrations in both soil and irrigation water were highest. The pot
experiment performed with three treatments of a natural soil As gradient and one spiked
As treatment, irrigated with spiked As-rich water appeared to be generally consistent with
the field data and were thus useful for examining a larger range of soil As effecting As
uptake. The soil As contents at the end of the study ranged from 15.1 to 61.1 mg kg-1.
They were either comparable to concentrations predicted for 2050 (26 to 38 mg As kg-1 in
top 40 cm of soil) (12) or exceeded these estimates and therefore allowed to predict the
plant As concentration ranges in soils accumulating As through continued irrigation with
As-rich water at the investigated field site.
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At the field site, the top 40 cm of soil currently contain ~15 mg kg-1 As (12). This
corresponds to the Japanese threshold value for As pollution of paddy fields (15 mg kg-1),
which should ensure a yield reduction of at most 10% (13, 14). Observed grain yields
within the pot study ranged from 2.6 to 7.6 t ha-1 for the entire soil As range covered by
the experiment, but our data only showed a slight decrease in grain yields with increasing
soil As. Further, no significant effect of grain yield would be expected to result from an
increase in soil As from currently ~15 to 26-38 mg kg-1 by 2050 (12), although local
effects may occur near the irrigation water inlets. However, further increases in soil As
concentrations above a critical level may result in pronounced yield reductions. Panaullah
et al. (6) demonstrated in their field trial in Faridpur district that increasing soil As levels
from ~10 to ~80 mg kg-1 led to a concomitant decrease in grain yield ranging from ~9 to
~2 t ha-1 (i.e., ~80%). This trend was already apparent at an increase in soil As from ~15
to ~20 mg kg-1. Further, Khan et al. (15) recently confirmed such strong yield decreases
in another field trial in Bangladesh for different rice varieties. Even though our pot data
only showed a slightly negative trend compared to the strong negative correlation of
Panaullah et al. (6), spiked As was found to be more bioavailable than the As naturally
present in the soils. Plants treated with high amounts of spiked As showed toxicity
symptoms, such as increasing amounts of unfilled spikelets, i.e., straighthead disease
(16, 17).
Elevated As levels in rice grain may cause increased human As intake. Based on an
average As content of rice grain sampled at the field site, i.e., 0.15 mg As kg-1, we
estimated the average daily human As intake from 0.4 kg of rice grain, neglecting any
cooking methods, to be 0.06 mg As day-1. This is 3 times the 0.02 mg As day-1 resulting
from the consumption of 2 L of water at the WHO drinking water limit of 0.01 mg L-1.
Further we estimated the average daily intake of As from drinking water containing 0.25
mg L-1 to account for 0.5 mg As, which is 8.3 times higher than the average daily As
intake from rice grain. The provisional tolerable weekly intake suggested by FAO/WHO is
0.015 mg As kg-1 body weight week-1 (18). For an adult of 70 kg the provisional tolerable
daily intake translates to 0.15 mg As day-1. At the investigated field site, the daily As intake
via drinking water exceeds this value by a factor of 3.3, while the daily As intake via rice
grain lies a factor 2.5 below it. Yet, in the grains of the rice plants grown in the pot
experiment an average As concentration of 0.37 mg kg-1 was measured. This
concentration is a factor of 2.6 higher than the average As concentration in grains
sampled in the field. Based on our scenario of long-term As accumulation at the study
site ((12), Chapter 3), we further estimated that continued irrigation practice may result in
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an increase in As concentrations in rice grain from currently 0.15 mg As kg-1 to 0.25-0.58
mg As kg-1 by the year 2050 (Chapter 4). This could translate into a 1.5 to 3.8 times higher
As uptake via rice by the local population than today. The daily human As intake related
to the consumption of rice grains could therefore be expected to increase from 0.06 to
0.1-0.23 mg As day-1, then possibly exceeding the provisional tolerable daily As intake
suggested by FAO/WHO of 0.15 mg As day-1.
Additionally, it is striking to note that in areas where human As intake via drinking water is
limited by provision of low-As drinking water (19), the As intake via rice plays a more
important role. Our estimated value neglects As soaked into the grain while cooking with
As-bearing water (20-22) and other possible ways for human As intake via other As-rich
food sources. It is likely, that the value is higher than our estimate when considering all
possible ways of intake, even though processing rice grains, i.e. parboiling and/or
polishing, is known to lower the As concentration of the rice grain significantly (23-25).
However, also nutrients could be lost by processing the rice (26, 27), and recently, it was
reported that elevated grain As levels also affect human nutrition by decreasing the
content of important nutrients such as Se, Ni and Zn in rice grain (28). All these factors
should be considered when assessing the potential risk of As in rice.
In order to limit As accumulation in paddy soils and its adverse effects on rice quality and
yield, solutions are required that mitigate the extent of As input into soils as well as the
uptake of As by rice. As water treatment in the way required for potable purposes is not
economic for irrigation, one such solution may be to limit the As input to paddy soils by
directing the irrigation water across a pre-treatment field not used for crop production or
through selected ponds, where As-rich water can be oxidated and As therefore coprecipitated together with iron or adsorbed to soil particles. This may be at least a simple
means in areas where groundwater contains high Fe, but will take a part of the land out of
production. Another solution is to develop an alternative water source, but unfortunately
most of the reliable surface water sources have already been exploited and deep
groundwater sources may be limited or run the risk of being over-pumped (29).
Fertilization of P and amendment of Si were suggested to reduce As plant uptake (30,
31), but their efficiency may strongly depend on the conditions at specific sites. At plant
level, developing high-yielding rice varieties more tolerant to As in soils and less sensitive
to As uptake could be another approach. Combined with growing rice under aerated soil
conditions with less irrigation water (32, 33) will further reduce the level of As exposed to
the rice plants and may thus help to attenuate As uptake into rice plants, while in parallel
limiting methane emissions from rice paddies (34).
113

Chapter 5
In conclusion, the results of this work are fundamental to evaluate the risks associated
with current and predicted soil As concentrations from irrigation with As-rich water. Future
research addressing paddy soil As levels need to consider the high spatial heterogeneity
of As within fields. The present data set permitted to assess the specific risk of As
contamination for human and environmental health on a field site in Munshiganj
district/Bangladesh, associated with boro rice production using As-rich groundwater for
irrigation. However, transferring the results to other areas of Bangladesh should be done
with caution, as site-specific differences may play a key role in the nature of As cycling.
With regard to an all-embracing risk assessment, site specificity must be particularly
addressed and emphasized in future research in order to identify As mitigation strategies
for entire Bangladesh.
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