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A B S T R A C T

Rice is the primary crop in Bangladesh and rice yield is diminished due to the buildup of arsenic (As) in soil from
irrigation with high-As groundwater. Soil testing with an inexpensive kit could help farmers target high-As soil
for mitigation or decide to switch to a different crop that is less sensitive to As in soil. A total of 3240 field kit
measurements of As in 0.5 g of fresh soil added to 50 mL of water were compared with total soil As concentra-
tions measured on oven-dried homogenized soil by X-ray fluorescence (XRF). For sets of 12 soil samples collected
within a series of rice fields, the average of kit As measurements was a linear function of the average of XRF mea-
surements (r2 = 0.69). Taking into account that the kit overestimates water As concentrations by about a factor
of two, the relationship suggests that about a quarter of the As in paddy soil is released in the kit’s reaction vessel.
Using the relationship and considering XRF measurements as the reference, the 12-sample average determined
correctly whether soil As was above or below a 30 mg/kg threshold in 86% of cases where soil As was above the
threshold and in 79% of cases where soil As was below the threshold. We also used a Bayesian approach using
12 kit measurements to estimate the probability that soil As was above a given threshold indicated by XRF mea-
surements. The Bayesian approach is theoretically optimal but was only slightly more accurate than the linear
regression. These results show that rice farmers can identify high-As portions of their fields for mitigation using
a dozen field kit measurements on fresh soil and base their decisions on this information.

1. Introduction

Much of the irrigation water in rice-growing regions of Bangladesh is
naturally contaminated with high concentrations of arsenic (As). When
rice is irrigated with this water, As concentrations can build up in rice
field soil from background levels of ~5 mg/kg to as high as 40 mg/
kg (Meharg et al., 2003; van Geen et al., 2006; Saha and Ali,
2007; Hossain et al., 2008; Lu et al., 2009; Panaullah et al.,
2009; Dittmar et al., 2010; Neumann et al., 2011; Javed et al.,
2020). Arsenic in soil can be taken up into the rice grain, resulting
in human exposure to As and associated health risks (Heikens et al.,
2006; Duxbury and Panaullah, 2007; Brammer et al., 2009). In
high-As regions, however, drinking water from As-contaminated wells is
a much more significant exposure route (van Geen et al., 2006; Polya
et al., 2008).

Soil As also decreases rice yield, and the buildup of irrigation wa-
ter As in soil is estimated to reduce boro rice yield by 7–26% across
Bangladesh (Abedin et al., 2002; Panaullah et al., 2009; Huh-
mann et al., 2017). Average boro rice yield in Bangladesh is around
4 t/ha (BBS, 2016), and with each 10 mg/kg increase in soil As, boro
rice yield is expected to decrease by 0.6–1.1 t/ha (Panaullah et al.,
2009; Huhmann et al., 2017). Farmers surveyed in our study area in
2016 reported receiving BDT 16 (USD 0.20) per kilogram for their rice.
This implies that if rice fields were contaminated with 30 mg/kg As, for
instance, and farmers could fully mitigate the negative impact of this
As on rice yield, their rice yield would improve by 1.8 t/ha and their
earnings would increase by about BDT 30,000 (USD 375)/ha within
the mitigation area. Such elevated soil As concentrations rarely extend
across an entire field, however, and are usually limited to the portion
of the field closest to the inlet of irrigation water (Dittmar et al.,
2010). Rice farmers considering crop-switching or other interventions
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therefore need to know to where and to what extent their fields are af-
fected by the buildup of As in soil. One complication in terms of ob-
taining a representative value is that, in spite of tilling each season, the
distribution of As in paddy soil is highly heterogeneous down to very
small scales. One reason is preferential accumulation in the iron plaque
that coats the roots of rice plants and heterogeneous distribution of the
iron plaque itself in paddy soil (Dittmar et al., 2010; Garnier et al.,
2010; Seyfferth et al., 2010; Fang et al., 2018).

Various options have been considered to reduce the uptake of soil As
by rice and the impacts of soil As on rice yield. These include provid-
ing cleaner irrigation water, growing As-resistant rice varieties, growing
rice under conditions that are less conducive to As uptake, and remov-
ing the upper layer of As-contaminated soil (Heikens, 2006; Bram-
mer, 2009; Polizzotto et al., 2015). Farmers have also recently be-
gun to dig up and exchange the upper layer of paddy soil with deeper
soil from the same location, placing the deeper, lower-As soil in contact
with the rice roots and improving rice yield (Huhmann et al., 2019).
Another alternative is to switch to other crops such as red lentil, grass
pea, or coriander that are grown aerobically and may therefore not be
as sensitive to the build-up of As in soil. However, farmers lack a rapid,
affordable method to identify high-As soil in order to make such deci-
sions. To provide farmers with the means to identify high-As soil with
a simple method, a field kit routinely used for measuring As in water
(George et al., 2012) was adapted to measure the fraction of soil As
that is leachable in water. The kit measurements were validated against
X-ray fluorescence (XRF) measurements of total soil As in the same soil
samples. One recent study conducted a survey of As in soil from rice
paddies across the Punjab plains of Pakistan, but only 103 samples were
analyzed with the kit and by XRF and the statistical analysis was lim-
ited (Javed et al., 2020). Another study compared kit measurements
and XRF analysis of As in 116 samples of drill cuttings from the Pun-
jab plains of India, but these were aquifer sands very different in nature
from paddy soil (Kumar et al., 2020).

2. Materials and methods

2.1. Experimental sites

The study was conducted in fields irrigated by 21 different wells in
Faridpur district, Bangladesh (Fig. 1). The fields lie within the flood-
plain of the Padma (lower Ganges) River and are representative of silt-
and clay-rich areas across the country where at least one and often two
crops of rice are grown each year. The separation of 15 km at most be-
tween the fields was dictated by practical considerations, specifically
the need to monitor and sample the fields throughout the growing sea-
son to study the relation between rice yield and the As content of soil
(Huhman et al., 2017; 2019). In a first field that was subsequently
no longer studied, the spatial variability of As concentrations in surface
soil irrigated with groundwater elevated in As was documented in De-
cember 2010 by collecting 90 clumps of soil (~10 g) to 2 cm-depth on
a 9 by 10 m grid and homogenizing them by kneading before analysis
by XRF. This is the same field closest to the inlet of irrigation water pre-
viously studied by Panaullah et al. (2009). An additional 16 samples
were collected to 2 cm-depth on a 0.25 m grid between x-coordinates 3
and 4 m and y-coordinates 1 and 2 m.

In the remaining 21 fields, irrigation wells ranged from 5 to 50 years
in age and drew groundwater from 25 to 120 m depth containing
100–300 µg/L As (Table S1). Soil samples were collected and analyzed
over the course of three years within 5 m × 5 m study plots whenever
rice was grown. Each irrigated field contained several plots that were
adjacent to each other and had been manipulated by exchanging soil or
had been left undisturbed as controls (Huhmann et al., 2017; 2019).
Up to two rice crops – boro (winter) and aman (summer) – were grown
at most of the study sites each year. Groundwater is used for irrigation
only for the boro crop in the study area; monsoonal rain is sufficient
during summer. Soil was not collected during seasons when crops other
than rice or no crops were grown.

2.2. Field kit soil As measurements

During each season when rice was grown, 3 soil cores 20 cm in
length were collected within each 5 × 5 m study plot at roughly

Fig. 1. Location of study sites in Faridpur, Bangladesh. Heat map of As in groundwater is from BGS and DPHE 2001.20 Map data is from Google, CNES/Airbus, and DigitalGlobe.
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monthly intervals. Each core was separated into four 5 cm subsamples.
A total of 3,240 subsamples were analyzed using the ITS Econo-Quick
field kit, generally in the field, but sometimes later the same day after
returning to the lab.

The field kit relies on the generation of arsine gas and visual de-
tection on a strip impregnated with mercuric bromide. The kit should
therefore be used in a well-ventilated area even if the test strip is sup-
posed to absorb the highly toxic arsine. The standard procedure for ana-
lyzing water As was adapted to measure soil As by adding 0.5 g of fresh
soil, measured in the field with a portable balance, from each 5 cm inter-
val to 50 mL of local-brand bottled water, which we have always found
to be low in As. The water was confirmed not to contain any As de-
tectable with the kit. The second reagent of the kit, an oxidant to sup-
press potential interference by hydrogen sulfide, was not added because
it was not expected to be an issue, and the standard reaction time was
maintained at 10 min. A soil kit test results in a color on the test strip
that is matched to one of nine possible colored squares, each of which
corresponding to a nominal As concentration referred to hereon on as a
bin (Fig. S1). Extending the reaction time beyond 10 min darkens the
strip further, even when water only is analyzed. No attempt was made
to determine how much longer would be required to reach equilibrium
because this would considerably reduce the practical usefulness of the
kit. Intercalibration with laboratory measurements has shown that the
kit overestimates As concentrations by about a factor of two in ground-
water of the region when using the prescribed reaction time (George et
al., 2012; Reddy et al., 2020).

2.3. XRF soil as measurements

The 106 soil samples collected on a grid within a single field in 2010
were analyzed in cling wrap with an Innov-X Delta Premium portable
X-ray fluorescence spectrometer in the manufacturer’s soil mode. The
core subsamples analyzed with the kit in the field in 2015–17 were sub-
sequently dried in an oven at 40 °C and homogenized by mortar and
pestle before they were also analyzed with the same instrument for a to-
tal counting time of 35–150 s. Soil standards 2709 and 2711 from the
National Institute of Standards and Technology (NIST) were analyzed
at the beginning and end of each day and periodically during longer
sample runs. The measured average and standard deviation for stan-
dard 2711 of 110 ± 8 mg/kg (n = 50) matched the reference value of
105 ± 8 mg/kg. The measured average and standard deviation for stan-
dard 2709 of 16.8 ± 1.6 mg/kg (n = 27) matched the reference value
of 17.7 ± 0.8 mg/kg. All soil As concentrations were above the detec-
tion limit by XRF of 3 mg/kg for the shortest counting time. While high
Pb concentrations can interfere with As measurements, we generally did
not observe Pb concentrations higher than 50 mg/kg and obtained accu-
rate As concentrations when making XRF measurements on NIST stan-
dard 2711 which contains more than 1000 mg/kg Pb. Since XRF mea-
surements of total soil As concentrations have previously been validated
(US EPA, 2006), these are considered the reference values for compari-
son with the soil kit measurements while recognizing that the kit proce-
dure probably releases only a fraction of the total.

Kit and XRF measurements of soil As are first compared for individ-
ual samples, then averages of 3 samples per depth interval, averages of
4 samples per core, and finally plot averages of 3 cores (12 samples)
per season to reduce the effect of spatial heterogeneity. Plot averages
based on the kit are compared to thresholds in As concentrations mea-
sured by XRF in two different ways: on the basis of a linear conversion
of all 12 plot-averaged kit measurements against 12 plot-averaged XRF

measurements and by applying Bayes’ theorem to different combina-
tions of 12 individual kit readings.

2.4. Application of Bayes’ theorem

Within each study plot, Bayes’ theorem (Bickel and Doksum,
2001) is applied to calculate the probability that the mean XRF soil As
is above a chosen intervention threshold, based on the results of m kit
soil As measurements. Bayes’ theorem gives the probability of an event,
such as plot As being above an intervention threshold, based on prior
knowledge of conditions related to that event, such as specific color ob-
servations made with the soil kit. For this application, Bayes’ theorem
can be written as

where is the average soil arsenic concentration measured by
XRF, bini is the color bin observed from a single kit measurement,
and m is the total number of kit measurements made in a study plot.

To apply Bayes’ theorem, several intermediate probabilities based on
the observed XRF and kit soil As measurements were calculated. First,
for each kit color bin we calculate , the prob-
ability of getting that color if mean soil As measured by XRF is above
the threshold, and , the probability of getting
that color if mean soil As measured by XRF is less than or equal to the
threshold (Table 1). Using this information and assuming independence
of each kit measurement, the probability of getting a particular sequence
of m color bins given that mean soil As measured by XRF is above the
threshold can be calculated as

(2)

Similarly the probability of getting a particular sequence of m bins
given that mean soil As measured by XRF is below the threshold is cal-
culated as

The overall probability that mean As measured by XRF is above the
threshold and the overall probability that mean
As measured by XRF is below the threshold is
calculated by counting the number of occurrences of each. The overall

Table 1
Probabilities of occurrence for each soil As bin measured by the field kit overall, and when
soil As is greater than, or less than or equal to, an example 20 mg/kg threshold.

0.01 0.088 0.022 0.175
0.025 0.127 0.049 0.229
0.05 0.235 0.167 0.325
0.1 0.245 0.279 0.2
0.2 0.178 0.269 0.058
0.3 0.102 0.171 0.011
0.5 0.024 0.042 0.001
1 0.001 0.001 0.001
Sum 1 1 1
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probability of each sequence of bins occurring is then

All the probabilities needed to apply Bayes’ Theorem are now avail-
able. These are substituted in Equation (1) to find

, the probability that mean As mea-
sured by XRF is above the threshold, given a sequence of m color bins
observed using the kit (Table 2).

3. Results

3.1. Spatial variability of As in soil

Concentrations of As measured on the 1-m grid (Fig. 2) ranged
widely from 25 to 61 mg/kg and averaged 37 ± 7 mg/kg (n = 90,
1-sigma). For the smaller 0.25 m subgrid, the average As concentration
was 42 ± 6 mg/kg (n = 16). There was no discernable trend within the
gridded area akin to the pattern across a field previously documented on
a larger scale (Dittmar et al., 2010; Panaullah et al., 2009).

3.2. Regression of kit As as a function of XRF As

Kit and XRF As measurements for individual 5-cm intervals were cor-
related during each of the five sampling seasons, with r2 values rang-
ing from 0.4 to 0.5 (Fig. 3). The slopes of the relation obtained by
least-squares regression range for each season from 3.4 to 4.8 μg/L kit
As measured in the slurry per mg/kg As in the soil measured by XRF

(Fig. 3). The intercepts are not distinguishable from the origin. There
is no systematic pattern in these slopes across the years or between the
two seasons. The slope of the relation is slightly larger for the shallow-
est subsamples compared to the deeper intervals (Fig. S2). Kit measure-
ments made on fresh soil across all seasons were combined to develop
a single calibration curve (r2 = 0.4; Fig. 4). The correlation improves
when kit and XRF As values are averaged by depth interval, with 3 sam-
ples averaged per plot per season (r2 = 0.57), or by core, with 4 sam-
ples averaged per plot per season (r2 = 0.52). The correlation improves
further when all 12 intervals collected within a plot in a season are av-
eraged (r2 = 0.67).

3.3. Decision rule for intervention based on linear regression

A primary goal of testing soil As with the field kit is to make a recom-
mendation about whether farmers should intervene to mitigate the im-
pact of soil As on their rice. One possible decision rule for intervention
is to average the kit As concentrations and convert them to an average
XRF concentration using the slope and intercept from a linear regression
as shown in Fig. 4. If the average XRF As is estimated to be above a
certain threshold, intervention is recommended.

For simplicity, we choose 20 mg/kg, 30 mg/kg, and 40 mg/kg aver-
age soil As as measured by XRF as possible thresholds for an interven-
tion. Which threshold to use depends on the costs and the benefits to the
intervening farmer, and more information about these costs and benefits
would be required to choose a specific intervention threshold. Overall,
among the 12-sample averages of soil As measured by XRF on our study
plots, which were selected because they were impacted by As, 61% were
above the 20 mg/kg threshold, 31% were above the 30 mg/kg thresh-
old, and 19% were above the 40 mg/kg threshold.

We check how correctly the 12-sample average of kit measurements
on fresh soil predicts whether a soil’s mean As concentration is above
or below these thresholds, using the regression equation relating the kit

Table 2
Steps in applying Bayes’ theorem to calculate the probability that mean soil As is above a 20 mg/kg threshold given 12 As bins observed with the field kit.

Step
Number Description (Calculation Method) Mathematical Expression

Example
Values

(1) Kit bin values (directly observed) 0.01, 0.01,
0.01, 0.01,
0.01, 0.01,
0.01, 0.01,
0.01, 0.01,
0.01, 0.01

(2) Overall probability that mean As measured by XRF is above soil As intervention threshold
(inferred by counting)

0.567

(3) Probability that each kit bin is observed given that mean As measured by XRF is above soil
As intervention threshold (inferred by counting)

0.022, 0.022,
0.022, 0.022,
0.022, 0.022,
0.022, 0.022,
0.022, 0.022,
0.022, 0.022

(4) Probability of observed kit bins given that observed mean As measured by XRF is above soil
As intervention threshold (calculated by multiplying the probabilities in (3))

1.53 × 10 −20

(5) Overall probability that mean As measured by XRF is equal to or below soil As intervention
threshold (inferred by counting)

0.433

(6) Probability that each kit bin is observed given that mean As measured by XRF is equal to or
below soil As intervention threshold (inferred by counting)

0.175, 0.175,
0.175, 0.175,
0.175, 0.175,
0.175, 0.175,
0.175, 0.175,
0.175, 0.175

(7) Probability of observed kit bins given that observed mean As measured by XRF is equal to or
below soil As intervention threshold (calculated by multiplying the probabilities in (6))

8.04 × 10 −10

(8) Overall probability of observing this set of kit bins (8) = (5)*(7) + (2)*(4) 3.48 × 10 −10

(9) Probability that mean As measured by XRF is above soil As intervention threshold given that
this set of bins is observed (9) = ((4) * (2))/(8)

2.49 × 10 −11
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Fig. 2. Variations in surface soil As concentrations measured by XRF in Parampur in De-
cember 2010 near the inlet of irrigation water elevated in As. Concentrations of As are
displayed as 10 different lines as a function of the x-coordinate for each of the y-coordi-
nates. An additional 16 displayed samples were collected on a 0.25 m grid.

and XRF measurements and treating the mean XRF soil As concentra-
tion as the true mean soil As concentration. For a threshold of 20 mg/
kg mean As measured by XRF, estimated to occur at a mean kit As
of 0.09 mg/L, the kit has 85% sensitivity (true positive rate) and 81%
specificity (true negative rate). That is, of the 166 study plots with
more than 20 mg/kg mean soil As measured by XRF, 141 (85%) are
correctly recommended for intervention by the kit, and 25 (15%) are
mistakenly not recommended for intervention. Of the 104 study plots
with less than 20 mg/kg mean soil As measured by XRF, 84 (81%) are
correctly not recommended for intervention by the kit, and 20 (19%)

are mistakenly recommended for intervention (Table 3, Fig. S3). Over-
all the kit measurements correctly classify 83% of the soil samples rela-
tive to the 20 mg/kg threshold.

Overall, the kit accurately classifies paddy soil with respect to inter-
vention in 85 and 88% of cases relative to mean XRF soil As thresholds
of 30 mg/kg (mean kit As of 0.13 mg/L) and 40 mg/kg (mean kit As
of 0.17 mg/L), respectively. The lowest threshold (20 mg/kg) resulted
in more false positives (lower specificity), where the kit incorrectly rec-
ommended intervention. The highest threshold (40 mg/kg) resulted in
more false negatives (lower sensitivity), where the kit incorrectly did not
recommend intervention.

3.4. Decision rule for intervention based on Bayes’ theorem

The other possible decision rule uses Bayes’ theorem to calculate the
probability that soil As measured by XRF is above a certain threshold
(e.g. 20, 30, or 40 mg/kg) based on a set of field kit measurements. In
other words, a soil is judged to have an above-threshold As (for example,
[As] > 20 mg/kg) if P([As]XRF > threshold | bin1, …, bin12) is greater
than the probability threshold. If this probability threshold is too small,
there is a greater possibility that the soil is erroneously judged to have
an above-threshold As. If this probability is above a certain value, inter-
vention is recommended.

For each soil As threshold, this approach allows for the selection of
a probability threshold between 0 and 1, resulting in different trade-
offs between over-intervening and under-intervening. If our ideal is to
intervene in plots that have an mean XRF As above the chosen soil As
threshold, we can compare the number of correct and incorrect recom-
mendations about intervention made by the kit at different probability
thresholds for soil As thresholds of 20, 30, and 40 mg/kg (Fig. 5). We
can then use this information about the tradeoffs to choose a preferred
probability threshold for intervention.

One possibility is to select a probability threshold that minimizes the
overall percentage of incorrect classifications, that is, a threshold that
minimizes the sum of false positive and false negative kit readings. This
probability threshold is 0.12 for 20 mg/kg (15.6% incorrect), 0.32 for
30 mg/kg (13.3% incorrect), and 0.82 for 40 mg/kg (11.9% incorrect).

Fig. 3. Regressions of soluble As measured with the ITS Econo-Quick Field Kit as a function of soil As measured by XRF for fresh soil samples collected monthly during two boro and three
aman seasons.
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Fig. 4. Regressions of soluble As measured with the kit as a function of total soil As measured by XRF for fresh soil samples collected monthly during the first three months of two boro
and three aman seasons for (a) individual subsamples at 5 cm intervals from 0 to 20 cm depth, (b) the average across the three monthly cores collected during a season for each depth
interval, (c) the average of the four 5 cm subsamples for each 20 cm core, and (d) the average across subsamples and across three months for each site during each season.

Table 3
Accuracy of kit for predicting whether mean XRF soil As is above a 20 mg/kg, 30 mg/kg, and 40 mg/kg threshold for (left) the regression method (regression on an average of 12 kit sam-
ples) compared with (right) the Bayesian method (probabilities calculated from 12 kit samples) calibrated and tested on plots from the aman 2015 through aman 2017 growing seasons.
For this comparison, we use the probability threshold for the Bayesian method that gives the same number of false negatives as given by the linear regression method.
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Fig. 5. Percent of samples incorrectly classified when the Bayesian method was used with the sets of 12 kit measurements to determine whether to intervene at different probability thresh-
olds P([As]XRF > soil As threshold | bin1, …, bin12) for soil As thresholds of 20 mg/kg (left), 30 mg/kg (middle), and 40 mg/kg (right) . False positives are samples where the probability
was above the threshold but the average XRF As was not. False negatives are samples where the probability was below the threshold but the average XRF As was not. The percent of false
positives decreases when a higher (more stringent) probability threshold is used, while the percent of false negatives increases for higher probability thresholds. We also show the overall
percent of samples incorrectly classified, that is, the sum of false positives and false negatives. False positives, false negatives, and overall error are all normalized by the total number of
12-sample sets of measurements.

Different value judgments could lead to other choices of probability
thresholds. If farmers are willing to accept the extra effort that comes
with a false positive, so long as it is very unlikely that they miss an op-
portunity to intervene, a lower probability threshold may be preferred.
Alternatively, if farmers would prefer to sometimes miss an opportunity
to benefit from an intervention, as long as they do not waste resources
on a false positive, a higher probability threshold may be preferred. Thus
with more information about farmers’ assessments of the costs and ben-
efits of intervening, the choice of the probability threshold for interven-
tion could be further optimized.

4. Discussion

4.1. Spatial variability in soil as concentrations measured by XRF

Concentrations of As in the portion of the high-As field sampled at
1-m resolution often varied by a factor of 2 between adjacent samples
(Fig. 2). This was the case also for the portion of the field sampled at
higher spatial resolution and even for the two sides of a clump of soil
that had not been homogenized by kneading (not shown). Small-scale
variability was reduced in the case of XRF measurements by drying and
homogenizing soil. This means a considerable portion of the scatter be-
tween kit and XRF As measurements is likely to be due to the heteroge-
neous distribution of As down to small scales and whether, for instance,
a 0.5 g sample taken for kit analysis includes or not a portion of As-en-
riched Fe plaque (Garnier et al., 2010; Seyfferth et al., 2010; Fang
et al., 2018). The other implication is that obtaining a representative
measure of the mean As content for a portion of a field necessarily re-
quires multiple measurements.

4.2. Variable soil As concentrations measured with the kit

An upper limit for the kit’s expected response can be estimated by
assuming that all As in the soil measured by XRF is released to solution.

Assuming a porosity of 20% and a soil particle density of 2.5 g/cm3,
0.5 g of fresh soil containing 50 mg/kg As could release up to 23 μg As
to 50 mL of solution in the reaction vessel, thereby increasing the As
concentration by 0.46 mg/L. This is a little over twice the average read-
ing of 0.21 mg/L at 50 mg/kg As in soil (Fig. 4). The response of the kit
to As in a slurry of sediment and bottled water is not known and may
vary with the type of soil. Assuming the kit overestimates the As content
of the slurry by a factor of two, as it does in the case of groundwater
(George et al., 2012), the ratio of the predicted maximum reading to
the actual reading suggests that about a quarter of the As in the soil was
released by the kit procedure in this study. This is comparable to the
proportion of phosphate-extractable As and phytoavailable As reported
for paddy soil by Stroud et al. (2011). In two previous studies, one of
wet paddy soil and one of drill cuttings analyzed with the kit, the pro-
portion of total As in the solid phase released to solution appeared to
be considerably higher, for reasons that are presently unclear (Javed et
al., 2020; Kumar et al., 2020).

Over and above the variability in As concentrations measured by
XRF, the regressions between soil As measured by the field kit and by
XRF varied between seasons (Fig. 3). This variability between seasons
could be due to factors related to the kit or the paddy soil. The test strip
in the kit is sensitive to humidity, and thus results may be affected by
how often and under what conditions the jar containing the test strips is
left open. The characteristics of the rice paddy soil may also vary across
time resulting in soil As being more or less available to the kit.

From a practical perspective, unlike the cores collected for this study
to a depth of 20 cm, a farmer would typically collect multiple sur-
face samples to establish the status of a field in relation to the loss in
yield expected from high As concentrations in soil (Panaullah et al.,
2009; Huhmann et al., 2017; 2019). A set of measurements ob-
tained for one season should remain valid for several seasons because
the inventory of As in the soil reflects at least a decade of accumula
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tion. A typical farmer would not have access to a portable balance but
could use the larger of the reagent spoons (volume ~1 mL, i.e. 2 g of wet
soil) provided with the kit, along with a conversion to soil As adjusted
accordingly. Given the high-degree of spatial variability of soil As, it is
unclear that drying and homogenizing a soil sample in order to make
a kit measurement on a better constrained mass of soil would provide
much of a benefit. Prescribing that a soil sample must be dried before
analysis with the kit, without a clear benefit, could on the other hand
significantly limit adoption of the procedure.

4.3. Comparing linear regression and Bayesian decision rules

Both the linear regression and the Bayesian approach for determin-
ing when to intervene involve a calibration. In the linear regression ap-
proach, this calibration involved determining the slope and intercept of
a regression between 12-sample averages of kit As and 12-sample aver-
ages of XRF As. In the Bayesian approach, this step involved calculat-
ing the probability of soil As being above an intervention threshold for

Fig. 6. Comparison of the recommendations for or against intervention made using the linear regression and the Bayesian probability approaches for intervention thresholds of a) 20 mg/
kg, b) 30 mg/kg, and c) 40 mg/kg.
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every possible set of 12 kit measurements. For the Bayesian approach,
each soil As intervention threshold of interest requires a different table
matching kit measurements to probabilities.

In the application phase, the information from the calibration phase
is applied to new kit measurements collected in the field to determine
whether or not the intervention threshold is reached. For the regression
approach, a set of 12 kit measurements are collected and averaged, and
the regression is then applied to them to estimate the average XRF As
for a study plot. This average is compared to the soil As threshold to de-
termine if intervention is recommended. For the Bayesian approach, a
sequence of 12 kit measurements is matched to a pre-calculated proba-
bility of As being above or below an intervention threshold given those
measurements. If this probability is above a selected threshold probabil-
ity, intervention is recommended.

Comparing the calibration and application phases across the meth-
ods, we see that the Bayesian method presents two specific challenges.
First, unlike the regression method, the Bayesian method requires the As
intervention threshold to be known during the calibration phase. Sec-
ond, during the application phase, the Bayesian method requires use of
a lookup table to match a set of kit observations to a probability that
soil As is above the threshold. In contrast, the regression method is just
based on the average kit reading and only requires knowledge of the re-
gression slope and intercept.

On the other hand, the Bayesian approach is the theoretically opti-
mal approach, giving the best results (lowest error rates) possible under
the set of assumptions we have made. There is no fundamental reason to
believe that the field test kit values are actually linear in the true values,
and using the Bayesian method does not require making this assump-
tion. The Bayesian method utilizes all the available information and de-
rives from scratch the relationship between kit observations and XRF
measurements of As, whereas the linear regression approach starts with
the values of As concentration assigned by the kit to each bin and scales
them up to get estimates of XRF As. The Bayesian method is not a more
reliable estimate of the concentration in soil as measured by the test kit
but a more reliable estimate of what the mean XRF would be for set of
soil samples. The Bayesian approach also enables a choice of a proba-
bility threshold, and thus allows for an explicit tradeoff between false
positives and false negatives.

We can compare the amount of error in the recommendations from
the two methods at thresholds of 20 mg/kg, 30 mg/kg, and 40 mg/kg
(Table 3, Fig. S3) to see how accurate the linear regression approach is
compared with the more optimal Bayesian approach. Since the errors for
the Bayesian approach represent different tradeoffs at different probabil-
ity thresholds, for the purposes of this comparison, we choose the prob-
ability threshold for the Bayesian method that gives the same number of
false negatives as given by the linear regression method. This probabil-
ity threshold is 19% at 20 mg/kg, 15% at 30 mg/kg, and 82% at 40 mg/
kg soil As. Comparing the number of false positives, we find that the
two methods give identical numbers of false positives at 30 mg/kg and
40 mg/kg, while the Bayesian method gives a slightly lower number of
false positives (18% versus 19%) at 20 mg/kg. Overall, the linear regres-
sion and the Bayesian methods had a high level of agreement in recom-
mending for or against intervention, with more than 90% agreement at
20 mg/kg and 30 mg/kg soil arsenic thresholds and 98% or more agree-
ment at a 40 mg/kg soil arsenic threshold (Table S2, Fig. 6).

5. Conclusion

Analysis of a dozen samples of soil across a portion of a rice paddy
with the kit can provide a farmer with a good indication of that por-
tion’s status with respect to different thresholds in average As con-
centration. Multiple samples would be required even for XRF mea-
surements given the spatial variability in soil As concentrations across
range of scales. The main advantage of the kit is that, outside a re

search setting, a portable XRF is simply not available in rural Bangladesh
and won’t be for the foreseeable future. The Bayesian method is more
complicated to apply than the linear regression method and gives a sim-
ilar or only slightly lower proportion of false positives when probabil-
ity thresholds are selected that equate the number of false negatives be-
tween the two methods. On the other hand, the Bayesian method en-
ables the selection of a probability threshold, and thus an explicit choice
of tradeoffs between false positives and false negatives. If this advan-
tage of the Bayesian method is not desired, the simpler linear regression
method appears to provide sufficient guidance for or against an inter-
vention.
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