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Understanding the extent of salt-affected soils is important in agriculture for irrigation, crop selection and
land management, and affordable smartphone-based techniques can broaden access to environmental
analysis in resource-limited settings. A novel smartphone-based Digital Image Colorimetry (DImC)
technique using colorimetric chloride test strips has been developed and compared to 3 other field
techniques (direct soil conductivity (Cs;). soil extract solution conductivity (Ce,y). titration test strips (TS))
and 1 lab-based method (chloride analyser (CA)) for the assessment of soil salinity. A survey of soils from
a coastal saltmarsh and neighbouring farmland was conducted in Southwest Scotland and a rapid sample
preparation method suitable for in-field use was evaluated. Comparison of each method with the
reference method (CA) using correlation plots, Bland—Altman plots, and concordance correlation
coefficients, showed that the accuracy and precision of the methods decreased in the order Cqy > DIMC
= TS > Cy,j. The novel DImC method had good accuracy, although the limit of detection (LOD =
20.30 mg L™} and precision was poorer than Cey. The analysis of field-wet soils enabled a rapid
estimate of soil Cl™ in approximately 6 minutes and spatially interpolated maps of soil CI™ concentration,
prepared using smartphone location data, identified areas of elevated soil salinity. Each field analysis
method had specific benefits, and the low cost, portability and lack of specialist equipment required for
the DImC method demonstrated suitability for use in agriculture, citizen science or conservation settings
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1 Introduction

Soil degradation is an issue which has wide-ranging impacts on
environmental sustainability and global food security.* Salini-
sation of soils is a mechanism of degradation which affects over
one billion hectares of land globally** and which is predicted to
increase in future due to human activities and climate
change.*® Salt affected soils have been identified in over 100
countries worldwide spanning all continents.*” The majority of
salt-affected soils are influenced by primary salinisation
processes, such as rising groundwater and coastal intrusion of
seawater.>® However, human actions also make a significant
contribution to salinisation of soils, for example through the
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use of salt-rich groundwater for crop irrigation which can allow
salts to become concentrated in soils,”*® or the use of reservoir
water for irrigation which may cause an increase in ground-
water level allowing the upward intrusion of salt-rich water into
soils.” Human-induced climate change is also a significant
driver of soil salinisation, due to factors including increased sea
level intrusion and decreased precipitation in arid areas.”
These factors are contributing to an overall increase of salt-
affected soils globally, which are estimated to be expanding at
a rate of ~2 Mha per year® with coastal and arid regions
particularly affected.

Soil salinity can have negative impacts on agriculture, with
decreased plant growth, decreased crop yield and even crop
failure.” This in turn has been seen to drive migration and
displacement of people from impacted agricultural areas.™ It is
therefore crucial that farmers and landowners are able to apply
practices to mitigate the impacts of soil salinisation. These
mitigation practices often rely on improved irrigation methods
which can leach salt from the soils or aim to limit the accu-
mulation of salt from irrigation in soils.> “Precision agriculture”
methods can help farmers to make effective land management
decisions by applying targeted and data-driven actions.**®
These methods rely on sensors to make localised measurements
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of soil quality parameters such as moisture content, conduc-
tivity and pH, but often require extensive networks of sensors,
specialist installation, regular maintenance or specific expertise
to apply effectively, all of which may make precision agriculture
prohibitively expensive for some potential users. Smartphones
have been identified as a useful tool to broaden the availability
of precision agriculture methods thanks to their versatility,
common usage and continuing improvement. For these
reasons, smartphone applications have been introduced into
many areas of agriculture including crop estimation, crop
health, water management, and calculation of fertilizer
requirement.” These applications often make use of specific
parts of smartphone capability such as GPS location, camera
image capture and internet connectivity. Smartphones have
also been applied in the analysis of soil chemical parameters
such as nitrate content,'®' soil colour, pH and organic matter
content.>®*!

Chemical analysis techniques using smartphones often use
a technique sometimes referred to as Digital Image Colorimetry
(DImC),* in which digital cameras, smartphone digital cameras
or desktop computer scanners are used as sensors to replace
potentially expensive analytical instrumentation or potentially
unreliable visual colorimetric techniques in detecting the
intensity of colours formed during colorimetric reactions.>*>¢
We use the abbreviation “DImC” for Digital Image Colorimetry
to limit confusion with the abbreviation commonly used in
Environmental Science for Dissolved Inorganic Carbon, DIC.
The widespread accessibility of good quality digital cameras in
smartphones means that DImC methods can be highly
portable, relatively low-cost and the techniques can often be
applied in the field for fast analysis and results.>”** However,
the sensitivity and reproducibility of the methods is highly
dependent on the type of camera used, variable light sources
and inconsistent distance between camera and sample. dos
Santos Benedetti et al. (2015) demonstrated that the choice of
camera used for DImC methods can impact the quality of data
acquired, as cameras with higher resolution tend to show
improved precision and sensitivity compared to cameras with
lower resolution. However, the authors also note that this effect
can be overcome by increasing the area of the digital image
sampled to increase the number of pixels included in the
analysis, thereby making lower-precision cameras (such as
those found in smartphones) suitable for DImC methods.*
Variations in lighting during the data collection stage of DImC
can have a significant impact on method sensitivity, precision
and reproducibility, and different solutions have been
employed to control lighting during image collection, for
example through the use of custom-made sample chambers and
enclosures. Examples include devices which may utilise 3D-
printed components and carefully controlled lighting using
LEDs.>*?”?*32 Such devices benefit from improved reproduc-
ibility of image collection conditions, but may require specialist
or bespoke components and fabrication. Other researchers have
demonstrated the application of low-cost sample chambers
made from repurposed or recycled materials.>****** These
examples have the benefit of low manufacturing cost and
simple preparation, which are useful properties in resource-
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limited settings. The flash of the smartphone has been recog-
nised as useful for illumination during image capture, and
diffusing the light source through a semi-transparent material
to change the angle or intensity of the incident light can reduce
over-exposure or reflections in captured images.**>*® It is also
beneficial to maintain camera settings for uniform image
collection to minimise variations due to automatic camera
settings.*>*® Even with steps in place to control conditions
during image acquisition, variations in image quality are still
possible. Processing of digital images using correction algo-
rithms* and wusing coloured or grayscale -calibration
cards*****>* can minimise the impact of variations in lighting
conditions on the acquired data. For example, Azhar et al. (2023)
demonstrated the benefit of using a colour calibration card for
image analysis of urine samples, which enabled an improve-
ment of the intra- and inter-phone agreement of measured B
and G pixel intensity from “poor” to “exceptional”,*” and Ait-
kenhead et al. (2016), used a grayscale calibration card to
calculate the ratio between measured and expected intensity
values on the calibration card which could then be applied to
correct the measured sample RGB data in bands of 16 intensity
units from 0-255.* The versatility of DImC methods have led to
their application in the analysis of soil quality, such as organic
matter content, pH and soil structure, quantification of
contaminants such as arsenic, and quantification of nutrients,
such as nitrate,!®1921,43-46

We present a novel smartphone-based Digital Image Color-
imetry (DImC) technique using commercially available chloride
test strips and a simple enclosure made using a recycled food
container, for measurement of soil chloride (Cl™) as a proxy for
salinity. The method is compared with 3 other field methods
and one lab-based method to investigate the extent of soil
salinity in a coastal region of Southwest Scotland. The aims of
the investigation were: (1) develop and apply a novel DImC
approach for low-cost quantification of C1™ in soil and evaluate
its accuracy and precision, (2) compare the novel method with
other field methods for evaluating soil salinity, (3) compare the
analysis of field-wet and dried soils for potential in-field appli-
cation of the novel method.

The novel DImC method highlights the potential for simple,
smartphone-based methods to make robust, low-cost analysis
techniques available to a broad range of users and exemplifies
the applicability of smartphones in precision agriculture.

2 Materials and methods
2.1 Sample site and sampling design

The sample site investigated was the RSPB Mersehead nature
reserve, Southwest Scotland. This ~7 km? site was chosen due
to its proximity to the coast, use as an active farm (sheep and
beef cattle), and variety of land-use and habitat types present.
The Western part of the site contains an area of saltmarsh
known as the Southwick Merse, while the Southern extent of the
site is bordered by a belt of sand dunes ~50 m wide which
separates agricultural land from the coastal beach. Other
habitats present include wetland, deciduous woodland,
improved grassland, and semi-improved grassland. Soil salinity

This journal is © The Royal Society of Chemistry 2024
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analysis and mapping methods were employed to determine the
extent of the salt affected soils around the western part of the
site and to investigate variation in soil salinity across the whole
site.

Sample locations were selected using a stratified random
approach with a greater density of points allocated to the
western edge of the census area to account for higher variability
in soil salinity (Fig. 1). A combination auger was used to extract
soil samples to a depth of ~20 cm, vegetation was discarded and
the sample placed in a polyethylene bag.

The sample plan, prepared using QGIS, was uploaded to
smartphone app (Mergin Maps), and sampling points in the
field were identified using the smartphone's built-in GPS
functionality. As well as collection of samples for analysis in the
lab, in situ measurements of soil conductivity, moisture content
and temperature were made using a portable soil sensor
(HydraGO, Stevens) with data collected stored using the
HydraGO smartphone app.

2.2 Analysis of chemical and physical soil parameters

Soil texture was estimated by hand using the method of Sinclair
et al., (2014)* using field-wet soils. Soil samples were dried to
a constant weight in an oven (OP250, LTE) at 40 °C. Dried
samples were disaggregated using a mortar and pestle and
sieved (2 mm) for further analysis. Soil pH was measured ina1:
5 ratio (w/v) solution of soil to DI water using a bench-top pH
meter (SevenCompact, Mettler Toledo).

Soil CI” was evaluated in soil extracts using 4 analytical
methods: A bench-top chloride analyser (MKII Chloride analy-
ser, Sherwood. Abbreviated as “CA”), DImC with test strips
(Section 2.3), titration test strips (Quantab, Hach. Abbreviated
as “TS”), and conductivity (HI98129, Hanna Instruments.
Abbreviated as “Cey”). In addition to the methods analysing soil
extracts, a direct soil conductivity instrument (HydraGo, Ste-
vens. Abbreviated as Cyoj) was used to evaluate the conductivity
of field-wet soils measured in situ (Table 1). Soil extracts for
analysis by CA, Cex, TS and DImC were prepared using both
field-wet and air-dried soil samples. For the dried soil extrac-
tion, a 1:5 ratio (w/v) of dried soil to distilled (DI) water
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Fig. 1 Soil sample locations at RSPB Mersehead nature reserve.
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(conductivity <1 puSiemen cm ') water was prepared by accu-
rately weighing ~4.00 g of soil into a 50 ml centrifuge tube and
adding 20 ml of DI water. The sample tubes were shaken on an
end-over-end shaker (VWR) for 1 hour, centrifuged at 4000 rpm
(TMT-2400XC-50, OCS.tec) for 5 minutes and filtered (qualita-
tive filter paper 413, VWR), with the filtrate used for further
analysis. A faster preparation method using field-wet soils was
also tested. This faster method used a shorter extraction time
and excluded the soil preparation and extract filtration steps. A
level 4 ml measuring spoon of field-wet soil was added to 50 ml
pre-weighed centrifuge tubes. The mass of wet soil added was
weighed for comparison with the dried-soil experiments
(however this weighing stage is optional for faster in-field
application). 20 ml of DI water was added to the tube for
a soil : extractant ratio of 1:5 (v/v). The tubes were shaken by
hand for 2 minutes then left to settle for three minutes, after
which the supernatant liquid was decanted into a clean glass
beaker for analysis.

The soil extracts from both field-wet and dried soils were
used for ClI™ analysis by the methods introduced above and
summarised in Table 1. The CA method was chosen as the
reference method for comparison. Limits of detection (LOD)
and quantification (LOQ) were calculated from the analysis of
blank solutions (DI, 0 mg L™" CI7). The LOD was calculated
using the formula given in eqn (1) and LOQ was calculated
using the formula in eqn (2), where X = mean of >10 analytical
replicates of the blank solution and ¢ = the standard deviation
of the same samples.

LOD (mg L™') = x + 30 (1)

LOQ (mg L™ =x+ 100 (2)

2.3 Digital image colorimetry (DImC) method

The DImC method used semi-quantitative colorimetric chloride
test strips (WaterWorks Chloride Check, ITS Europe) to react
with Cl™ in the soil extracts, forming an increasingly pale purple
colour with increasing concentration (Fig. 2b and c). Test strips
were dipped in the soil extract solution for 10 seconds, then
were left for 30 seconds for colour to develop, as directed by the
test-strip instructions. The digital camera of a mid-range
smartphone (Samsung Galaxy A20e) was used to photograph
the colour developed after reaction with the sample. The
smartphone camera had a resolution of 13 megapixels, and
aperture of f/1.9. Camera settings were fixed so that images were
reproducible and comparable, (ISO = 200, white balance =
4000, and brightness = +0.5). In order for lighting conditions,
distance from the camera to the test strip (11 cm) and picture
background (plastic laminated white paper) to be consistent,
the smartphone was set upon an opaque white plastic container
with a small hole cut through for the camera (Fig. 2a). The flash
of the phone camera was switched on and the flash diffused
through the white plastic of the box to decrease glare and
reflections in the photographs. To further limit the impact of
lighting variation between pictures, a printed and laminated
grayscale calibration card with four rectangles of increasing
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Table 1 Summary of analysis methods used for quantification of soil salinity
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Analysis method Acronym Description Instrument
Chloride analyser CA Chloride in extracted soil solution MKII Chloride Anlayser 926,
analysed with lab chloride analyser Sherwood
(reference method)
Soil extract conductivity Coxt Extracted soil solution analysed HI98129, Hanna Instruments
with portable conductivity meter
Direct soil conductivity Csoil Measurements made in situ using HydraGO, Stevens
portable soil conductivity and
moisture probe
Titration test strips TS Chloride in extracted soil solution Quantab, Hach
analysed with test strips with
a range of 30-600 mg L™"
Digital image colorimetry DImC Chloride in extracted soil solution Chloride Check test strips, ITS

analysed by measurement of RGB
pixels in digital image of
colorimetric test strip

Europe and smartphone digital
camera, Samsung Galaxy A20e

Fig.2 (a) How the smartphone, colorimetric test strip, calibration card
and sample enclosure are used to obtain image data for DImC. (b)
Example image of test strip after reaction with a 0 mg L~ Cl™ solution,
with yellow boxes showing the regions of interest (Rol) on the test strip
and calibration card analysed during the data analysis procedure. (c)
Example image of test strip after reaction with a 100 mg L™ CI~
solution.

grayscale intensity (RGB intensity of [50,50,50], [100,100,100],
[150,150,150] and [200,200,200]) similar to that reported by
Aitkenhead et al., 2016,* was photographed alongside the test
strip (Fig. 2b and c).

2.4 DImC image analysis

Digital images of test strips were analysed using the Fiji distri-
bution of the open source image analysis software, Image]J.*
The RGB composition of the sections of each picture with the

5574 | Anal. Methods, 2024, 16, 5571-5583

coloured end of the test strips and the 4 rectangular areas of
varying grayscale colour were analysed (Fig. 2b). Each picture
therefore generated 5 sets of RGB values, one for each of the
grayscale calibration card areas and one for the coloured
sample. The area sampled in the image of the test strip was
~40-50 000 pixels, while the area of each of the segments of the
grayscale calibration card sampled were ~100 000 pixels, as
measured using the Image] “area” function. Different RGB
calibration options were explored for quantifying Cl~, including
using the intensity of the R, G and B values individually, R/G, R/
B, B/G and grayscale and it was found that the mean value of the
intensity of green pixels (G) increased linearly with CI™
concentration between 0 and 160 mg L' Cl~ (Fig. 3.) The
images and the uncorrected and corrected G pixel intensity data
used for the calibration graph in Fig. 3 are presented in Fig. S3
and Table S1.}
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D
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%‘1 15 i card correction
S d _ X applied
o P23
£ J B %
6’ 95 2 -7 x G uncorrected
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Fig. 3 Linear relationship between the intensity of the green (G) pixel
in digital images of test strips and Cl™ concentration in calibration
standards. Black crosses show the uncorrected G pixel data, and green
squares show the data corrected using the grayscale card. The Rol of
the uncorrected test strip images for each standard concentration are
presented above the graph, with the full images presented in Fig S3.1
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2.4.1 Image correction using the grayscale calibration card.
The printed grayscale calibration card photographed alongside
each sample test strip (Fig. 2) was used to calibrate the G pixel
data retrieved from each image in order to correct for lighting or
photograph artefacts. This was achieved using a linear regres-
sion model of the measured mean G intensity of each section of
the grayscale card against its printed value (50, 100, 150, 200).
The linear regression model generated for each photograph was
then used to correct the measured G value from the image of the
sample test strip using eqn (3), in which ¢ =y intercept and m =
slope of the linear regression model.

Gmcasurc —C
O —0) ®)

Gcorrecled =

The corrected G values were found to improve the precision and
accuracy of the DImC measurement, for example the R? of the
Cl™ calibration line increased from 0.979 to >0.996 (as shown in
Fig. 3), the slope increased from ~0.4 to ~0.65, and the relative
standard deviation of replicate sample measurements and LOD
were improved.

2.5 Calibration and method validation

Calibration standards were prepared from solid NaCl (Norma-
pure, VWR) which was dried in an oven at 105 °C (OP250, LTE)
and stored in a desiccator before being precisely weighed to 4
decimal places (AG204, Mettler Toledo). Calibration standards
(used for all the analysis methods reported) were prepared by
serial dilution in DI water at a concentration range from 0-
2000 mg L~'. Calibration graphs for all methods other than
DImC (which is shown in Fig. 3) are shown in ESI Fig. S1 and
S2.1 The colorimetric test strips used in the DImC analysis have
a reported semi-quantitative working range of 0-500 mg L "
Cl". Two methods of calibrating the DImC method were tested.
The first used an image of the coloured calibration card
provided with the test strips by the manufacturer. The second
method used a series of Cl~ standards from 0-500 mg L™ " with
the linear calibration range found to be 0-160 mg L™". The
calibration made using the image of the manufacturer-provided
calibration card had fewer points (0, 50, 100, 250 and
500 mg L") and lower R” than that using standard solutions,
and therefore subsequent calculations used the calibration
made with standard solutions. To validate the DImC method,
six replicates of a Certified Reference Material (CRM) (Anions in
Soil, Sigma-Aldrich) was analysed. The CRM was extracted for
one hour on an end-over-end shaker with a 1 : 5 ratio (w/v) of soil
to deionized water, centrifuged for five minutes then filtered.
The results of CRM analysis by Ce, TS, CA and DImC were
compared with the certified Cl~ concentration of 497 =+
15 mg L', In addition, a CI~ standard solution (1000 mg L "
Cl™ in water, Sigma-Aldrich) was used to prepare independent
check solutions of 100 mg L™ " which were measured at regular
intervals throughout the sample analysis.

2.6 Statistical analysis

Summary statistics for the results of all methods were calcu-
lated using R* and RStudio (version 2023.03.1+446).

This journal is © The Royal Society of Chemistry 2024
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Comparisons were made between each field method and the CA
method for both field-wet and dried soils. Visual evaluations
were made with scatter plots. A high number of results (>60%)
from some of the methods tested were below the method LOD,
therefore the non-parametric Spearman's rank correlation was
applied to compare field methods with the CA, with values
below LOD replaced with the LOD, as described by Helsel
(2011).*° Bland-Altman (B-A) plots were used for further visual
evaluation of the deviation of the methods tested from the
reference CA method. B-A plots show the paired means of the
results from a test and reference method on the x-axis plotted
against the paired differences for each method on the y-axis.
Values of difference between methods clustered tightly around
0 indicates excellent agreement between the test and reference
methods, while a greater spread of values around 0 indicates
greater variability between the methods. Distribution of points
above or below 0 can indicate a bias in the test method
compared to the reference method.*®* > Lin's Concordance
Correlation Coefficients (CCC)**** were calculated using the
epiR package® in R for a detailed evaluation and comparison of
the field methods with CA. CCC analysis generates a single value
(re) which captures both accuracy and precision of a method
compared to a reference method. Precision of the new method
compared to the reference method is shown by the Pearson
correlation coefficient (r), and the accuracy of the new method is
captured by the bias correction factor (Cy). The scale shift (v)
and location shift (1) describe the deviation of the new method
from the reference method.****

2.7 Spatial analysis

Empirical Bayesian Kriging (EBK) was performed to interpolate
soil variables across the nature reserve using a “leaving-one-
out” cross-validation approach. Where required, data were
transformed to approximate a local Gaussian with a normal
score process and prediction errors evaluated to maximise
interpolation accuracy. Geostatistical analysis and mapping was
undertaken using ArcGIS Pro 3.1 software (Copyright © 2023,
ESRI Inc.) and QGIS 3.28.**

3 Results

3.1 Certified reference material and quality control
standards

The results of analysis of six replicates of the Anions in Soil
certified reference material (CRM) (Sigma-Aldrich) showed
some variability in terms of precision and accuracy of the
methods used (Table 2). CA showed very good accuracy, with the
mean measurement of 510.2 mg kg~ ' being 2.65% higher than
the certified value of 497 mg kg™, which is within error of the
certified value. The precision of CA was excellent, with a relative
standard deviation (RSD) of 1.6%, and a standard deviation >5
times less than the CRM informational value. The results of
analysis by TS gave a mean which was slightly higher than the
certified value, at 529.5 mg kg™', but within the range of the
stated informational values. The precision of TS was very good,
with an RSD of 4.97%. Cex led to a large overestimation of C1™
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Table 2 Results of analysis of certified reference material (CRM) by each method showing the mean Cl™ concentration of 6 replicates, standard
deviation, relative standard deviation (RSD%), 95% confidence interval (Cl) and percentage recovery”

Standard deviation 95%

Method Mean (mg kg™ ") (mgkg™) RSD (%) CI (mg kg™") Recovery (%)
CA 510.2 8.2 1.61 8.64 102.65

TS 529.5 26.3 4.97 27.64 106.54

Cext 1253.2 25.2 2.01 26.42 252.15
DImC 494.4 56.3 11.39 59.12 99.48

CRM certified values 497 — — 15 —

CRM informational values 348-646 47.9 10.00 — —

% CA = Chloride analyser, TS = titration strips, Cex. = conductivity of soil extract, DImC = Digital Image colorimetry.

concentration due to the significant concentrations of other
ions within the CRM influencing conductivity, however the
measurement precision of 2.01% was excellent. Finally, the
accuracy of analysis by the novel DImC method was excellent,
with a mean of 494.4 mg kg™, within 1% of the certified value.
However, the precision of the DImC method was not as good as
the other methods, with an RSD of 11.39%. Based on the
accuracy and precision of analysis of the CRM, all the methods
used showed good potential for the analysis of Cl™ in soils,
therefore the methods were next used for the analysis of soil
samples from the Mershead nature reserve. Blank (0 mg L)
and 100 mg L' CI~ quality control standards were routinely
analysed along with soil sample extracts. The results of the
analysis of blank solutions were used to calculate limits of
detection (LOD) and quantification (LOQ) for each method,
while the analysis of the 100 mg L' standard was used as an
additional check on method accuracy and precision, to
complement the analysis of the CRM. The results of the analysis
of the quality control standards are presented in Table 3.

The test strips used in the TS method had a working range
stated by the manufacturer of 30-600 mg L™ ". It was, therefore,
not possible to calculate a LOD, and 30 mg L™ " was taken as the
LOQ. Comparison of the LOD and LOQ values for all methods
reveal that C.,, method had the greatest sensitivity, with the
lowest LOD and LOQ values, while CA was the second-most
sensitive. The calculated LOD and LOQ values of the DImC
method of 20.30 and 77.08 mg L, respectively, showed the

Table 3 Results of analysis of blank and 100 mg L™ Cl™ quality control
standards (std.) by each method®

CA TS Coxt DImC
Mean blank (mg L) 0.07 — —0.70 —4.03
n blank 30 — 25 24
o (mgL™) 2.19 — 0.33 8.11
LOD (mg L) 6.65 — 0.30 20.30
LOQ (mg L) 22.00 30.00 2.63 77.08
Mean 100 mg L~ " std. 101.71 103.20 97.12 121.61
7100 mg L™ std. 22 11 16 26
o (mgL™) 2.49 3.35 3.74 18.37
RSD (%) 2.45 3.25 3.85 15.11

“ CA = Chloride analyser, TS = titration strips, Cey = conductivity of soil
extract, DImC = Digital Image colorimetry.
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poorest sensitivity of the methods compared, however the
values are still acceptable for the analysis of environmental soil
or water samples with elevated salinity. The analysis of the
100 mg L' standard broadly corroborated the results of the
analysis of the CRM, with CA showing the best accuracy (mean
within 2% of actual concentration) and precision (RSD =
2.45%), while C.,; and TS methods both demonstrated excellent
accuracy (mean within 3.5% of actual concentration) and
precision (RSD < 4%). The results of analysis of the 100 mg L™*
standard by the DImC method gave a mean which was ~21%
higher than the actual concentration, although the RSD was
similar to the analysis of the CRM at 15.11%.

3.2 Results from the analysis of Mersehead soil samples

3.2.1 Soil properties. The 69 soil samples analysed covered
a pH range from moderately acidic to moderately basic (range
4.8-7.9, mean = 6.05, std dev. = 0.58) and a variety of soil
textures from sand to silty clay loam (Table 4). Soils with higher
silt and clay content, and higher pH values, were found around
the western part of the site with dominant saltmarsh habitat,
while sandier soils were dominant for the majority of the
farmed area of the site.

3.2.2 Analysis of field wet soils. Measured Cl™ concentra-
tions of field-wet soils ranged between <1.5-8189 mg kg
(Table S2}). The maximum reported concentration of Cl~ was
generated by DImC and was approximately 1900 mg kg~ higher
than the CA and C,, methods, which had a difference of 484 mg
kg~ '. Sample variance was also higher in the DImC method,
indicating a wider range of determinations. Conductivity data
from the Cy,; method was not able to be converted directly into
equivalent units, however interpolated maps of the DImMC, Ceyt,
TS and Cs,,; methods (Fig. 4) indicate converging descriptions of

Table 4 Soil texture summary

Soil texture n

Sand 4
Loamy sand 7
Sandy loam 16
Sandy silt loam 11
Silt loam 21
Silty clay loam 10
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the distribution of ClI™ at the Mersehead nature reserve.
Broadly, the site exhibited relatively low Cl~ concentrations,
with the highest concentrations of CI™ observed in the western
sections of the site, in the saltmarsh area. Uncertainties in the
interpolation of Cl™, indicated by the residual mean square
error (RMSE) values in Fig. 4, were highest for the DImC method
and lowest for the Cey approach, reflecting the greater variance
of the DImC measurements.

3.2.3 Analysis of dried soils. Dried soils provided a similar
series of observations to the field-wet soils, with ClI~ concen-
trations ranging from 38-8297 mg kg~ * (Table S3}). Similarly to
the field-wet soils, the DImC approach provided the highest
determinations, with CA and Cey roughly equitable. TS had
a markedly lower maximum concentration (5524 mg kg™ ')
relative to other methods and the highest minimum determi-
nation (230.8 mg kg™ ') due to the LOQ defined by the manu-
facturer of 30 mg L™

Similarly to the field-wet analysis, dried samples provided
comparable interpolations of Cl™ at the site (Fig. S4%). The
highest concentrations and RMSE were again observed using
the DImC method and the lowest for TS.

3.2.4 Comparison of methods. The results of analysis by
DIMC, Cex, TS, and Cyoj were first compared with the analysis
by CA for both field-wet and dried soils using scatter plots and
Speaman's rank correlation analysis (Fig. 5), with all methods
showing strong positive correlations with CA. The results from
analysis of dried and field-wet soils by CA and DImC (Fig. 5a and
d) showed that the field-wet soils had slightly stronger correla-
tion coefficient (p = 0.85 and 0.82 for field-wet and dried soils,
respectively), while the method appears to slightly over-estimate
Cl™ concentration in both extraction methods. C., demon-
strated a stronger correlation coefficient (p = 0.9) for dried soils
(Fig. 5b) than the method using field-wet soils (p = 0.81),
although the analysis of wet soils (Fig. 5e) appears to produce
results which are closer to the 1: 1 line across the concentration
range, and can therefore be considered more accurate. TS
showed a strong correlation in the analysis of dried soils

(@) (b)

CA, field-wet Chloride, mg kg* DImC, field-wet

[ — ]
111 8,190

Ghloride, mg kg''
- -
445 6,500

I)_:J

() (d)
Cex field-wet

RMSE: 937 RMSE: 1170

Chloride, mg kg'*
- S
251 6,020

Conductivity, dS m*

RMSE: 882.72 RMSE: 0.93

Fig. 4 Interpolated chloride concentrations for field-wet soils by all
methods at the Mersehead nature reserve. Residual Mean Squared
Error (RMSE) provided for each interpolation.
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(Fig. 5¢, p = 0.84), but appeared to under-estimate the higher
Cl™ concentrations, indicated by the deviation of the modelled
linear regression below the 1 : 1 line. In addition, TS couldn't be
used to analyse the extracts of field-wet soils as the method did
not include a filtration step which led to the strips becoming
blocked by fine soil particles. The Co; method (Fig. 5f) showed
the lowest correlation coefficient (p = 0.80) of all the methods
when compared with the CA results, however, this was still
a significant correlation (p < 0.001). The Co; method directly
measures bulk soil conductivity in situ, and therefore does not
use such a well defined soil mass or volume, and may be
influenced by other soil components such as large pieces of
plant material or stones, which is likely to explain the wider
distribution of values measured by this method.

As is noted by Altman and Bland (1983),”* scatter plots with
correlation analysis and 1:1 line are a useful tool for the initial
interpretation of method comparison data, however reliance on
correlation coefficients can lead to misinterpretation in cases
where a strong correlation may not actually denote method
agreement. Therefore B-A plots and Concordance Correlation
Coefficient (CCC) analysis were used to investigate the accuracy
and precision of the methods compared to the reference CA
method in more detail. The B-A plots (Fig. 6) show that the Cey
method had the narrowest 95% confidence intervals for the
limits of agreement (LoA), demonstrating improved precision
compared to the other methods. The mean of the LoA values for
all methods are relatively close to zero, with the C., analysis of
wet-soils showing the best overall accuracy (mean LoA = —3.59)
and the C.y for dried soils the poorest (mean LoA = —143.82).
There is an indication of bias in the results of TS and C.,. of dried
soils, with a greater deviation in differences at higher concen-
trations. The results of CCC analysis (Table 5) showed that the
Cex method had the best agreement with the CA results, with . =
0.99 and r. >0.99 for dried and field-wet soils, respectively. The
slight over-estimate of C1™ by Ce of dried soils, identified in the
interpretation of the scatter plots, is captured in the higher » and
u values compared to the analysis of field-wet soils by the Cey
method. This highlights the slight deviation from the 1:1 line in
the analysis of dried soils by Cey, however the accuracy was still
greater than the DImC or TS methods and, overall, the accuracy
and precision of the Ce: method was excellent. The DImC
method also compared very favourably with the CA results, with
r. = 0.95 and r, = 0.96 for dried and field-wet soils, respectively.
The lower CCC of the DImC method than the C., method is
explained by both the lower precision (= 0.97 and 0.98 for dried
and field-wet soils, respectively) and lower accuracy (C, = 0.988
and 0.986 for dried and field-wet soils, respectively) of the DImC
method. The TS method also performed well in the analysis of
Cl™ from dried soil extracts, however the CCC of r. = 0.95 was
influenced by the lower accuracy of the method (C, = 0.974),
which was a result of the relatively low scale shift value of » =
0.83. This is indicative of the underestimation of the higher
concentration soil samples, as identified in the scatter (Fig. 5)
and B-A (Fig. 6) plots. Overall, the CCC analysis highlights that all
the field methods used had very good precision and accuracy,
and all would be suitable for the estimation of areas of increased
soil salinity. The Ce solution conductivity method, which is
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Fig. 5 Correlations between alternative methods of Cl™ quantification and the Cl™ analyser (CA) for dried (a—c) and field-wet (d—f) soils. Red
dashes show 1: 1 line. Digital Image Colorimetry = DImC (panels a and d), conductivity of soil extract = Cey (panels b and e), titration test strips =

TS (panel ¢), directly measured conductivity of soil = Cy; (panel f).

a standard method for investigating soil salinity,*® showed the
best accuracy and precision of the field methods tested.

4 Discussion

4.1 Comparison of methods

4.1.1 Method development and testing. Analysis of CRMs
and standard solutions is useful for evaluating method accuracy

and precision when undertaking method development.®* The
methods applied in this study in general showed good agree-
ment with the certified values, and the novel DImC method
showed excellent accuracy for quantification of Cl™ in the soil
CRM, although the precision was poorer than other methods.
Analysis of the 100 mg L' Cl~ standard solutions by DImC
showed an overestimate of ~20% (Table 3), while other
methods showed excellent accuracy. While the reasons for this

a) DImC vs CA (dried soils) b) Clext] vs CA (dried soils) c) TS vs CA (dried soils)
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Fig. 6 Bland—Altman plots comparing the alternative methods of Cl™ quantification with the results of the chloride analyser (CA) for dried (a—c)
and field-wet (d—e) soils. The green line shows the mean of the paired differences, and red lines show the 95% confidence intervals for the limits
of agreement. Points in red are beyond the limits of agreement. Digital Image Colorimetry = DImC (panels a and d), Conductivity of soil extract =

Cext (panels b and e), and titration test strips = TS (panel c).
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Table 5 Concordance Correlation Coefficient (CCC) analysis of the results from dried soils using different methods compared with the chloride

analyser (CA)*

Comparison re (95% CI) r Cp v u
Dried soils CA vs. DImC 0.95 (0.90-0.98) 0.97 0.988 1.12 0.11
CA vs. Cext 0.99 (0.98-0.99) >0.99 0.990 1.08 0.12
CAvs. TS 0.95 (0.91-0.96) 0.98 0.974 0.83 —0.13
Field-wet soils CA vs. DImC 0.96 (0.92, 0.98) 0.98 0.986 1.18 —0.03
CA vS. Cext >0.99 (0.99, >0.99) >0.99 >0.999 0.97 0.00

“r. = concordance correlation coefficient, » = Pearson's correlation coefficient (indicating precision), C, = bias correction factor (indicating

accuracy), v = scale shift, u = location shift.

overestimate by DImC are not clear, there are several factors
which could influence measurements by colorimetric test
strips, such as temperature, chemical interferences, and
chemical degradation.” Golicz et al, (2020) highlight the
impact of temperature on measurements made with test strips
combined with image analysis in the quantification of nutrients
in soil, demonstrating that increasing temperature in 5° incre-
ments from 15 to 35 °C led to an overestimate of the concen-
tration of nitrate and phosphate in standard solutions.* This is
likely to be due to the influence of temperature on the colour
forming chemical reactions occurring in the test strips, which
has been previously highlighted as a limitation of test-strip
methods.”” The impact of temperature during colour forma-
tion was not investigated in this study, and new calibration
graphs were prepared for each day of the analysis. The lack of
systematic bias evident in the comparison of results indicates
that temperature did not have a noticeable effect on results, or
that using a new calibration for each day mitigated any possible
impact. However, possible temperature effects should be
considered for future applications of the novel DImC method.
Chemical degradation may also impact colorimetric reactions,
and it was noticed in the early stages of the study that the colour
of the reactive colour pad of the colorimetric test strips
appeared to get lighter with longer storage times which could
lead to erroneously high results. Therefore new packs of test
strips which had at least 12 months of their manufacturer
stated shelf life remaining were used for the analyses reported.
In addition, the colorimetric test strips used in DImC were very
sensitive to the timing of when the measurement reading was
made, as they continued to turn increasingly pale after the 30
seconds reaction time. All samples and standards were carefully
timed in the same way and photographed after 10 seconds of
immersion in the sample solution and 30 seconds of reaction
time, so this is unlikely to be a source of an error in the analysis
of the standards. The over-estimate of the 100 mg L' CI~
standards was not seen in the results of analysis of the CRM,
which had a mean within 1% of the certified value.

4.1.2 Spatial distribution of salt affected soils. All methods
used proved to be effective for identifying the areas of increased
soil salinity at the site, and all provided comparable determi-
nations of Cl™. The spatial interpolation analysis demonstrated
that all methods for both dried and field-wet soils provided
good spatial agreement for the relative Cl~ concentration,
although there was variability depending on the methods used,

This journal is © The Royal Society of Chemistry 2024

with DImC and C,,; interpolations having higher RMSE
(accounting for 14.3% and 21.3% of the highest measured
value, respectively). The higher modelling errors associated
with these methods can be attributed to the lower precision of
both methods, as variations in data strongly impacts modelled
estimates in spatial interpolation.*® All methods used identified
elevated soil Cl™ concentration in the Western part of the site
(Fig. 4 and S4%}), as would be expected from the saltmarsh
habitat present, while soils in the remainder of the site were
largely unaffected by salinisation. Saltmarsh habitats can have
considerable variability of salinity across relatively small spatial
areas with differences driven by topographic, hydrological, and
climatic factors.> Hydraulic conductivity, impacted by factors
like soil porosity and texture, is a key variable impacting soil
salinity, as soils with high hydraulic conductivity are subject to
salt leaching due to high water flow.** This appears to be an
important driver of soil salinity across the Mersehead site, as
the soils in the saltmarsh area to the west of the site predomi-
nantly had silty soil textures and higher moisture content, while
the areas of the site with low or negligible salinity were domi-
nated by sandy soils and had lower associated moisture content.

4.1.3 Accuracy and precision in the analysis of soil
samples. The samples with highest CI™ concentrations were
slightly over-estimated by the DImC method. In addition, the
calibration range of the DImC method, of 20.30-160 mg L™,
meant that 13 samples required a 2-10 times dilution with DI
water to fit within the linear calibration range. The measure-
ment range was narrower than the other methods tested,
however all methods except C,o; required dilutions to be
applied for the highest concentration samples. The TS method
had good precision, but slightly over-estimated Cl~ in the soil
CRM, under-estimated Cl~ in the Mersehead soil samples, and
showed excellent accuracy for the analysis of 100 mg L™ CI~
check standards. The calibration standards also showed excel-
lent agreement with the calibration scale provided by the
manufacturer (Fig. S2}). It was not possible to use the TS
method for analysis of unfiltered soils, as the opening where
sample solution is introduced to the reactive media within the
strip is very small and became blocked with soil particles (in
line with the manufacturer's instructions, which indicate
filtration is required for analysis of soil samples). The results
suggest that there may be variability inherent in the results of
the TS method when used for soil analysis. This could possibly
be due to fine clay particles making it through coarse filter
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papers and partially blocking the test strip opening, as some
filtered soil extracts appeared slightly cloudy. In previous
studies the TS method has shown excellent accuracy for analysis
of CI” in urine samples,* and application in citizen science
analysis of water samples demonstrated variable precision and
some under-estimation of Cl~ compared to a reference
method.** If this method is adopted for soil analysis in future
studies we recommend comparison of at least some samples
with a reference method, such as the CA method adopted in this
study, to determine if there is an under-estimate of measured
soil Cl7, and possibly the application of additional finer filtra-
tion steps (e.g. syringe filtration with 0.45 pm membranes) to
ensure the complete clarity of sample solutions. In addition,
low sample concentrations could not be accurately captured by
the TS or DImC methods due to the relatively high LOQ values
of these methods, however they both performed well for the
identification of areas of increased salinity. The precision of the
results from the Cy,; method was slightly less than the other
methods used, as is indicated by the lower correlation coeffi-
cient of p = 0.80 (Fig. 5) and the accuracy could not be directly,
compared due to the different measurement units, however the
spatially interpolated maps of salinity across the site showed
excellent agreement with all other methods. The methods used
by probes which give a direct measure of soil conductivity
without the requirement for sample removal or preparation
(such as electrical resistivity, electromagnetic induction, and
time domain reflectometry) are influenced by properties such as
soil texture, water content and bulk density as well as soil
salinity.®>® They are therefore more inherently variable than
other direct measures of soil salinity and Cl~, which explains
the greater variability in the results found by the Cy.; method
used in this study. The Cey method, which measures conduc-
tivity with a 1:5 soil : water extraction ratio, is a standard
method for soil salinity analysis.*® It is therefore unsurprising
that the C.x method was very effective for assessing the Cl™
content of both field-wet and dried soil samples, with excellent
accuracy, precision and working range. However, the results of
analysis of the Anions in Soil CRM highlighted that the estimate
of ClI” could be inaccurate due to the presence of other
conductive ions, e.g. nitrate, ammonium, phosphate, etc. This
effect would also impact the results of the Cg,;; method.
Therefore, if differentiation between salinity from Cl™ and other
soil ions is desired, then the DImC, TS, or CA methods would be
preferable. In the soils analysed in this study from the Merse-
head nature reserve, the conductivity was dominated by salinity
with a coastal NaCl origin, as indicated by the strong agreement
between conductivity and soil CI”™ concentration, and therefore
the conductivity methods were effective for identifying areas of
increased salinisation from salts of marine origin.

4.2 Method application and ease of use

The Cs,y method was user friendly, and provided almost
instantaneous data on soil conductivity and other parameters.
There was no requirement for sample removal or additional
preparation, enabling a large area to be surveyed in a short
amount of time, however the precision of the estimate of
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salinity was lower by this method than other methods. The TS
method was also user friendly, but required the sample filtra-
tion step to avoid blockage, as is noted in Section 4.1. The TS
method has previously been applied in citizen science for
testing water samples impacted by winter road-salt applica-
tions, and the simplicity and speed of the method made it
appropriate for use by non-specialists.®® The DImC and Cex
methods both had good accuracy for the measurement of field
wet soils, which suggests they are both promising methods to
use for quick in-field assessments of soil C1". The data analysis
for all methods was comparable, apart from the DImC method
which has more steps and is more complex and time-
consuming due to the conversion of digital images into raw
data used for calibration and sample measurement. This kind
of image processing can be automated*® and can be carried out
using apps** which could make the method much more user
friendly. Combining DImC with other smartphone functional-
ities, such as recording location and timestamp data, enables
the generation of spatially interpolated maps (such as those
presented in this study), and temporal records of soil salinity
and other key soil parameters. The Mergin Maps app enabled
sample points to be easily located in the field using the smart-
phone GPS capability, however the set-up required to generate
sample points and spatially interpolated maps was more than
would be expected to be undertaken by a non-specialist user.
The need for improvement of the spatial analytical capabilities
in smartphone apps related to soil analysis was highlighted in
the recent review by Sinclair et al, (2024),>* and such an
improvement would help to make the kind of spatial analysis
presented here more accessible to users. The results presented
demonstrate the potential value of improved smartphone-based
apps for spatial analysis of soil parameters to help users analyse
and interpret soil data in precision agriculture and other
analytical applications.

4.3 Analysis of field-wet and dried soils

Fast and simple methods for in-field sample preparation and
analysis are valuable for providing quick estimates to non-
scientists making land-management decisions.'”**** The anal-
ysis methods using field-wet or dried soils led to very compa-
rable results. The CCC analysis demonstrated that there were
negligible differences in the results using the field-wet or dried
soil extraction methods for analysis by Cex and DImC, showing
that the shorter extraction with field-wet soils is effective for the
identification of saline areas, without the requirement for time-
consuming drying, disaggregating, weighing and filtering of
samples. The preparation and analysis of field-wet soils could
be completed in under 6 minutes, compared with more than
a day taken for the preparation of dried soils. The field-wet
extraction procedure presented therefore represents an accu-
rate and rapid method for in-field assessment of soil salinity
when combined with the Ce or DImC analysis methods.

4.4 Cost effectiveness of the field methods tested

Cost of analysis is frequently an important consideration when
planning an experimental measurement, and each of the
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methods used had different set up and sample analysis costs.
The set-up costs are >£2000 for the Cs,; and CA methods, and
~£150-250 for the C., method (depending on the instrument
used). The TS method had a cost of ~£1.50 per sample, while
the colorimetric test strips used with DImC cost ~ £0.40 per
sample. The simple enclosure for DImC made from recycled
packaging also had negligible associated cost. The DImC
method therefore enables very cost-effective quantitative anal-
ysis of CI™ and represents the lowest cost of the analysis options
tested. It could, therefore, be a suitable choice for use in citizen
science, precision agriculture, teaching, or other resource-
limited settings with a large number of participants collecting
data.

4.5 Evaluation of the novel DImC method

There are many factors which can influence the precision of
methods which use smartphone digital cameras as sensors,
with the variability in lighting being a particularly important
variable to control.” Placing the test strips under a recycled
opaque white plastic container, using the grayscale calibration
card, and using fixed smartphone camera settings were effective
measures to enable good image and data reproducibility. This
highlights that costly hardware adaptions or very carefully
controlled lighting conditions are not always required to make
accurate DImC measurements. However, the precision and LOD
of the DImC measurement was still poorer than the other
methods investigated, with RSD% values of ~15% compared to
values of <5% found for the other methods (Tables 2 and 3). The
results from this study are in agreement with other studies
applying smartphone analysis for quantification of nitrate using
colorimetric test strips, and other soil properties, which show
lower precision compared to standard methods, but also high-
light the benefits of the low-cost and ease of accessibility and
application of this type of method.'®'*****> Overall, the novel
method compared favourably with the reference CA method,
with 7. values of 0.95 and 0.96 for dried and field-wet soils,
respectively. However, the results should be interpreted
cautiously and used as indicative, rather than absolute, values
of soil CI” concentration. Future applications of the method
should consider soils from a broader geographical region, with
greater diversity of soil types, underlying geology, and climatic
variables, in order to demonstrate its wider applicability. The
novel DImC method is not a replacement for standard methods
for evaluating soil salinity and Cl~ concentration, however it
demonstrates great promise for identifying areas of elevated
salinity in resource-limited settings.

5 Conclusion

Four field methods, including a novel Digital Image Colorimetry
(DImC) method, were applied to analyse Cl™ in coastal soils of
Southwest Scotland. Each method had benefits for the assess-
ment of Cl™ in soils, and were able to identify areas of elevated
salinity. The direct soil conductivity method (Cs.j) was a good
method for fast and easy measurement of soil conductivity,
however it showed poorer precision than the other methods
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used and has a relatively high cost. The solution conductivity
method (Cey) was excellent for the analysis of overall soil
salinity in both wet and dry soils, however where Cl™ quantifi-
cation is desired the results are likely to be influenced by other
ions in the soil, as was seen in the poor estimate of Cl™ ions in
the CRM. When a filtration step was included, the titration test
strips (TS) had very good precision and accuracy for the analysis
of soil Cl~ at concentrations below ~ 3000 mg kg~ ', however
they underestimated higher concentrations. Finally, the appli-
cation of DImC using colorimetric test strips enabled a quanti-
tative measurement of ClI~ which was low-cost, fast, and
possible to use under field conditions, removing time-
consuming sample preparation steps with no detriment to
precision or accuracy. Combination with smartphone location
data enabled the creation of spatially interpolated maps,
allowing accurate and easy identification of areas of increased
salinity. Further development of the DImC method, for example
with a bespoke smartphone app, would improve the usability of
the method and would enable it to be applied in the field by
non-specialists to achieve a good estimate of soil Cl™ in
approximately 6 minutes. This application of DImC to measure
soil CI"™ highlights the potential for smartphone-based tech-
niques to be used for portable and affordable analysis of soil
chemical properties.
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