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% Check for updates Dietary deficiency of selenium is a global health threat related to low selenium

concentrations in crops. Despite the chemical similarity of selenium to the two
more abundantly studied elements sulfur and arsenic, the understanding of its
accumulation in soils and availability for plants is limited. The lack of under-
standing of soil selenium cycling is largely due to the unavailability of methods
to characterize selenium species in soils, especially the organic ones. Here we
develop a size-resolved multi-elemental method using liquid chromatography
and elemental mass spectrometry, which enables an advanced characteriza-
tion of selenium, sulfur, and arsenic species in soil extracts. We apply the
analytical approach to soils sampled along the Kohala rainfall gradient on Big
Island (Hawaii), which cover a large range of organic carbon and (oxy)hydro-
xides contents. Similarly to sulfur but contrarily to arsenic, a large fraction of
selenium is found associated with organic matter in these soils. However, while
sulfur and arsenic are predominantly found as oxyanions in water extracts,
selenium mainly exists as small hydrophilic organic compounds. Combining
Kohala soil speciation data with concentrations in parent rock and plants
further suggests that selenium association with organic matter limits its
mobility in soils and availability for plants.

Human deficiencies of micronutrients, including vitamins and trace
elements, often referred to as “hidden hunger”, is a critical obstacle to
the United Nations’ second Sustainable Development Goal to ‘achieve
food security and improved nutrition’ by 2030". These deficiencies
potentially affect already more than 2 billion people worldwide” and
are projected to increase due to soil ecosystems deterioration and
reduction of anthropogenic atmospheric inputs®>. Selenium (Se) is
such an essential micronutrient for human and animal health®. Up to 1

billion people worldwide are estimated to have inadequate Se intakes,
largely due to low concentrations in staple food crops”®. Scant Se
levels in food-crops result from generally low soil Se concentrations
combined with a limited availability for plants, for which Se is not
essential.

The retention and plant availability of micronutrients in soils are
controlled, although not exclusively, by their speciation. Various
inorganic Se species exist in soils, i.e., selenate (Se0,>; oxidation state,
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VI) and selenite (HSeO57/Se0s>; IV) present as free oxyanions in soil
solution or sorbed onto mineral (nano)particles, Se(0) (nano)particles,
and metal selenides (-I)*'°. For simplicity, we denote thereafter sele-
nite as SeO5? (IV). Free and mineral-adsorbed Se oxyanions are con-
sidered mobile and plant-available whereas Se(0) (nano)particles,
metal selenides and Se oxyanions co-precipitated with minerals are
much less, or not at all, mobile and plant available®". Organic Se spe-
cies are also present in soils”>™, but they are only indirectly char-
acterized (by “selective” extractions or difference between total and
inorganic Se) and their behavior remain unclear in different aspects'.
While some studies suggested an immobilization and reduced plant
availability of organic Se®*"""?, others proposed it as an important plant-
available Se pool through its direct uptake (e.g., seleno-amino acids),
its oxidation into plant-available Se oxyanions, and/or the release of
complexed Se oxyanions into solution during organic matter
degradation??, Due to a lack of methods dedicated to organic Se, the
pathways of soil organic Se formation and degradation remain unre-
vealed. Nevertheless, hypotheses about the nature of organic Se were
made based on its chemical similarity to sulfur (S) and arsenic
(As)™21%2*_ Similarly to S, organic Se may consist of Se proteins and
metabolites and/or Se covalently bound to soil organic matter (SOM)
after incorporation of microbially produced hydrogen selenide(-1I)
into SOM. Similarly to As**”’, organic Se may consist of oxyanions
bound to SOM (through ternary complexation) and/or adsorbed onto
mineral (nano)particles coated by SOM. However, the combined spe-
ciation of Se, S and As in soils has not been investigated previously.

Determining soil Se speciation is challenging because of the
generally low Se concentrations. The global average soil Se con-
centration (0.32 mgkg™") is well below the detection limit of solid-
phase techniques such as X-ray absorption spectroscopy (XAS), which
can only be applied to Se-contaminated (seleniferous) soils****. For
common soils, various selective extractions protocols are used, gen-
erally targeting water-soluble, mineral-adsorbed Se oxyanions, and
organic Se (Supplementary Note 1). However, selectivity of these
extractions is questionable®° (Supplementary Note 2). Furthermore,
speciation analysis of soil extracts using selective reduction of
Se(IV)**?°#3 or chromatographic separation of Se oxyanions and
amino acids was sometimes performed™'***2, but the former only
informs on Se oxidation states whereas a large share of extracted Se
species (20-100%) remains unrecovered by commonly used liquid
chromatographic methods. Currently, the predominant nature
(organic vs mineral) and characteristics (e.g., size, charge) of Se species
present in soil extracts remain largely unknown.

In this study, we first develop a method combining size exclusion
chromatography (SEC) with on-line organic matter (ultraviolet detec-
tor; UV) and multi-elemental (inductively coupled plasma tandem mass
spectrometry; ICP-MS/MS) detections to determine Se speciation in
soil extracts. SEC-UV-ICP-MS has previously been used to probe metal
associations with organic macromolecules and inorganic particles in
model systems?*, compost leachates®, freshwaters*** and biological
samples®**, and here we optimize it for 0.1M NaOH and ultrapure
water extracts of natural soils. NaOH is widely used to estimate organic
Se quantity and characterize SOM, while ultrapure water is employed
to assess mobile and plant-available Se™'*** (Supplementary Notes 1
and 3). Our method achieves a high recovery of Se species in both types
of extracts through quantifying small (organo)mineral nanoparticu-
late, organic and free anionic Se forms with semi-quantitative infor-
mation on other elements. Secondly, we apply the developed method
to a selection of contrasting soils and related Se, As and S speciation to
their accumulation in soils and concentrations in plants. We have
selected soils from the well-studied Kohala climate gradient (Hawaii)
that developed on a -150,000-year-old lava flow and under a steep
rainfall gradient (-275-3123 mmy™)*. These volcanic soils are ideal to
develop the SEC-UV-ICP-MS/MS method and to evaluate the extent and
behavior of the organic versus mineral soil Se pools because they cover

a wide range in soil organic carbon (SOC) concentration while being
rich in amorphous (oxy)hydroxide minerals***’, We demonstrate a
large association of Se to SOM, with variable proportions of larger
aromatic versus smaller hydrophilic OM fractions, and a limited
importance of mineral nanoparticles in these soils. In NaOH extracts,
the speciation of Se clearly differs from As but is relatively similar to S
speciation. In water extracts Se and S are however markedly different
with S being mainly present as sulfate while Se predominantly exists as
small hydrophilic organic Se (other than Se-amino acids). By combin-
ing soil, parent rock and plant data from Kohala, we infer that the
dominant organic nature of Se in soils is pivotal to understand its
accumulation in soils and low plant availability.

Results and discussion

Chemical properties and concentrations of Se, As, and S in
Kohala soils

We selected 25 soil samples from different depths at six sites along
the Kohala rainfall gradient (S1-S6). The soil samples cover A- and B
horizons, with the horizon depths being different at each site
(Supplementary Table 1). At the arid sites S1-S2 (rainfall,
275-316 mmy™)¥, there is only sparse vegetation and topsoils
(0-10cm) are eroded by wind****, Sub-humid sites S3-S4
(1340-1578 mm y')*, where mean annual precipitation is close to
potential evapotranspiration, are subjected to intense chemical
weathering*®****, and S3 topsoil also experiences a strong enrich-
ment in nutrients (e.g, phosphorus) through nutrient uplifting**. At
humid sites S5-S6 (2163-3123 mm y™)*, mean annual precipitation
is well above potential evapotranspiration resulting, at site S6, in
intensive leaching and periods of anoxic conditions during heavy
rainfalls where rainfall rates outpace leaching rates leading to water
saturation*®**,

With respect to soil chemistry, the 25 selected samples cover a
wide range in SOC concentrations (1-26 %), pH (4.2-7.1), and con-
centrations of crystalline and amorphous iron (Fe) (oxy)hydroxides
(0.9-7.9% and 0.2-8.0%, respectively; Fig. la-c and Supplementary
Table 2). As previously reported*®*!, SOC concentrations and propor-
tions of secondary amorphous minerals increase along the rainfall
gradient whereas proportions of primary crystalline minerals and pH
decrease. Total soil Se concentrations (0.25-3.6 mgkg™; Fig. 1d),
determined using microwave-assisted digestion (with a mixture of
nitric acid, hydrofluoric acid, and hydrogen peroxide), are repre-
sentative although in the upper range of common soil Se levels*, for
which analyses by solid-phase speciation techniques is hardly applic-
able. As and S concentrations range between 3 and 17 mg kg™ and 0.25
and 2.8 gkg™, respectively (Fig. le, f). Along the gradient, the con-
centrations of Se, As and S in the horizon A increase until the humid
site S5, following the trends of SOC and amorphous Fe (oxy)hydro-
xides concentrations. Between S5 and S6 (the wettest site), the con-
centrations of As in horizon A clearly decrease showing a similar trend
as amorphous Fe (oxy)hydroxides, whereas S concentrations in hor-
izon A increase similarly to SOC concentrations. Like As, Se con-
centrations in horizon A decrease between S5 and Sé6 but to a lesser
extent. In the horizon B, Se and S show similar trends than SOC while
As is again similar to amorphous Fe (oxy)hydroxides.

Characterization of Se species in soil extracts with SEC-UV-ICP-
MS/MS

To obtain a size-resolved and multi-elemental characterization of Se
species in soil extracts (filtered at 0.45 um), we developed a SEC-UV-
ICP-MS/MS method that includes a quantification of Se by on-line
isotope dilution and peak deconvolution. We focused on NaOH
extracts, targeting organic and mineral-adsorbed Se, and on ultrapure
water extracts that are commonly used to estimate mobile and plant-
available Se™'***°, NaOH and water extracts of Kohala soils contain
respectively, 2-80 and 0.8-12 ug(Se) L™, which account for 32-89 and
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Fig. 1| Concentrations of soil organic carbon (SOC), amorphous and crystalline
iron minerals (Feamorphous AN Feécrystariine), Selenium (Se), arsenic (As) and sul-
fur (S) along the Kohala rainfall gradient. Correspondence between soil horizons
and soil depths is given in Supplementary Table 1. The concentrations of Fe,morphous
and Fecryscaine (b and c) were measured by Helfenstein et al.”” on sampled soil

horizon A and B without triplicate and thus no standard deviation value is available.
The concentrations of SOC (a) and of total Se, As, and S (d-f) were determined in

triplicate for each analyzed soil depth samples, and the presented standard
deviations (error bars) consider both the analytical standard deviation (resulting
from the analysis in triplicate) and the standard deviation resulting from averaging
the measured concentrations for soil depth samples to obtain the concentrations
for soil A and B horizons. Invisible error bars for SOC, Se, As, and S concentrations
mean that they are within the symbol.

0.2-2.7% of total soil Se (Table 1), in line with reported extraction
efficiencies (Supplementary Note 3). We tested different types of SEC
columns and mobile phase (Supplementary Discussion 1, Supple-
mentary Table 3). The best chromatographic resolution and recoveries
of Se were obtained with a series of Shodex OH-Pak 803-SB and 802.5-
SB columns (size separation, 0.3-100 kDa; <~40 nm) and a mobile
phase containing 5mmol L™ ammonium nitrate at pH 7 and 9.5 for
water and NaOH extracts, respectively (Supplementary Discussions 1
and 2, Supplementary Tables 3 and 4, Supplementary Figs. 1-4).
From the combination of multiple parameters (size, UV
absorbance, and multi-element intensity) offered by the opti-
mized SEC-UV-ICP-MS/MS method, we could classify Se and other
elements into five size and chemical fractions for both types of
extracts (Fig. 2, Supplementary Discussion 3, and Supplementary
Figs. 5-8). These fractions are: F1. (organo)mineral nanoparticles
likely including Fe (oxy)hydroxides nanoparticles that are mobi-
lized from soils and also potentially formed during NaOH
extraction**®; F2a. larger, more hydrophobic and negatively
charged, Fe-enriched, aromatic OM in NaOH extracts, and F2b.
larger and aliphatic, non-Fe enriched, OM in water extracts; F3.
smaller, less hydrophobic and negatively charged, aromatic OM;
F4. small hydrophilic OM; and F5. free Se, As, and S oxyanions.

Considering all soils, the Se recovery obtained with SEC accounts
for 58-109% of total Se in water extracts (Sewacer) and 95-112% of total
Se in NaOH extracts (Senaon; Table 1). In contrast, 40-100% of Sey,acer
and 38-90% of Senaon are unrecovered with the conventional method
of anion exchange chromatography (AEC) coupled to ICP-MS/MS, with
which only Se oxyanions were detected (Table 1). Importantly, the sum
of concentrations of Se oxyanions obtained by SEC-UV-ICP-MS/MS
matches the one obtained by AEC-ICP-MS/MS (Table 1, Supplementary
Discussion 4, and Supplementary Fig. 9). Apart from Se, high SEC
recoveries (>80%) were obtained for S, Cu, and Zn, known to be largely
incorporated or complexed to OM*™*° (Table 2). Recoveries are,
however, lower for Fe, As and Pb, which are well-known to form or
adsorb to mineral (nano)particles®**>*¢, indicating that soil extracts
contain such fractions that are too large to be eluted by our selected
SEC columns, i.e., larger than columns pore size of ~40 nm. Elemental
quantification of filtrates of water and NaOH extracts (filtered at
20 nm) further indicates a significant fraction of mineral (nano)parti-
cles >20nm, with the proportions of unrecovered Se by SEC in
Kohala topsoil extracts matching those of Se in the <20 nm filtrates of
these extracts (i.e., respectively 66-106 versus 66-100% of Sey,acer and
96-104% versus 96-100% of Senaon; Tables 1-2). The fraction of Sey,acer
that was not recovered by our SEC method (<44%) is thus likely
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Table 1| Selenium (Se) concentrations and proportions in Kohala soil water and NaOH extracts, and comparison between Se
oxyanions proportion and Se species recovery obtained with anion exchange chromatography (AEC) and size exclusion
chromatography (SEC) coupled to ICP-MS/MS

Water extracts

Sample (depth; Se concentration Se proportion® Seoxyanions by AEC®  Unrecovered Se by Se€oxyanions BY SEC? Recovered Se by

horizon) (ug L) (% soil Se) (% Sewater) AEC® (% Sewater) (% Sewater) SECY (% Sewater)

S1(0-10cm; A) 1.0+£0.1 1.2+0.1 262 74+8 24+2 68+6

S1(10-20cm; B) 21+0.2 0.51+0.08 605 40+10 70+6 83+8

S2 (0-10cm; A) 1.3+0.1 1.2+0.2 23+2 77+8 19+1 66+4

S2 (10-20 cm; B) 2.3+0.2 1.0+£0.1 303 709 35+4 889

S3(0-10cm; A) 5.8+0.4 27+0.2 14 £1 86+9 151 106 +12

S3 (10-20cm; A) 3.2+0.1 1.96+0.08 23+1 77+5 15+1 109+4

S3(20-30cm; B) 1.9+0.1 2.07+0.08 19+1 81+4 131 82+3

S3 (30-40cm; B) 1.4+0.1 2.0+0.5 35+3 65+9 35+3 69+5

S3 (40-50cm; B) 0.8+0.1 1.7+0.5 333 67+12 34+3 58+5

S4 (0-10cm; A) 3.8x0.1 1.22+0.04 3.9+0.3 96+5 12+3 936

S4 (10-20cm; A) 3.0+0.3 1.0+0.1 55+0.6 95+14 13+1 77+8

S4 (20-30cm; A) 25+0.1 0.91+£0.06 6.7+0.6 93+6 8.5+0.4 68+3

S4 (30-40 cm; B) 1.6+0.1 0.9+0.1 101 90+M 14 £1 72+6

S4 (40-50cm; B) 1.59+0.04 0.81+£0.04 141 86+4 271 73+2

S4 (50-60 cm; B) 0.83+0.04 0.45+0.03 17+2 83+7 42+2 80+4

S4 (60-70 cm; B) 0.9+0.1 0.65+0.08 25+2 75+8 35+2 79+5

S5 (0-10cm; A) 8.3+0.1 1.5+0.2 <0.5 >99 Undetected 95+3

S5 (10-20 cm; A) 6.5+0.3 1.08 £0.07 <3 >99 Undetected 97+4

S5 (20-30 cm; B) 2.34+0.05 0.49+0.04 <6 >97 Undetected 80+2

S5 (30-40cm; B) 2.54+0.02 0.57+0.04 <7 >97 Undetected 85+1

S6 (10-20cm; A) 121+£0.2 29+0.1 <7 >99 Undetected 94+3

S6 (20-30cm; B) 1.9+0.2 0.27+0.02 <0.7 >97 Undetected 706

S6 (30-40cm; B) 0.9+0.1 0.17+0.03 <0.9 >94 Undetected 72+7

S6 (40-50 cm; B) 0.9+0.1 0.20+0.03 <3 >93 Undetected 75+7

S6 (50-60cm; B) 0.8+0.1 0.20+0.02 <2 >93 Undetected 60+6

NaOH extracts

Sample (depth; Se concentra- Se proportion® Se€oxyanions BY Unrecovered Se S€oxyanions bY SEC® Recovered

horizon) tion (ug L™) (% soil Se) AEC® by AEC° (%Senaon) (%Senaon) Se by SEC*
(%SenaoH) (%SenaoH)

S1(0-10cm; A) 3.8+x04 32+4 42+ 4 58+6 402 102+9

S1(10-20cm; B) 31.2+0.6 53+7 63+5 373 56.1+0.7 108+3

S2 (0-10cm; A) 6.7+0.2 39+5 36.1+£0.9 64+2 341+0.9 102+6

S2 (10-20cm; B) 23+1 66+7 52+2 48+2 442+0.5 102+3

S3(0-10cm; A) 201 59+3 23+1 77+4 30.8+0.4 1014

S$3(10-20cm; A) 15.7+0.2 61+3 36+2 64+3 35.1+£0.6 972

S3(20-30 cm; B) 9+1 67+4 37+2 63+4 39.4+0.8 95+6

S3(30-40cm; B) 6.2+0.6 57+15 42+12 58+17 38.0+0.8 95+5

S3 (40-50cm; B) 43+0.4 5617 47+7 537 514 99+6

S4 (0-10cm; A) 271 601 18.4+0.4 82+2 25.1+0.4 96+5

S4 (10-20cm; A) 29.7+0.6 66+3 29+1 7+3 32.8+0.5 100 +1

S4 (20-30cm; A) 28.4+0.4 70+4 341 66+2 31.3+0.4 1035

S4 (30-40cm; B) 19+1 68+9 19+1 81+5 19.3+0.3 1015

S4 (40-50 cm; B) 21.6+£0.6 69+7 22+2 78+7 20.1+0.3 105+3

S4 (50-60 cm; B) 17.0+0.8 62+5 25+2 75+6 23.9+0.4 108 +11

S4 (60-70 cm; B) 14.9+0.6 69+8 26+1 74+3 24.8+0.4 12+8

S5 (0-10cm; A) 68+3 76 £12 12£1 88+6 11.0+0.2 99+3

S5 (10-20 cm; A) 79+7 86+7 29+3 71+6 271+0.4 97+2

S5 (20-30 cm; B) 55+4 72+5 33+2 67+4 30.2+0.6 99+2

S5 (30-40cm; B) 55+5 79+9 272 73+6 275+0.5 96+2

S6 (10-20cm; A) 50+4 77+7 102 9017 10.6+0.2 102+5

S6 (20-30cm; B) 77+3 70+4 171 83+4 14.6+0.2 1015

S6 (30-40 cm; B) 62+1 70+9 16£1 84+3 13.4+0.2 99+6
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Table 1 (continued) | Selenium (Se) concentrations and proportions in Kohala soil water and NaOH extracts, and comparison
between Se oxyanions proportion and Se species recovery obtained with anion exchange chromatography (AEC) and size

exclusion chromatography (SEC) coupled to ICP-MS/MS

NaOH extracts

Sample (depth; Se concentra- Se proportion® Se€oxyanions BY Unrecovered Se S€oxyanions by SEC? Recovered

horizon) tion (ugL™) (% soil Se) AEC® by AEC® (%Senaon) (%Senaon) Se by SEC*
(%Senaon) (%Senaon)

S6 (40-50cm; B) 531 7612 151 85+6 11.5+0.3 97+5

S6 (50-60cm; B) 45+2 72+4 151 85+5 +0.2 97+7

“The standard deviations provided for the concentrations of Se in the extracts result from the ICP-MS/MS acquisition performed in triplicate.
"The standard deviations provided for the proportions of Se in the extracts include the standard deviation obtained for the concentrations of Se in the extract (see ?) and the one obtained for soil Se

concentrations (soils were digested in triplicate).

°The standard deviations provided for the proportions of Se oxyanions and the Se recovery determined by AEC-ICP-MS/MS include the standard deviation resulting from the analysis by AEC-ICP-MS/

MS of each extract in duplicate and the one obtained the Se concentrations in the extracts (see °).

9The standard deviations provided for the proportions of Se oxyanions and the Se recovery determined by SEC-UV-ICP-MS/MS include the standard deviation resulting from the deconvolution of SEC
Se peaks (using the peak analyzer function “Fit peak-pro” of Origin2018 software) and the standard deviation obtained for the Se concentrations in the extracts (see ?).

associated with >20-40 nm (nano)particles, and future studies are
needed to better characterize this Se fraction in soil water extracts
using a SEC column specific for (nano)particles*® or field flow
fractionation®. Additionally, although only Se(0) nanoparticles of
50-500 nm size have been found in contaminated soils or bacterial
cultures®®>?, we cannot exclude that the fractions F2-4, which we
assigned as organic Se, contain very small Se(0) nanoparticles. Alto-
gether, our developed SEC-UV-ICP-MS/MS method enables a better
understanding of Se cycling in soils and acquisition by plants as it
allows for the identification and reproducible quantification (Supple-
mentary Discussions 5 and 6, Supplementary Figs. 10 and 11) of organic
Se of different size and chemical properties together with free Se
oxyanions and Se associated with small (organo)mineral nanoparticles
(<20-40 nm).

Organic Se is a dominant form in Kohala soils

The distribution of Se among the various SEC fractions we identified in
NaOH and water extracts of Kohala soils is presented for soil horizon A
and B in Fig. 3. 11-56% of Se extracted by NaOH (Sen.on) exists as free
Se oxyanions (F5; Fig. 3a), which were most likely adsorbed onto
minerals®**°. Despite the presence of mineral, likely (oxy)hydroxides,
nanoparticles in these extracts, Se associated with F1 only represents
<3% of Senaon. On the contrary, organic Se (sum of fractions F2-4)
accounts for 44-89% of Sen.on. The proportion of alkaline-extractable
organic Se thus ranges from 19% of soil Se in oxic, mineral soils (1%
SOC) up to 69% in anoxic, organic-rich soils (26% SOC), and strongly
correlates with SOC (Fig. 3b). Organic Se is also a dominant form in
water extracts (13-95% of Seyawers Fig. 3c), where it significantly cor-
relates with dissolved OC (range, 1.8-73 mg(C) L; Fig. 3d). In contrast
to NaOH extracts, in water extracts there is always some Se associated
to (organo)mineral (nano)particles (fraction F1 plus Se fraction
unrecovered by SEC; 23 +13% of Sey.cer), €specially in soils from hor-
izon B and from arid and sub-humid sites, but not always free Se
oxyanions. Se oxyanions are indeed absent in soil horizons A and B at
the humid, SOC-rich sites (S5-S6).

Among organic fractions, Senaon is mostly found in smaller, less
hydrophobic and negatively charged, aromatic OM (F3, 44 +13% of
Senaon) as well as in small hydrophilic OM (F4, 19 +7%) and only to a
minor extent in larger and negatively charged, Fe-enriched, aromatic
OM (F2a, 9 + 7%; Fig. 3a). Similarly, most of the organic Se,y,. is pre-
sent in small hydrophilic OM (44 +17% of Seyacer), and in smaller, less
hydrophobic and negatively charged aromatic OM (18 +12%; Fig. 3c).
Only very little Sey.er is found in larger and aliphatic OM (F2b,
0.6 +£1.2%). Potentially, the small hydrophilic organic Se fraction could
include Se metabolites such as selenosugars (Se-C bound; only iden-
tified until now in Se-enriched plants®), but not SeMet, SeCys, and
methane seleninic acid (MeSeOOH). Indeed, SeMet, SeCys, and
MeSeOOH were not detected by AEC-ICP-MS/MS in Kohala soils

(Table 1) and the retention times of these Se species with SEC did not
match with any peak of F4. Interestingly, the proportions of organic
Senaon in F2a and F3 clearly increase from sites S1 to S6 whereas the
proportion of small hydrophilic organic Sen,on decreases between
sites S1 and S6 from 38 to 7% (horizon A) and 25 to 11% (horizon B;
Fig. 3a), and a similar trend is observed for carbon (Supplementary
Fig. 12). At the driest sites (S1-2), the vegetation cover is scarce, which
results in lower inputs of fresh OM than in (sub-)humid sites S3-6*%"*>,
Additionally, previous lab-studies on natural OM observed that aerobic
degradation of larger, more negatively charged and hydrophobic OM
fractions produce small, more hydrophilic and/or non-aromatic
compounds®**, We therefore infer that the small hydrophilic organic
Se fraction originates from Se association to small hydrophilic SOM
produced by SOM degradation and/or from degradation of large,
more hydrophobic and negatively charged organic Se.

Overall, our study precisely quantifies and characterizes alkaline-
extractable organic Se, thus shedding insight on the degree and types
of Se association to SOM in soils. Previous studies suggested that SOM
could mainly play an indirect role on Se cycling through coating of Fe
oxides (nano)particles to which Se oxyanions are adsorbed'**"** and/or
by favoring (a)biotic Se reduction into Se(0) nanoparticles’***’, which
commonly have sizes >50 nm*°*%, Here, we demonstrate that over a
large gradient of SOC content, variable mineral composition and redox
conditions, organic Se is a dominant Se pool that consists of different
size and chemical fractions.

Extractability, size distribution and speciation largely differ
between Se and As

Much less As is extracted from Kohala soils by NaOH than Se (26 +10%
of soil As against 65 + 12% of soil Se; Supplementary Fig. 13). Moreover,
26-54% of this Asnaon is found to be associated with SOM (Fig. 4a),
accounting for 3-17% of soil As only (Fig. 4b) whereas 19-69% of soil Se
is alkaline-extractable organic Se (Fig. 3b). Most of Asy,on is found
associated with mineral nanoparticles (17-41%) and in the free anions
fraction (17-56%), and this latter likely includes As desorbed from
mineral particles®. Similarly, much less soil As is extracted by water
than Se (0.10 £ 0.07% of soil As against 1.1+ 0.8% of soil Se; Supple-
mentary Fig. 14). Figure 4c provides the distribution of As,,,.er among
the SEC fractions, where the (organo)mineral colloids fraction includes
the fraction “(nano)particles >20 nm” that does not elute out of our
selected SEC columns. These As speciation data are only given for the
Kohala topsoils because the filtration at 20 nm of water extracts and
subsequent ICP-MS/MS analysis (Table 2), allowing estimation of As
recovery by SEC, was only applied to these six soils. Nevertheless, the
proportions of colloidal As >20 nm obtained for these six soils (12-66%
of ASyacers Fig. 4¢) matched well with previous studies conducted on
other sites*®*® and are always higher than the proportions of colloidal
Se >20 nm (0-19% of Seyater; Table 2). In these six soils, organic As
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Fig. 2 | Typical ultraviolet (UV) absorbance and element chromatograms
obtained with the developed SEC-UV-ICP-MS/MS method for Kohala soil
extracts together with their deconvolution. Panel a shows the selenium (Se), iron
(Fe), carbon (C), UV, sulfur (S), copper (Cu), and arsenic (As) chromatograms
obtained for the NaOH extract of the topsoil (0-10 cm) from Kohala site S4
(intermediate soil organic carbon content), while panel b shows the same type of
data for the ultrapure water extract of this soil. The optimized size exclusion
chromatographic (SEC) separation involves two columns (Shodex OH-Pak 803-SB
and 802.5-SB) connected in series and operated with a mobile phase containing
5mmol L ammonium nitrate at pH 7 and 9.5 for ultrapure water and NaOH

Velution (ML)

extracts, respectively. For Se, the mass flow chromatogram (unit, pg L™) resulting
from the on-line isotope dilution is shown while the intensity chromatograms (unit,
counts s™) are shown for the other elements. The background colors indicate the
boundaries of the identified SEC fractions, except the free oxyanions (i.e., HSeO57/
Se05%, SO42 and H,AsO,/HAsO,%) that are indicated with arrows. The vertical
dashed lines show the apex of the identified fraction peak(s). Note that the fraction
F2 corresponding to the first C peak is noted F2a for NaOH extracts and F2b for
ultrapure water extracts because for F2a the peak of C coincides with an UV peak,
while for F2b there is no UV peak associated with the C peak, therefore representing
non-aromatic, aliphatic organic matter.

accounts for 32+13% ASy.er (Fig. 4d) against 75+26% for Seyacers
which together with the data for alkaline extracts, show a larger
association of Se with SOM than As that is more bound to minerals.
Not only are the extents of As and Se association to SOM different
but also their distribution among and within the different defined OM
fractions. Organic Asn,on iS more associated with larger, more
hydrophobic and negatively charged, Fe-enriched, aromatic OM (F2a,
19+11% against 9+7% for Senson) than with smaller and/or less

hydrophobic aromatic OM (F3, 7 + 5% against 9 + 7%; Figs. 4a and 3a).
Even within F3, the Se peaks do not match those of As (Fig. 2),
demonstrating that Se and As are associated with different organic
compounds. The higher proportion of Asyn,on associated to Fe-
enriched OM is in line with previous XAS-based studies establishing
the importance of ternary complexation for As binding to SOM via so-
called Fe(lll)-bridges®. Given the chemical similarities between Se and
As oxyanions, this ternary complexation was previously proposed to
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Table 2 | SEC recoveries for selenium (Se), sulfur (S), copper (Cu), zinc (Zn), iron (Fe), arsenic (As), and lead (Pb) in NaOH
extracts from Kohala topsoils (n = 6), and proportions of these elements in the <20 nm size fraction of ultrapure water and

NaOH extracts from Kohala topsoils (n=6)

Soil Se S Cu Zn Fe As Pb

SEC recoveries in NaOH extracts (% of total extracted element)®

S1(0-10cm; A) 100N 1095 98+2 896 331 85+4 17+£2
S2 (0-10cm; A) 102+8 104+4 109+2 104+18 60+2 84+5 56+4
S3 (0-10cm; A) 99+16 108+5 79 1 88+2 811 85+13 52+2
S4 (0-10cm; A) 102+6 1067 1085 1083 75+2 836 55+2
S5 (0-10cm; A) 92+9 105+4 105+1 94+6 98 +11 811 52+1
S6 (0-10cm; A) 91+2 97+2 102+6 105 811 83+6 54 +1
Proportions of elements found in the <20 nm size fraction of NaOH extracts (in % of total extracted element)®

S1(0-10cm; A) 1004 104 98+1 7+3 2.09+0.04 75+2 22+1
S2 (0-10cm; A) 91+4 1102 1001 103+13 20.6+0.3 881 401
S3(0-10cm; A) 1014 1032 99+1 353 24 +1 835 26+1
S4 (0-10cm; A) 93+3 109+5 1001 44+3 19.6+0.1 76 £1 28+1
S5 (0-10cm; A) 96 +2 931 831 311 5.2+0.1 891 4.6+0.1
S6 (0-10cm; A) 99 +1 102 +1 102+3 98 +1 99+2 934 581
Proportions of elements found in the <20 nm size fraction of water extracts (in % of total extracted element)®

$1(0-10cm; A) 691 99+3 47 £1 1.13+0.02 0.08+0.02 37+2 1.3£0.1
S2 (0-10cm; A) 66+4 97+2 67+1 3.3+0.5 0.60+0.01 53+1 2.8+0.1
S3(0-10cm; A) 95+2 97+1 82+1 7.9+0.3 1.47+0.02 D8EIS 2.0£0.1
S4 (0-10cm; A) 951 95.3+0.3 76 £1 121 0.85+0.01 34+2 1.65+0.04
S5 (0-10cm; A) 99+3 100+ 6 98+2 M1 19.4+0.4 78+6 9.6+0.4
S6 (0-10cm; A) 1002 94 +1 101+2 1M4+8 56+1 88+5 39+1

“The SEC recoveries presented here were determined for each element by summing-up the concentrations measured by ICP-MS/MS in SEC fractions collected using an ISCO Foxy R R1 TELEDYNE
fraction collector (with which maximal four fractions could be collected). For each element, the given standard deviation includes the standard deviations of the element concentration in each
collected fractions and the standard deviation of the total element concentration in the extracts (with ICP-MS/MS acquisition being done in triplicate for all elements, fractions and soil extracts).
"The proportions of elements found in the size fraction <20 nm were determined after quantifying the elements in filtrates of NaOH and water extracts filtered at 20 nm, and are expressed in % of the
element concentration in the NaOH and water extracts filtrated at 0.45 pm that are used for SEC-UV-ICP-MS/MS analysis. The standard deviations include the standard deviation obtained for the total
elements concentrations in both the extracts filtered at 20 nm and at 0.45 pm (with ICP-MS/MS acquisition being done in triplicate for all elements and extract filtrates).

be an important mechanism for Se as well'***. By showing that up to
11% of Senaon is associated with the Fe and As enriched OM fraction,
our data suggests that Se ternary complexation may occur in soils,
however, is not a dominant mechanism of Se association to SOM. Until
now, one study has investigated the feasibility of ternary Se(IV)-Fe(lll)-
SOM complexation using a model system (i.e., Se(IV) incubation with
reference humic substances pre-equilibrated with Fe(lll))**. However,
the SEC-ICP-MS method used in this earlier study was not resolutive
enough to distinguish between these complexes and Se(IV) adsorbed
to nanometer-sized Fe(lll) (oxy)hydroxides that form in such model
system***’,

Se and S extractability are similar but their speciation strongly
differs

Similarly to Se, a large share of Kohala soil S is extracted by NaOH
(53+12% versus 65+12% of soil Se; Supplementary Fig. 13), and
1.8 +1.3% of soil S is extracted by water (versus 1.1+ 0.8% of soil Se;
Supplementary Fig. 14). Although their alkaline and water extrac-
tabilities are similar, the speciation of Se and S is different. Snaon i
more abundant in the larger, more hydrophobic and negatively
charged, Fe-enriched, aromatic OM (F2a, 28 +17% of Snaon against
9+ 7% for Senaon) and much less in the small hydrophilic OM (F4,
4 + 2% of Snaon against 19 + 7% of Senaon; Figs. 5a-3a). In water extracts,
only 25+13% of Syaeer iS Organic, against 66 +21% for Seacer, and the
dominant S compound is free sulfate ion (SO42(VI), 74 +14% of Syater;
Fig. 5¢c, d) whereas free Se oxyanions account for only 13 +15% of
Seyater- Within the water-soluble organic fractions, up to 20% of Syacer is
associated with larger and aliphatic OM (against < 4% for Seacer), While
only 7 £ 6% is found as small hydrophilic organic S (against 45 + 17% for
Seater). Through demonstrating contrasts between Se and S organic

forms, and more generally their speciation in water and NaOH
soil extracts, our results indicate that sources, formation and/or
degradation pathways of soil organic Se and S may be significantly
different.

Using XAS, soil organic S has been shown to occur in various
moieties and oxidation states, i.e., thiols (C-SH), sulfide (C-S-C), sulf-
oxide (C-SO-C), sulfone (C-SO,-C), sulfonate (C-SOj3), ester-sulfate
(C-0-S05)". Qin et al” applied XAS to Se-contaminated soils
(>10 mg(Se) kg™ and concluded that organic Se involves Se(-ll)-C
binding. However, the organic Se moieties and oxidation state still
remain unsure, as the only organic Se standards commercially avail-
able for XAS spectra fitting are Se(-ll, -I)-C containing compounds. By
applying SEC-UV-ICP-MS/MS to soil extracts, our study provides a
comparison between organic Se and S in term of their overall structure
(i.e., size, negative charge, and aromaticity). Notably, it highlights large
proportions of organic S but only low proportions of organic Se
associated to the larger and aliphatic OM fraction (F2b) of water
extracts at the (sub)humid Kohala sites S3-6. This aliphatic organic S
fraction most probably includes aliphatic sulfonates, sulfolipids and/or
other aliphatic S compounds produced by bacteria and/or plants®*,
for which Se-analogs were to the best of our knowledge never identi-
fied. By combining the speciation data for Kohala soils with data on Se
and S concentrations in dominant plant species collected at Kohala
study sites (Supplementary Table 5), we further observed that the
ratios of organic Syaon to organic Senaon in soils are always much lower
than the S to Se ratio in plant roots and leaves (Supplementary Fig. 15).
Moreover, S concentrations are higher in leaves than in mixed roots
whereas the opposite is found for Se (Supplementary Fig. 16). These
results suggest that organic Se is mostly formed in soils in contrast to
organic S that includes an important pool coming from plants that
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Fig. 3 | Speciation of selenium (Se) in NaOH and ultrapure water extracts of
Kohala soils along the rainfall gradient. Panel a provides the distribution of Se
among the five identified size exclusion chromatography (SEC) fractions in NaOH
extracts of soil horizons A and B. Panel b shows the proportion of NaOH-extractable
organic Se (sum of SEC fractions F2-F4) in all analyzed soils (n = 25) as a function of
soil organic carbon (SOC) concentrations. Panel ¢ provides the distribution of Se
among the five identified SEC fractions in ultrapure water extracts of soil horizons A
and B, where the proportions of water-soluble Se unrecovered by SEC, likely cor-
responding to Se associated to >20 nm colloids, was added to SEC fraction F1. Panel

d shows the proportion of water-soluble organic Se (sum of SEC fractions F2-F4) in
all analyzed soils (n = 25) as a function of dissolved organic carbon (DOC) con-
centrations. Correspondence between soil horizons and soil depths is given in
Supplementary Table 1. For all presented data, the error bars represent standard
deviations, which consider (i) the standard deviation obtained during the SEC peak
deconvolution; (ii) the standard deviation of soil Se concentrations that were
determined in triplicate (for data in panels b and d); and (iii) the standard deviation
resulting from averaging the measured data for soil depth samples to obtain the
data for soil A and B horizons (for data in panels a and c).

actively take up airborne S, which is transformed to organic S within
the plant®*.

Soil enrichment of Se, As and S explained by their speciation
Insights into soil Se accumulation can be obtained by looking at the
enrichment factors with respect to parent rock (EFs) of total Se and
NaOH-extracted Se species in soil horizon A along the Kohala rainfall
gradient, and by comparing them to enrichment of As and S (Fig. 6).
Kohala soil parent rock contains 0.140+0.005mg(Se) kg7,
3.1+ 0.1mg(As) kg™ and 0.06 g(S) kg, and the EFs of soil Se, As and S
resulting from both soil development processes and atmospheric
inputs*®* are 112-1358%, 54-326%, and 343-4237%, respectively
(Fig. 6a-c). Atmospheric inputs are not a focus of our study, but rainfall
and dry atmospheric depositions derived from sea-salt, volcanic dust
and/or Asian dust are known to dominate S inputs in Kohala soils®*. It is
likely that atmospheric depositions are also important Se sources to
these soils’, given that soil Se EFs values are between those of S and Pb
(for which the atmosphere is a main source to Kohala soils®***) and
those of Fe, titanium, and manganese (for which parent rock weath-
ering dominates the inputs®*; Supplementary Fig. 17).

Along the rainfall and SOC gradient, the EF of soil Se and total
organic Senson increases, except at site S6 (site of strong
leaching*****) where it decreases by 2 times compared to site S5
(Fig. 6a). In contrast, the EF of mineral-adsorbed Se(IV) (estimated
from Se(lV)naon)*?° remains stable between S3 and S5 despite

increasing content of amorphous Fe (oxy)hydroxides (Fig. 1b) that are
often considered as a key controlling phase of soil Se accumulation
(especially in volcanic soils)**°. In addition, the EF of soil Se that is not
extracted by NaOH, which likely includes Se strongly sorbed to
minerals, Se(0) nanoparticles, metal Se(-l)**> and non-extractable
organic Se, decrease from S3 to S5 (Fig. 6a). These results clearly
shows that SOM increasingly drives soil Se accumulation along the
climosequence with Se association to alkaline-extractable SOM
explaining ~50 up to 70% of Se accumulation in soils containing 5-7%
(sites S3-S4) up to 16-26% (sites S5-S6) of SOC. Our data further indi-
cates that the loss of soil Se at site S6 results mainly from a loss of
mineral-adsorbed Se(IV) and small hydrophilic organic Se, and to a
lesser extent of larger, more negatively charged and hydrophobic
organic Se. Indeed, the EF of small hydrophilic Se and Se(IV)naon
decrease 4 times between S5 and S6, while the EF of the other organic
Se fractions decrease 1.3-1.7 times (Fig. 6d). Mineral-adsorbed Se(IV) is
probably desorbed due to the intense leaching occurring at this site
and the reductive dissolution of (oxy)hydroxides occurring during
heavy rainfall*>*, Interestingly, at site S6, the loss of soil As that is more
bound to minerals (see Asnaon bound to mineral colloids, As(V)naou,
and As non-extracted by NaOH?) is two times greater than for Se
(Fig. 6a, b). The contrasting forms between soil Se and S also explain
the lower Se then S accumulation at site S6. Whereas small hydrophilic
organic Se and mineral-adsorbed Se(IV) can be leached out (Fig. 6d), S
that is largely present as larger and/or more hydrophobic organic
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Fig. 4 | Speciation of arsenic (As) in NaOH and ultrapure water extracts of
Kohala soils along the rainfall gradient. Panel a provides the distribution of As
among the five identified size exclusion chromatography (SEC) fractions in NaOH
extracts of soil horizons A and B. Panel b shows the proportions of NaOH-
extractable organic As (sum of SEC fractions F2-F4) in all analyzed soils (n =25) as a
function of soil organic carbon (SOC) concentrations. Panel ¢ provides the dis-
tribution of As among the >20 nm colloids fraction (determined by As quantifica-
tion in extracts filtered at 20 nm) and the five identified SEC fractions in ultrapure
water extracts of the six Kohala topsoils (0-10 cm). Panel d shows the proportions

of water-soluble organic As (sum of SEC fractions F2-F4) in the six topsoils as a
function of dissolved organic carbon (DOC) concentrations. Correspondence
between soil horizons and soil depths is given in Supplementary Table 1. For all
presented data, the error bars represent standard deviations, which consider i) the
standard deviation obtained during the SEC peak deconvolution; ii) the standard
deviation of soil As concentrations that were determined in triplicate (for data in
panels b and d); and iii) the standard deviation resulting from averaging the mea-
sured data for soil depth samples to obtain the data for soil A and B horizons (for
data in panels a and c).

compounds appears less leachable (Fig. 6¢, f). Our data thus show that
although Se association to SOM overall immobilizes Se thereby pre-
venting this micronutrient from being leached out, the capacity of
SOM to retain Se depends on Se distribution among the different
chemical and size organic fractions.

Relationships between Se and S concentrations in plants and
their water-soluble speciation

To get insights into plant Se availability, we related Se and S speciation
in water extracts with Se and S concentrations in leaves from the
dominant plant species and in a mixture of roots at each of the study
sites. First, plant Se and S concentrations are much higher at the
nutrient-uplifting site S3 than at the other five sites (Supplementary
Fig. 16). For example, grass leaves contain 1.5+ 0.2 mg(Se) kg™ and
2.7 +0.2g(S) kg™ at site S3 versus <0.2 mg(Se) kg™ and <2.7 £ 0.2 g(S)
kg™ at the other sites. Site S3 is however a specific Kohala site where
nutrients are enriched in topsoils with respect to deeper soils, and the
water balance probably favors the plant-uptake of nutrients (pre-
cipitation is very close to evapotranspiration)**, Aside from this
peculiar site, the lowest plant Se concentrations are found at sites S5-
S6 (average, 0.080 = 0.008 and 0.15 +0.03 mg kg™ in grass leaves and
mixed roots, respectively; Supplementary Fig. 16a) where Seaer is
dominated by organic forms and does not include free Se oxyanions
(Fig. 3c). Compared to sites S5-S6, plant Se concentrations are two
times higher at SI, S2 and S4 (average, 0.19+0.04 and

0.29+0.05mgkg™ in grass leaves and mixed roots) where free Se
oxyanions accounts for 5-26% (horizon A) and 16-57% (horizon B) of
Sewater (Fig. 3c). In contrast to Se, the concentrations of S in grass
leaves and mixed roots are twice higher at (sub)humid sites (average
$4-S6, 1.93+0.05 and 1.3+0.1gkg™, respectively) than at arid sites
(average S1-S2, 1.06+0.06 and 0.78 +0.01g kg™, respectively; Sup-
plementary Fig. 16b). When excluding the nutrient-uplifting site S3, the
concentrations of Se oxyanions in topsoils (0-10 cm, corresponding to
the penetration depth of plant roots analyzed; data shown in Supple-
mentary Fig. 18) positively correlate with the Se concentrations in plant
leaves and roots (p < 0.05; Fig. 7a). Similarly, the water-soluble sulfate
concentrations positively correlate with the S concentrations in plant
roots (p<0.05), and there is a positive trend between the water-
soluble sulfate concentrations and the S concentrations in plant leaves
(p=0.19; Fig. 7b). From these correlations and the more prominent
fraction of S than Se found as free oxyanions (Figs. 3c and 5c), we infer
that the high proportion of organic Se in the water-soluble phase,
although mainly composed of small hydrophilic compounds (other
than plant-available Se-amino acids), limits Se availability for plants.
In contrast to Se for which there is a negative trend between the
concentrations of organic Se fractions and the Se concentrations in
plant leaves and roots (p = 0.19; Fig. 7c), the concentrations of organic
S in larger and aliphatic OM and smaller and/or less hydrophobic,
aromatic OM positively correlate with plant S concentrations (Fig. 7b,
d). This could be explained by plants being an important source of
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Fig. 5 | Speciation of sulfur (S) in NaOH and ultrapure water extracts of Kohala
soils along the rainfall gradient. Panel a provides the distribution of S among the
five identified size exclusion chromatography (SEC) fractions in NaOH extracts of
soil horizons A and B. Panel b shows the proportion of NaOH-extractable organic S
(sum of SEC fractions F2-F4) in all analyzed soils (n = 25) as a function of soil organic
carbon (SOC) concentrations. Panel ¢ provides the distribution of S among the five
identified SEC fractions in ultrapure water extracts of soil horizons A and B. Panel
d shows the proportion of water-soluble organic S (sum of SEC fractions F2-F4) in

all analyzed soils (n = 25) as a function of dissolved organic carbon (DOC) con-
centrations. Correspondence between soil horizons and soil depths is given in
Supplementary Table 1. For all presented data, the error bars represent standard
deviations, which consider i) the standard deviation obtained during the SEC peak
deconvolution; ii) the standard deviation of soil S concentrations that were
determined in triplicate (for data in panels b and d); and iii) the standard deviation
resulting from averaging the measured data for soil depth samples to obtain the
data for soil A and B horizons (for data in panels a and c).

organic S (but not Se) to soils via litterfall and root deposit after
internalization of gaseous S in organic S®, but also by the mineraliza-
tion of organic S into sulfate, which is an essential process for S
acquisition by plants®®. Mineralization of water-soluble organic Se
into Se oxyanions was previously proposed to be an important process
in Se uptake by plants as well'**22, but our data suggest a less efficient
mineralization of both large and small organic Se forms into Se oxya-
nions as compared to S. Whether this is true or not and is related to the
intrinsic chemical properties of Se species or soil enzymatic activities
calls for further studies to investigate the processes of organic Se
formation and degradation in soils in more details.

The SEC-UV-ICP-MS/MS method presented in this study offers a
window into the black-box approach of soil extractions that remains
central to assess the speciation of Se and other elements in soils. As the
necessary instrumentation is relatively easily accessible compared to
advanced solid-phase techniques such as XAS, this method will enable
the investigation of large collections of soils and their pore waters as
well as the study of time-resolved experiments performed with natural
soils. Furthermore, our SEC method can be combined with high-
resolution mass spectrometry after appropriate sample or fraction
pre-concentration. This will allow structural elucidation of organic
forms of trace elements and thus better inform on the mechanisms for
trace element binding or incorporation into SOM as well as on the
degradation and plant availability of the organic-trace element com-
plexes or compounds. More specifically for Se, an important next step
is to test the positive correlations observed between the alkaline-

extractable organic Se and SOC at larger spatial-scale and across
agricultural systems. Such statistical relationships may indeed offer
the possibility to model soil Se speciation and plant availability, which
are of key importance to predict crop Se contents and future trends in
Se status in food-crops with changing climate and soil management>°¢,
Although we prove that multi-element speciation in soil extracts is
feasible, optimizations are still needed for cationic trace elements
(e.g., Zn* or Cu?®) to extract their organic fractions without potential
re-precipitation (e.g., into ZnO)) occurring during alkaline extraction
and to elute their ionic forms. Using SEC columns specific for
nanoparticles*® or field flow fractionation® would also be important to
characterize the size fractions >20-40 nm of water-soluble Se and As.
By providing a blueprint for developing multi-element speciation
datasets, our SEC method represents an important step towards a
better understanding of micronutrient availability and uptake, which
are critical information to improve nutrition and combatting hidden
hunger.

Methods

Sample collection and preparation

The soil and plant (leaves and mixed roots) samples were collected in
February 2015, and a parent rock sample was hammered out of an
exposed bedrock near site S1 in March 2017. Soil samples were air-
dried and gently ground using a mortar before sieving to <2 mm using
a Retsch sieve. The sieve and mortar were subsequently rinsed with
ultrapure water, ethanol and dried between samples. The <2 mm
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Fig. 6 | Enrichment factors (EFs) with respect to parent rock of total soil sele-
nium (Se), arsenic (As), and sulfur (S) and of NaOH-extracted Se, As, and S
species in soil horizon A along the Kohala rainfall gradient. Panel a provides the
EFs of total soil Se as well as of total organic Senaon, S€naon OXyanions, Senaon
associated to mineral nanoparticles and Se non-extracted by NaOH in soil horizon
A. Similarly, panel b provides the EFs of total soil As as well as of total organic
ASnaon, ASnaon OXYyanions, Asy,oy associated to mineral (nano)particles and As non-
extracted by NaOH in soil horizon A. Panel ¢ provides the EFs of total S as well as of
total organic Snaon, Snaon OXyanions, and S non-extracted by NaOH in soil horizon
A. Panels d-f show the EFs of the different organic Senaon, ASnaon and Snaon

fractions in soil horizon A, respectively. Note that an EF value below and above
100% indicate a loss and accumulation of the element with respect to parent rock,
respectively. For all presented data, the error bars represent standard deviations,
which consider i) the standard deviation of soil Se, As and S concentrations that
were determined in triplicate (for data in panels a-c only) or the standard deviation
obtained during the SEC peak deconvolution (for data in panels d-f only); ii) the
standard deviation of parent rock Se, As and S concentrations that were deter-
mined in triplicate; and iii) the standard deviation resulting from averaging the
measured data for soil depth samples to obtain the data for soil A horizons.

fraction was then ground using a disc swing mill (RS1, Retsch). The
mixed roots were carefully cleaned in 6 mmol L' ammonium sulfate
(trace metal analysis; Sigma-Aldrich) at a temperature of 4 °C in six
subsequent baths. The cleaned roots and plant leaves were then
freeze-dried and ground with the disc swing mill. The parent rock
sample was broken using a hammer and ground with the disc swing
mill (RS1, Retsch).

Determination of soil properties

Soil pH was measured in 10 mmol L™ CaCl, (soil:solution ratio 1:2.5)
after 2 h of equilibration using a combined pH electrode. Total carbon
(TC) and nitrogen (TN) contents were determined using a CNS analy-
zer (Euro EA 3000; Eurovectors SPA) and total inorganic carbon (TIC)
was measured with a Coulomat (CM 5015 Coulometer; UIC Inc). Total
organic carbon (TOC) was calculated as the difference between TC and
TIC. The estimation of amorphous and crystalline Fe (oxy)hydroxides
by oxalate and dithionite citrate bicarbonate extractions and sub-
sequent Fe quantification in the extracts was taken from Helfenstein
etal?.

Element quantification in soils, rock and plant leaves and roots
Soils and rock. S and niobium (Nb) were quantified by X-Ray
Fluorescence spectroscopy (Spectro, XEPOS) on pellets prepared
with 4 g of grounded soil or rock mixed with 0.9 g of wax (Cereox,
Licowax). Se, As, Fe, Cu, Zn, and Pb were quantified by ICP-MS
after microwave-assisted acid digestion (MLS GmbH, UltraCLAVE
4). Fifty mg of soil or parent rock was digested in triplicate with
1mL of H,0, (30%, for ultratrace analysis; Sigma-Aldrich), 5 mL of

HNO;3 (65%, Suprapur; Merck) and 0.3 mL of HF (48%; >99.99%
trace metal basis; Merck). The microwave program was as follows:
temperature ramp from 25 to 230 °C over 25 min (Power, 2500 W;
P, 130 Bar) and then, 20 min at 230 °C (Power, 2500 W; P, 130
Bar). The polytetrafluoroethylene (PTFE) microwave vessels were
first cleaned using 30% HNO; (65%, Suprapur; Merck) using the
same microwave-digestion program. After digestion, the digests
were filled up to 50 mL with ultrapure water, then filtered with
0.45um syringe filter (Perfect-Flow®, Nylon membrane), and
stored at 4°C until elemental quantification. Elements were
quantified in the digests using an Agilent 7500cx ICP-MS equip-
ped with an octopole collision/reaction cell (C/RC), a concentric
nebulizer, a Scott double-pass spray chamber cooled to 2 °C, and
nickel sampler and skimmer cones. All ICP-MS parameters were
optimized using a tuning solution containing 10 ug L™ of lithium
(Li), yttrium (Y), cobalt (Co), cerium (Ce), and tellurium (Te)
(prepared with standards from J.T. Baker). As (m/z 75), and Se (m/
z 78) were measured with 5mL min™ H, in the C/RC while Fe (m/z
56), Cu (m/z 63), and Zn (m/z 66) with 4.5 mL min™ He, and Pb (m/
z208) without gas in the C/RC. Acquisition parameters were: 0.1s
integration time and 3 replicates. Quantification was done by
external calibration with elemental standards (purchased at J.T.
Baker) prepared in the digestion matrix, and an internal standard
containing scandium (Sc; 70pglL™), indium (In; 7pgLl™ and
lutetium (Lu; 7 ug L") was used to check signal stability during the
runs. Four certified reference materials (i.e., the basalt rock NIST
SRM 688 and the soils Sigma-Aldrich CRM-044, Chinese Academy
of Geological Science GBW 07405, and NIST SRM2709a) were
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Fig. 7 | Relationships of the concentrations of selenium (Se) or sulfur (S) in grass
leaves and mixed roots with the water-soluble Se or S speciation in Kohala
topsoils (0-10 cm), when excluding the site S3. Panel a shows the correlations
between the concentrations of Se in plants and the concentrations of Se oxyanions
in ultrapure water extracts. Similarly, panel b shows the correlations between the
concentrations of S in plants and the concentrations of sulfate or of larger and
aliphatic organic S in ultrapure water extracts. Panel ¢ shows the correlations
between the concentrations of Se in plants and the concentrations of smaller, less
negatively charged aromatic Se and small hydrophilic Se in ultrapure water
extracts. Similarly, panel d shows the correlations between the concentrations of S

in plants and the concentrations of less negatively charged aromatic S and small
hydrophilic S in ultrapure water extracts. The correlation coefficient () and
associated p values were determined using 2-tailed Spearman correlation. Note that
the correlations between the concentrations of total Se in grass leaves and mixed
roots and the concentrations of water-soluble Se associated to (organo)mineral
(nano)particles is given in Supplementary Fig. 19. For all presented data, the error
bars represent standard deviations, which consider i) the standard deviation of
plant Se, As and S concentrations that were determined in triplicate; and ii) the
standard deviation obtained during the SEC peak deconvolution.

digested in triplicate and analyzed with the samples. Recoveries
were between 96-106% and 88-110% for Se and the other ele-
ments, respectively (Supplementary Table 6 in Supplementary
Method 1).

Plant samples. Plant leaves (as described in Supplementary Table 5)
and roots were digested in triplicate by microwave-assisted acid
digestion with the same program used for soil and rock samples,
except that a mixture of 2 mL HNO; (65%, Suprapur; Merck) and 2 mL
H,0, (30%, for ultratrace analysis; Sigma-Aldrich) was used. After
digestion, the digests were filled up to 10 mL with ultrapure water, then
filtered with 0.45 um syringe filter (Perfect-Flow®, Nylon membrane),
and stored at 4 °C until elemental quantification. Se, As, and S were
quantified in the digests using an Agilent 8900 ICP-MS/MS equipped
with a concentric nebulizer, a Scott double-pass spray chamber cooled
to 2 °C, a high-throughput injection system (ISIS) with a PTFE sample
loop and platinum sampler and skimmer cones. All ICP-MS/MS para-
meters were optimized using a tuning solution as previously descri-
bed. Se (m/z 78 to >78) and As (m/z 75 to >75) were measured in MS/MS

mode with 5mL min™ H, in the C/RC, and S (m/z 32 to >48) in MS/MS
mode with 5mL min™ H, and 30% O,. Acquisition parameters were:
0.05-0.3 ms integration time (depending on the element) and 3
replicates. Quantification was done by external calibration prepared in
the digestion matrix, and an internal standard was used to check signal
stability as described in the subsection above about the analysis of soil
and rock digests. The data treatment was performed using MassHunter
software (Agilent). Two plant certified reference materials (i.e., NIST
SRM1515 and NCS DC 73349) were digested in triplicate and analyzed
with the samples. Recoveries between 96-97% and 80-88% were
obtained for Se and other elements, respectively (Supplementary
Table 7 in Supplementary Method 1).

Soil extractions and elemental quantification in the extracts

Soil extractions with ultrapure water (18.2 MQ cm; Nanopure
Dlamond™ system) and NaOH (0.ImolL”, Emsure, >99.0%;
Merck) were performed following the method of Tolu et al.>. The
mixture (solid:liquid ratio, 1:33) was shaken at 250 rpm during
24 h (room temperature) and centrifuged at 2’700 g (10 min). The
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supernatant was filtered with 0.45um syringe filter (Perfect-
Flow®, Nylon membrane) and stored at 4°C until elemental
quantification (within two weeks) and speciation analysis (within
max. 2 days). Elemental quantification was done using the same
Agilent 8900 ICP-MS/MS and the same tuning, internal standard
and data treatment procedures as described for the analysis of
plant digests. Se (m/z 78 to >78) and As (m/z 75 to >75) were
measured in MS/MS mode with 5mL min™ H, in the C/RC, Fe (m/z
56 to >56), Cu (m/z 63 to >63) and Zn (m/z 66 to >66) in single-
quadrupole mode with 4.5 mLmin™ He, S (m/z 32 to >48) in MS/
MS mode with 5mL min™ H, and 30% O,, and Pb (208) in single-
quadrupole mode without C/RC gas. Acquisition parameters
were: 0.05-0.3 ms integration time (depending on element) and 3
replicates. Quantification was done by external calibration in the
corresponding matrices (diluted extraction solution) and the
absence of matrix effects was verified with standard additions
using extracts of three contrasting Kohala topsoils. For each run,
two freshwater certified reference materials (i.e., NIST1643f and
National Water Research Institute, Canada, TMDA-51.2) diluted 10
and 100-fold in the extract matrices were analyzed with the
samples, and recoveries between 96-106% and 85-116% were
obtained for Se and other elements, respectively (Supplementary
Table 8 in Supplementary Method 1).

For the water extracts, the S:L ratio was, in a second step,
increased to 1:5 (a ratio often used to extract the water-soluble TE) to
obtain SEC-UV-ICP-MS/MS signal for certain elements like C or As.
Although higher extraction efficiencies were obtained when using the
initial 1:33 ratio, both S:L ratio depicted the same trend in extraction
efficiencies for Se in Kohala soils (Supplementary Fig. 20 in Supple-
mentary Method 2). For all extracts, dissolved organic carbon (DOC)
was measured using a TOC analyzer (Shimadzu TOC-L CSH).

Se, S and As speciation in soil extracts by SEC-UV-ICP-MS/MS
Size exclusion chromatography (SEC) was performed by coupling an
Agilent 1260 Infinity Il high performance liquid chromatography
(HPLC) system to an Agilent diode array detector (DAD) connected to
the Agilent 8900 ICP-MS/MS described previously. First, the SEC
separation was optimized using ultrapure water and NaOH extracts
from three contrasting Kohala topsoils (0-10 cm) by testing different
SEC columns and mobile phase composition (cf. Supplementary
Table 3 in Supplementary Discussion 1, which provides all operating
conditions used for the optimization of the SEC separation). The
optimal SEC method was then selected based on chromatographic
resolution of the element separation and recovery of Se species
(Supplementary Discussion 2). Secondly, the analysis of all soil extracts
was carried out using the optimal SEC method, which involves a series
of Shodex OH-pak SB-803 and —802.5 HQ columns and a mobile phase
containing 5 mmol L™ ammonium nitrate at pH 7.5 and pH 9 for water
and NaOH extracts, respectively (cf. Supplementary Table 3 in Sup-
plementary Discussion 1, which provides all operating conditions used
for the optimal SEC method).

For both the optimization phases and the final analysis of all
Kohala soil extracts, the mobile phase flow was of 1mLmin™, the
sample injection volume of 100 pL, the UV absorbance was detected at
a wavelength of 254 nm, and the Agilent 8900 ICP-MS/MS system and
its tuning were as described for the analysis of digests. Each Kohala soil
extract was measured by SEC-UV-ICP-MS/MS twice using different
gases in the C/RC to obtain data on Se together with various elements.
In the first SEC-UV-ICP-MS/MS run, 5 mL min™ H, was used in the C/RC
to detect Se (m/z 77 to >77, 78->78 and 80 to >80; 0.3 ms integration
time) together with As (m/z 75 to >75; 0.3 ms), Fe (m/z 56 to >56;
0.1ms), Cu (m/z 65 to >65; 0.1ms), Zn (m/z 66 to >66; 0.1 ms) and Pb
(m/z 208 to >208; 0.1 ms). In the second SEC-UV-ICP-MS/MS run, 25%
0, and 1 mL min™ H, was used in the C/RC to detect Se (m/z 77 to >93,
78 to >94 and 80 to >96; 0.3 ms integration time) together with S (m/z

32 to >48; 0.1ms), C (m/z 12 to >28; 0.3 ms) and Ti (m/z 47 to >63;
0.1ms). For each SEC-UV-ICP-MS/MS run, internal standards were
added post-UV detector (as detailed in Supplementary Table 3) to
account for change in sensitivity during the SEC optimization phases
(Supplementary Discussion 2) or to check for no significant sensitivity
loss during the final analysis of all Kohala soil extracts (Supplementary
Discussion 5).

For the final analysis of all Kohala soil extracts only, a *SeO3> (IV)
standard was added post-UV detector (together with the internal
standards) to quantify Se in SEC peaks by on-line Se isotope dilution
(ID), after adapting the on-line ID calculations of Sariego Muiz et al.*®
to the modified 3°Se/”Se isotopic ratio. The Se mass flow chromato-
grams resulting from the on-line ID calculations were then deconvo-
luted to obtain the Se amount in each SEC peak, from which the Se
concentrations is obtained considering the sample injection volume
(i.e., 100 uL). The 78Se05> (IV) standard (stock solution, 1000 mg L™)
was prepared from an 7®Se(0) standard (Isoflex, USA) according to the
procedure of Dael et al.”, and was then stored at 4 °C. This standard
was composed of 0.0063 +0.0001% of Se, 0.003 + 0.001% of "*Se,
0.16 £ 0.04% of "Se, 99.50 + 0.02% of "*Se, 0.33+0.01% of #Se and
0.008 +0.004% of ’Se (determined by ICP-MS/MS), and only con-
sisted of SeO3? (V) (determined by AEC-ICP-MS/MS). The on-line iso-
tope dilution calculation is given in Supplementary Method 3. The
concentration of *Se03? (V) added post-UV detector was adjusted for
all samples to reach an optimal °Se/”®Se ratio during the SEC-elution.
This is essential to obtain minor error propagation during on-line ID
calculation and thus accurate Se quantification in the SEC peaks’.
Before the on-line ID calculation, 78Se and ®°Se intensities were cor-
rected for respectively, 'H”’Se and 'H”°Br interferences and the result-
ing %°Se/’8Se ratio was corrected for mass bias, as described in
Supplementary Method 3 and Supplementary Fig. 21. The deconvolu-
tion of the Se mass flow chromatograms was achieved using the peak
analyzer function (Fit peak-pro) of Origin2018 software following the
procedure reported in Laborda et al.*>. The semi-quantitative data for
As and S speciation were obtained by deconvolution of the As and S
intensity chromatograms as done for the Se mass flow chromato-
grams. The * of the peak-fit were >0.90 for all deconvoluted chro-
matograms and in most cases >0.96. During the final analysis of all
Kohala soil extracts, the water and NaOH extracts of the six Kohala
topsoils (0-10 cm) were injected in triplicate to evaluate the repro-
ducibility of the SEC-UV-ICP-MS/MS analysis, including the Se quanti-
fication by on-line ID and subsequent peak deconvolution
(Supplementary Discussion 6).

Se speciation in soil extracts by AEC-ICP-MS/MS

To compare the SEC results with those from the commonly used
anion exchange chromatography (AEC), SeO,> (VI), SeO5> (V) and
small organo-Se species (SeMet and SeCys,) were quantified in
Kohala soil extracts by AEC-ICP-MS/MS using the same system
than for the SEC-ICP-MS/MS analyses. The AEC separation was as
described in Tolu et al.’’, i.e.,, column, Hamilton PRP-X100
(4.1x250 mm, 10 um; Phenomenex); mobile phase, 5mmol L™
ammonium citrate (ACS, >98%; Sigma-Aldrich) at pH 5.4 (fixed
with 25% ammonia, Emsure ACS; Merck) with 2% methanol (Ana-
lytical grade; Merck); flow rate, 1 mL min~’; and injection volume,
100 uL. ICP-MS/MS parameters and tuning were as described for
the analysis of digests, and Se (m/z 78->78; acquisition time,
0.1ms) was analyzed with 5mLmin™ H, in the C/RC. Quantifica-
tion was done by external species-specific calibration (i.e., Se
standards prepared in the extraction matrices), and data treat-
ment was performed using MassHunter (Agilent) software. Aqu-
eous standards of SeO52 (V) (99.999% in 2% HNO3) and Se0,2 (VI)
(99.99% in 0.1% HNO3) were obtained from Spectracer (UK, Ltd).
D,L-SeMet and D,L-SeCys, standards were obtained from Sigma-
Aldrich (=99%), and stock solutions containing 1000 mg(Se) L™
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were prepared in ultrapure water and 0.2% HCI (Suprapur, Roth),
respectively. All Se species standards were stored in the
dark at 4 °C.

Calculation of enrichments factors with respect to parent rock
The enrichment factors of Se, As, S and other elements in Kohala soils
were calculated using niobium (Nb), an immobile element in Kohala
soils, following the Eq. (1)*.

[Tsoi
EF. = [NDBlsoi

X100 1)

[i]pnrem rock
[NBlparent rock

With: EF; representing the enrichment factor of element i (i.e., Se,
As, S, etc) in Kohala soils, [ilse; corresponding to the concentration of
element i in Kohala soils; [ilparent rock cOrresponding to the con-
centration of element i in Kohala parental rock; [Nb],; corresponding
to the concentration of niobium (Nb) in Kohala soils; and [Nblparent rock
corresponding to the concentration of Nb in Kohala parental rock.
Note that the enrichment factors of NaOH-extractable Se, As, and S
species with respect to parent rock were calculated with Eq. (1) by
replacing [ilsoi by the concentrations of the NaOH-extractable Se, As,
or S species.

Statistical analyses and standard deviation calculation
Bi-variate correlation coefficients were determined as 2-tailed Spear-
man correlation coefficients using SPSS Statistics23 (IBM) software.
Box-and-whisker plots were made using the software Origin 2018.

Data availability
All data generated in this study can be found on ETH Zurich Research
Collection repository (https://doi.org/10.3929/ethz-b-000574843).

References

1. Godecke, T., Stein, A. J. & Qaim, M. The global burden of chronic
and hidden hunger: trends and determinants. Glob. Food Sec. 17,
21-29 (2018).

2. World Health Organization (WHO). Guidelines on Food Fortification
with Micronutrients. SBN. 9241594012. (WHO, 2006).

3. Porcal, P., Koprivnjak, J.-F., Molot, L. A. & Dillon, P. J. Humic sub-
stances—part 7: the biogeochemistry of dissolved organic carbon
and its interactions with climate change. Environ. Sci. Pollut. Res. 16,
714-726 (2009).

4. Jones, G. D. et al. Selenium deficiency risk predicted to increase
under future climate change. Proc. Natl Acad. Sci. 114,
2848-2853 (2017).

5. Feinberg, A. et al. Reductions in the deposition of sulfur and sele-
nium to agricultural soils pose risk of future nutrient deficiencies.
Commun. Earth Environ. 2, 101 (2021).

6. Reich, H. J. & Hondal, R. J. Why nature chose selenium. ACS Chem.
Biol. 11, 821-841 (2016).

7. Combs, G. F. Selenium in global food systems. Br. J. Nutr. 85,
517-547 (2001).

8. Gashu, D. et al. The nutritional quality of cereals varies geospatially
in Ethiopia and Malawi. Nature 594, 71-76 (2021).

9. Fernandez-Martinez, A. & Charlet, L. Selenium environmental
cycling and bioavailability: a structural chemist point of view. Rev.
Environ. Sci. Biotechnol. 8, 81-110 (2009).

10. Floor, G.H. & Roman-Ross, G. Selenium in volcanic environments: a
review. Appl. Geochem. 27, 517-531 (2012).

1. Dinh, Q. T. et al. Bioavailability of selenium in soil-plant system and a
regulatory approach. Crit. Rev. Environ. Sci. 49, 443-517 (2019).

12. Gustafsson, J. P. & Johnsson, L. The association between selenium
and humic substances in forested ecosystems-laboratory evidence.
Appl. Organomet. Chem. 8, 141-147 (1994).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Tolu, J., Le Hécho, I., Bueno, M., Thiry, Y. & Potin-Gautier, M. Sele-
nium speciation analysis at trace level in soils. Anal. Chim. Acta 684,
126-133 (2011).

Tolu, J. et al. Distribution and speciation of ambient selenium in
contrasted soils, from mineral to organic rich. Sci. Total Environ.
479-480, 93-101 (2014).

Qin, H.-B. et al. Selenium speciation in seleniferous agricultural soils
under different cropping systems using sequential extraction and
X-ray absorption spectroscopy. Environ. Pollut. 225,

361-369 (2017).

Li, Z. et al. Interaction between selenium and soil organic matter
and its impact on soil selenium bioavailability: a review. Geoderma
295, 69-79 (2017).

Johnson, C. C., Ge, X., Green, K. A. & Liu, X. Selenium distribution in
the local environment of selected villages of the Keshan Disease
belt, Zhangjiakou District, Hebei Province, People’s Republic of
China. Appl. Geochem. 15, 385-401 (2000).

Fordyce, F. M., Guangdi, Z., Green, K. & Xinping, L. Soil, grain

and water chemistry in relation to human selenium-responsive
diseases in Enshi District, China. Appl. Geochem. 15, 117-132 (2000).
Wang, Q. et al. Influence of long-term fertilization on selenium
accumulation in soil and uptake by crops. Pedosphere 26,
120-129 (2016).

Wang, S. et al. Selenium fractionation and speciation in agriculture
soils and accumulation in corn (Zea mays L.) under field conditions in
Shaanxi Province, China. Sci. Total Environ. 427-428, 159-164 (2012).
Supriatin, S., Weng, L. & Comans, R. N. J. Selenium-rich dissolved
organic matter determines selenium uptake in wheat grown on
Low-selenium arable land soils. Plant Soil 408, 73-94 (2016).
Wang, D. et al. Effect of selenium-enriched organic material
amendment on selenium fraction transformation and bioavailability
in soil. Chemosphere 199, 417-426 (2018).

Wang, D. et al. Effects of straw amendment on selenium aging in
soils: mechanism and influential factors. Sci. Total Environ. 657,
871-881(2019).

Martin, D. P., Seiter, J. M., Lafferty, B. J. & Bednar, A. J. Exploring the
ability of cations to facilitate binding between inorganic oxyanions
and humic acid. Chemosphere 166, 192-196 (2017).

Asakawa, S et al. Phosphorus and sulfur in soil. In Handbook of Soil
Sciences (Two Volume Set) (eds. Huang, P. M. et al.) (CRC

Press, 2018).

Mikutta, C. & Kretzschmar, R. Spectroscopic evidence for ternary
complex formation between arsenate and ferric iron complexes of
humic substances. Environ. Sci. Technol. 45, 9550-9557 (2011).
Xue, Q., Ran, Y., Tan, Y., Peacock, C. L. & Du, H. Arsenite and
arsenate binding to ferrihydrite organo-mineral coprecipitate:
Implications for arsenic mobility and fate in natural environments.
Chemosphere 224, 103-110 (2019).

Favorito, J. E., Luxton, T. P., Eick, M. J. & Grossl, P. R. Selenium
speciation in phosphate mine soils and evaluation of a sequential
extraction procedure using XAFS. Environ. Pollut. 229,

911-921 (2017).

Jackson, B. P. & Miller, W. P. Effectiveness of phosphate and
hydroxide for desorption of arsenic and selenium species from iron
oxides. Soil Sci. Soc. Am. J. 64, 1616-1622 (2000).

Wright, M. T., Parker, D. R. & Amrhein, C. Critical evaluation of the
ability of sequential extraction procedures to quantify discrete
forms of selenium in sediments and soils. Environ. Sci. Technol. 37,
4709-4716 (2003).

Tolu, J. et al. A new methodology involving stable isotope tracer to
compare simultaneously short- and long-term selenium mobility in
soils. Anal. Bioanal. Chem. 406, 1221-1231 (2014).

Supriatin, S., Weng, L. & Comans, R. N. J. Selenium speciation and
extractability in Dutch agricultural soils. Sci. Total Environ. 532,
368-382 (2015).

Nature Communications | (2022)13:6974

14


https://doi.org/10.3929/ethz-b-000574843

Article

https://doi.org/10.1038/s41467-022-34731-6

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Laborda, F., Jiménez-Lamana, J., Bolea, E. & Castillo, J. R. Selective
identification, characterization and determination of dissolved sil-
ver(i) and silver nanoparticles based on single particle detection by
inductively coupled plasma mass spectrometry. J. Anal. Spectrom.
26, 1362 (2011).

Neubauer, E., v.d. Kammer, F. & Hofmann, T. Using FLOWFFF and
HPSEC to determine trace metal-colloid associations in wetland
runoff. Water Res. 47, 2757-2769 (2013).

Kozyatnyk, 1., Bouchet, S., Bjorn, E. & Haglund, P. Fractionation and
size-distribution of metal and metalloid contaminants in a polluted
groundwater rich in dissolved organic matter. J. Hazard. Mater. 318,
194-202 (2016).

Aureli, F. et al. Identification of selenosugars and other low-
molecular weight selenium metabolites in high-selenium cereal
crops. Metallomics 4, 968 (2012).

Ouerdane, L. et al. Comprehensive speciation of low-molecular
weight selenium metabolites in mustard seeds using HPLC - elec-
trospray linear trap/orbitrap tandem mass spectrometry. Metallo-
mics 5, 1294 (2013).

Olk, D. C. et al. Environmental and agricultural relevance of humic
fractions extracted by alkali from soils and natural waters. J.
Environ. Qual. 48, 217 (2019).

Giambelluca, T. W. et al. Online rainfall atlas of Hawai'i. Bull. Am.
Meteor. Soc. 94, 313-316 (2013).

Chadwick, O. A. et al. The impact of climate on the biogeochemical
functioning of volcanic soils. Chem. Geol. 202, 195-223 (2003).
Vitousek, P. M. & Chadwick, O. A. Pedogenic thresholds and soil
process domains in basalt-derived soils. Ecosystems 16,
1379-1395 (2013).

Buettner, S. W., Kramer, M. G., Chadwick, O. A. & Thompson, A.
Mobilization of colloidal carbon during iron reduction in basaltic
soils. Geoderma 221-222, 139-145 (2014).

Schuur, E. A. G., Chadwick, O. A. & Matson, P. A. Carbon cycling and
soil carbon storage in mesic to wet Hawaiian montane forests.
Ecology 82, 3182-3196 (2001).

Helfenstein, J. et al. Combining spectroscopic and isotopic tech-
nigues gives a dynamic view of phosphorus cycling in soil. Nat.
Commun. 9, 3226 (2018).

Neubauer, E. et al. The influence of pH on iron speciation in podzol
extracts: Iron complexes with natural organic matter, and iron
mineral nanoparticles. Sci. Total Environ. 461-462, 108-116

(2013).

Guénet, H. et al. Highlighting the wide variability in arsenic spe-
ciation in wetlands: A new insight into the control of the behavior of
arsenic. Geochim. Cosmochim. Acta 203, 284-302 (2017).
Prietzel, J. et al. Sulfur speciation in well-aerated and wetland soils
in a forested catchment assessed by sulfur K -edge X-ray absorption
near-edge spectroscopy (XANES). J. Plant Nutr. Soil Sci. 172,
393-403 (2009).

Strawn, D. G. & Baker, L. L. Speciation of Cu in a Contaminated
Agricultural Soil Measured by XAFS, y-XAFS, and p-XRF. Environ.
Sci. Technol. 42, 37-42 (2008).

Sarret, G. et al. Zn speciation in the organic horizon of a con-
taminated soil by micro-X-ray fluorescence, micro- and powder-
EXAFS spectroscopy, and isotopic dilution. Environ. Sci. Technol.
38, 2792-2801 (2004).

Avendano, R. et al. Production of selenium nanoparticles in Pseu-
domonas putida KT2440. Sci. Rep. 6, 37155 (2016).

Eswayah, A. S., Smith, T. J., Scheinost, A. C., Hondow, N. & Gardiner,
P. H. E. Microbial transformations of selenite by methane-oxidizing
bacteria. Appl. Environ. Microbiol. 101, 6713-6724 (2017).
Piacenza, E. et al. Physical-chemical properties of biogenic sele-
nium nanostructures produced by Stenotrophomonas maltophilia
SelTEO2 and Ochrobactrum sp. MPV1. Front. Microbiol. 9,

3178 (2018).

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Grinhut, T., Hertkorn, N., Schmitt-Kopplin, P., Hadar, Y. & Chen, Y.
Mechanisms of humic acids degradation by white rot fungi
explored using ' H NMR spectroscopy and FTICR mass spectro-
metry. Environ. Sci. Technol. 45, 2748-2754 (2011).

Ueno, A. et al. Anaerobic decomposition of humic substances by
Clostridium from the deep subsurface. Sci. Rep. 6, 18990 (2016).
Coppin, F., Chabroullet, C., Martin-Garin, A., Balesdent, J. & Gaudet,
J. P. Methodological approach to assess the effect of soil ageing on
selenium behavior: first results concerning mobility and solid
fractionation of selenium. Biol. Fertil. Soils 42, 379-386 (2006).
De Canniere, P. et al. Behaviour of Selenium in Boom Clay: External
Report of the Belgian Nuclear Research Centre, SCK-CEN-ER-120.
CO 90 011467.011467 RP.W&D.037 - NIROND ref: CCHO2004/00/
00 DS251-A44/2.1 (2010).

Kausch, M. F. & Pallud, C. E. Modeling the impact of soil aggregate
size on selenium immobilization. Biogeosciences 10,

1323-1336 (2013).

Sharma, P., Ofner, J. & Kappler, A. Formation of binary and ternary
colloids and dissolved complexes of organic Matter, Fe and As.
Environ. Sci. Technol. 44, 4479-4485 (2010).

Karlsson, T. & Persson, P. Coordination chemistry and hydrolysis of
Fe(lll) in a peat humic acid studied by X-ray absorption spectro-
scopy. Geochim. Cosmochim. Acta 74, 30-40 (2010).

Kertesz, M. A., Fellows, E. & Schmalenberger, A. Rhizobacteria and
plant sulfur supply. Adv. Appl. Microbiol 62, 235-268 (2007).
Kertesz, M. A. & Frossard, E. Biological cycling of inorganic nutrients
and metals in soils and their role in soil biogeochemistry. In Soil
Microbiology, Ecology and Biochemistry 471-503 (Elsevier, 2015).
Mitchell, M. J. & Fuller, R. D. Models of sulfur dynamics in forest and
grassland ecosystems with emphasis on soil processes. Bio-
geochemistry 5, 133-163 (1988).

Teutsch, N., Erel, Y., Halicz, L. & Chadwick, O. A. The influence of
rainfall on metal concentration and behavior in the soil. Geochim.
Cosmochim. Acta 63, 3499-3511 (1999).

Bern, C. R., Chadwick, O. A., Kendall, C. & Pribil, M. J. Steep spatial
gradients of volcanic and marine sulfur in Hawaiian rainfall and
ecosystems. Sci. Total Environ. 514, 250-260 (2015).

Kovar, J. L. & Grant, C. A. Nutrient Cycling in Soils: sulfur. In Soil
Management: Building a Stable Base for Agriculture (eds. Hatfield, J.
L. & Sauer, T. J.) 103-115 (Soil Science Society of America, 2015).
Crowther, T. W. et al. Quantifying global soil carbon losses in
response to warming. Nature 540, 104-108 (2016).

Helfenstein, J. et al. Soil phosphorus exchange as affected by
drying-rewetting of three soils from a Hawaiian climatic gradient.
Front. Soil Sci. 1, 738464 (2021).

Sariego Muiiz, C., Marchante Gayén, J. M., Garcia Alonso, J. |. &
Sanz-Medel, A. Speciation of essential elements in human serum
using anion-exchange chromatography coupled to post-column
isotope dilution analysis with double focusing ICP-MS. J. Anal.
Spectrom. 16, 587-592 (2001).

Dael, P. V., Davidsson, L., Mufioz-Box, R., Fay, L. B. & Barclay, D.
Selenium absorption and retention from a selenite- or selenate-
fortified milk-based formula in men measured by a stable-isotope
technique. Br. J. Nutr. 85, 157-163 (2001).

Alonso, J. G. Determination of fission products and actinides by
inductively coupled plasma-mass spectrometry using isotope
dilution analysis: A study of random and systematic errors. Anal.
Chim. Acta 312, 57-78 (1995).

Acknowledgements

We thank Eawag, ETH Zurich, and the Swiss National Science Foundation
(SNF project number PPOOP2_163747 for S.B., and SNF project number
200021162422 for J.H.) for funding this work. We thank also Numa
Pfenninger and Johanne LeBrun-Thauront for assistance in some
laboratory work.

Nature Communications | (2022)13:6974

15



Article

https://doi.org/10.1038/s41467-022-34731-6

Author contributions

J.T., S.B. and L.H.E.W conceptualized the study. J.T. organized, coordi-
nated, and carried out all the lab work with help from O.H. or S.C. J.H.,
F.T., E.F. and O.A.C. collected the soils, parent rock and plant samples
and J.H. analyzed ancillary soil parameters. J.T. conducted all data
treatment and statistical analyses. J.T., S.B. and L.H.E.W. wrote the
manuscript with inputs from J.H., F.T., E.F.and O.A.C, and J.T. revised the
manuscripts with inputs from S.B., LH.E.W., J.H., F.T,, E.F. and O.A.C.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34731-6.

Correspondence and requests for materials should be addressed to
Julie Tolu or Lenny H. E. Winkel.

Peer review information Nature Communications thanks Zhi-Qing Lin
and the other, anonymous, reviewers for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:6974

16


https://doi.org/10.1038/s41467-022-34731-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Understanding soil selenium accumulation and bioavailability through size resolved and elemental characterization of soil extracts
	Results and discussion
	Chemical properties and concentrations of Se, As, and S in Kohala soils
	Characterization of Se species in soil extracts with SEC-UV-ICP-MS/MS
	Organic Se is a dominant form in Kohala soils
	Extractability, size distribution and speciation largely differ between Se and As
	Se and S extractability are similar but their speciation strongly differs
	Soil enrichment of Se, As and S explained by their speciation
	Relationships between Se and S concentrations in plants and their water-soluble speciation

	Methods
	Sample collection and preparation
	Determination of soil properties
	Element quantification in soils, rock and plant leaves and roots
	Soils and rock
	Plant samples
	Soil extractions and elemental quantification in the extracts
	Se, S and As speciation in soil extracts by SEC-UV-ICP-MS/MS
	Se speciation in soil extracts by AEC-ICP-MS/MS
	Calculation of enrichments factors with respect to parent rock
	Statistical analyses and standard deviation calculation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




