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Abstract

Aims The study aimed to find soil parameters that are
best related to Se plant uptake for low Se soils with
predominantly organic Se, and to explore the mecha-
nisms that control Se bioavailability in the soils under
study.

Methods A pot experiment using nineteen soil samples
taken from different fields of arable land (potato fields)
in the Netherlands was conducted on summer wheat
(Triticum aestivum L.). Selenium in wheat shoots and
soil parameters, including basic soil properties, C:N
ratio, inorganic selenite content, and Se and organic C
in different soil extractions (0.01 M CaCl,, 0.43 M
HNO;, hot water, ammonium oxalate, aqua regia) were
analysed. Regression analysis was performed to identify
soil parameters that determine Se content in wheat
shoots.

Results The regression model shows that Se:DOC ratio
in 0.01 M CaCl, soil extraction explained about 88 % of
the variability of Se uptake in wheat shoots. Selenium
uptake increased with Se:DOC ratio in CaCl, extraction,
which can be interpreted as a measure of the content of
soluble Se-rich organic molecules. Selenium:DOC ratio
in CaCl, extraction and Se uptake increased towards
higher soil pH and lower soil C:N ratio. The soil C:N
ratio is also negatively correlated to Se:organic C ratio in
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other extractions (0.43 M HNOs;, hot water, ammonium
oxalate, aqua regia), indicating that at low soil C:N ratio
soil organic matter is richer in Se. Contrarily, the soil pH
is positively and strongly correlated to Se:organic C
ratio in CaCl, and hot water extractions, but only weak-
ly correlated to Se:organic C ratio in other extractions.
Conclusions Selenium-rich dissolved organic matter is
the source of bioavailable Se in low Se soils with pre-
dominantly organic Se. The soil pH and quality of soil
organic matter (i.e. soil C:N ratio) are the main soil prop-
erties determining Se bioavailability in these soil types.

Keywords Selenium - Plant uptake - Dissolved organic
C - Calcium chloride extraction - Soil pH - Soil C:N ratio

Abbreviations
CHN Carbon, Hydrogen, Nitrogen

C:N Carbon:Nitrogen

DOC Dissolved Organic Carbon

DOM Dissolved Organic Matter

DON Dissolved Organic Nitrogen

FA Fulvic Acids

GR Grass

HPLC High Performance Liquid
Chromatography

Hy Hydrophilic Acids

ICP-AES Inductively Coupled Plasma —
Atomic Emission Spectroscopy

ICP-MS  Inductively Coupled Plasma—
Mass Spectroscopy

IPE International Plant-analytical

Exchange
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NIR Near infrared

NIST National Institute of Standard
and Technology

NPK Nitrogen, Phosphorus, Potassium

Se Selenium

SFA Segmented Flow Analyser

uv Ultraviolet

Introduction

Selenium (Se) is an essential micronutrient for cattle and
humans, which plays a role in the production of anti-
oxidant in cell systems. Generally, Se enters cattle and
humans through grasses or crops in the food chain. An
adequate level of Se in grasses and crops is determined
by the level of available Se in soil. In agricultural soils
with low Se availability, Se fertilizer can be applied to
increase the Se content in plants. Understanding soil
parameters and mechanisms affecting Se uptake by
plants may help us to accurately predict the Se
status in soils, design sustainable soil management
and Se fertilization recommendations, avoid prob-
lems of Se deficiency, toxicity and environmental
pollution.

In soil, Se can be present as inorganic and organic
species. There are several oxidation states of inorganic
Se, ranging from +6 (selenate), +4 (selenite), 0 (elemen-
tal Se), to —2 (selenides) (Hartikainen 2005). The inor-
ganic selenate (SeO4>) and selenite (SeOs>") can be
found as soluble forms or as adsorbed (mainly selenite)
to soil mineral surfaces, such as clay and metal (hy-
dr)oxides, whereas elemental Se (Se) and selenides
(Se?") are present as insoluble forms (Hartikainen
2005). The chemical nature of organic Se in soils is
not very well known. Previous studies have reported
different forms of organic Se present in soil, such as
selenomethionine (CsH;;NO,Se), methane seleninic
acids (CH3SeOOH) and trimethyl selenium ion
((CH3);Se") (Abrams and Burau 1989; Abrams et al.
1990a; Stroud et al. 2012; Tolu et al. 2014; Yamada and
Hattori 1989). It has also been suggested that organic Se
in soil is present as seleno-amino acid incorporated into
protein or peptides in humic and fulvic acid fractions of
soil organic matter (Kang et al. 1991). Spectroscopic
evidence shows that organic Se in soils is present in a
structure of C-Se-C, similar to that in methyl-
selenocysteine and selenomethionine (Mehdawi et al.
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2015). Our previous studies showed that Se in low Se
Dutch agricultural soils is predominantly in organic
form both in soil solution and solid phase, and only a
small fraction (on average 5 %) is present as inorganic
Se (mainly selenite) (Supriatin et al. 2015a, b).

Mechanisms and soil parameters controlling Se
availability and plant uptake are still not well under-
stood. Among different Se forms present in soil, soluble
Se is the main source available for plant uptake.
However, in the soil solution, Se can be present as both
inorganic selenate, selenite and as organic Se (Weng
et al. 2011). Probably not all soluble Se species can be
taken up by plants directly. Inorganic selenate can be
taken up directly by roots and easily translocated to the
shoots, whereas selenite tends to be accumulated in root
tissue (Hopper and Parker 1999; Kikkert and Berkelaar
2013; Lietal. 2008; Zayed et al. 1998). Previous studies
have shown that some small organic Se molecules, such
as selenomethionine and selenocystine, can also be tak-
en up by plants (Abrams et al. 1990b; Kikkert and
Berkelaar 2013; Williams and Mayland 1992), and
selenomethionine is more readily taken up by roots
and quickly transported to the shoots than selenocystine
(Kikkert and Berkelaar 2013). However, Supriatin et al.
(2015a) showed that most of soluble Se in Dutch agri-
cultural soils consists of colloidal-sized organic Se,
whereas inorganic selenite or selenate and small organic
Se molecules were hardly measurable. The colloidal-
sized organic Se, due to its relatively large molecular
size, is probably not directly available for plants. In
addition to the concentration of soluble, directly avail-
able Se species, the release rate of Se into soil solution
from different forms of Se in soil solid phase determines
the buffer capacity of soil in case of fast uptake.

Both pot and field experiments have been performed
to derive soil parameters that control Se uptake by
plants. Most of these pot experiments were aimed to
understand the soil parameters influencing the efficien-
cy of Se uptake from Se fertilizers added (Eich-
Greatorex et al. 2007; Gissel-Nielsen 1971; Hurd-
Karrer 1938; Johnsson 1991). It was found that soil
organic matter content, pH, clay content and sulphate
concentration influence Se plant uptake under inorganic
Se fertilization treatments (Eich-Greatorex et al. 2007;
Gissel-Nielsen 1971; Hurd-Karrer 1938; Johnsson
1991). Studies on the relationship between soil param-
eters and Se plant uptake without Se fertilization were
conducted mainly in field experiments, in which organic
matter content, pH, total Se content, potassium
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dihydrogen phosphate extractable S, and water, potassi-
um dihydrogen phosphate or ammonium acetate-EDTA
extractable Se were found of relevance (De Temmerman
et al. 2014; Stroud et al. 2010; Wang and Sippola 1990;
Zhao et al. 2005). In general, the above mentioned soil
parameters were weakly correlated with Se uptake in
crops, explaining 48 % of the variation at maximum (De
Temmerman et al. 2014; Wang and Sippola 1990).
However, Stroud et al. (2010) showed that the variabil-
ity of Se uptake by wheat grains can be predicted
accurately (R*=0.86, p<0.001) by taking into account
both total Se and potassium dihydrogen phosphate ex-
tractable Se and S in soil. Their experiment was per-
formed in soils with low levels of total Se (i.e. 245 to
590 pg kg ") and up to 50 % of extractable soil Se is
inorganic selenite. Similarly, Zhao et al. (2005) showed
that potassium dihydrogen phosphate extractable Se
was strongly correlated with Se uptake of tea plant
(R*=0.95, p<0.01) grown on selenium rich soils. Up
to now, there is no comprehensive research determining
the important soil factors controlling Se uptake in crops
grown on non-fertilized soils under controlled condi-
tions, especially in low Se soils with predominantly
organic Se, such as in Dutch agricultural soils, and there
is a lack of understanding of the underlying controlling
factors and mechanisms.

The objectives of this study are (1) to find soil pa-
rameters that are best related to plant uptake of Se under
controlled conditions for Dutch agricultural soils with a
relatively low Se content and predominantly organic Se,
and (2) to explore the mechanisms that control the
bioavailability of Se in the soils under study.

Materials and methods
Soil samples

Nineteen soil samples were taken from arable fields
(potato fields, top soil 0 to 20 cm) in the Netherlands
in May 2013. The soil samples consist of four soil types,
i.e. sand, clay, loess, and reclaimed peat soils (Table 1).
Most of them (n=16) have been used in the previous
study on the effects of drying on soluble Se and Cu
concentrations in soils (Supriatin et al. 2015a). Before
sampling, mineral nitrogen (N), phosphorus (P), and
potassium (K) fertilizers have been applied in the fields
for the coming season following the scheme of individ-
ual farmers. No Se fertilizer was applied to the soils.

Table 1 Characteristics of soil samples, total Se content (aqua regia), and soluble Se, dissolved organic C (DOC) and Se to DOC ratio in 0.01 M CaCl, extraction of soil samples used for the
pot experiment. The data are presented as mean + standard deviation per soil type. Values in brackets are ranges of the parameters per soil type. The clay soils were further divided into two

groups due to the differences in Se uptake

Se:DOC ratio
(ngg ")

DOC-CaCl,
(mg kg ")

Se-CaCl,

Se-aqua regia
(mg kg )

Al-oxalate®
(gkeg™
12+05

C:N ratio Fe-oxalate®

pH* Organic Clay (%)

Soil type

(ng kg™

(gkg™)
3.3+3.6

matter (%)

37.846.9 (26-44)

2.6+0.6 70.9+19.5

044 +0.18°

55+1.0 62+49 28+1.5 14.1+3.1

5)

Sand (n

(46-90)

45.6+6.8

(2.0-3.5)

44+14

(0.27-0.69)°

0.26 £0.04

95.7+17.1

0.8+0.4

22+09

9.0+0.7

31+19 26.7+4.0

7.3+0.1

=3)

Clay >20 %, pH> 6 (n

(84-115)
6724406

(39-52)
78.6+55.0

(3.3-6.0)

40+1.1

(0.22-0.31)

0.39+0.19

0.8+0.4

42+23

12628

31+£15 17.5+£6.6

6.4+09

6

Other clay (n

(27-140)

44.1

(35-184)

94.4

(2.5-5.0)

(0.23-0.73)

0.73

4.2

1.4

10.4

10.2

53 33.0

6.4

Loess (n=1)

18.9+4.1 (13-22)

1.1£0.1 0.40£0.10 1.6+0.3 842+123

2.6+3.0

18+1.5 21.8+19

10.8 +4.1

50+04

=4)

Reclaimed peat (n

(66-93)

73+34

(12-1.9)

32+14

(0.26-0.50)

0.40 £0.17

53+35

Average = SD?

¢ One sample that has a total Se content (aqua regia) below the determination limit was excluded from the table

®Measured in ammonium oxalate-oxalic acid (pH 3) extraction at soil to solution ratio 1:20 (Table 2)

#Measured in 0.01 M CaCl, extraction at soil to solution ratio 1:10 (Table 2)

4 Standard deviation

I
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After sampling, the soils were oven dried at 20 °C under
forced air ventilation for 48 h. Afterwards, the roots and
gravels were removed from the soils and the soil sam-
ples were ground, passed through a 2 mm sieve, and
stored at room temperature (204 1 °C) for further use in
the pot experiment. Sub soil samples were oven-dried at
40 °Cunder forced air ventilation for 24 to 48 h, ground,
and passed through a 2 mm sieve for further soil
analysis.

Pot experiment

A pot experiment under controlled greenhouse condi-
tions was designed to derive relations between soil
parameters and Se content in shoots of summer wheat
(Triticum aestivum L.). The pot experiment was con-
ducted between June and August, 2013. Each pot was
filled with 1.5 kg of dried soil, in duplicates for each soil
sample. Before filling the pots, each soil was adjusted to
60 % of its field water holding capacity by adding
deionized water. The moistened soils in the pots were
allowed to equilibrate for 1 week at room temperature
(20+1 °C) before sowing. The pots were covered with a
plastic sheet during the equilibration time to prevent
evaporation. Afterwards, the pots were moved to the
greenhouse. Six seeds of summer wheat were sown in
each pot. The pots were covered with a plastic sheet for
one more week until the seeds were germinated. After
that, the plastic sheet was removed and the plants were
thinned to three or four plants per pot. The water con-
tents of the soils were maintained at 60 % of field water
holding capacity during the growth of the plants by daily
watering. The experiments were conducted in the green-
house with a photoperiod of 16 h (06:00 to 21:00 h),
light intensity of 400 W m™> (16 SON-T agro lamps),
day/night temperature of 21/19 °C, and relative humid-
ity of 60 %. The location of the pots on the greenhouse
table was reshuffled randomly every 3 days. The weeds,
pests and insects were suppressed during the growth of
the plants.

Plant samples

The plants were harvested 53 days after sowing. At this
stage, the spikes and flowers have already emerged. The
green shoots were harvested, which include the second
to fifth leaves, stems, spikes, and green tillers. The
yellow shoots including the first leaf and yellow
coloured tillers were also harvested and separated from
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the green shoots. Afterwards, the green and yellow
shoots were washed with deionized water to remove
soil particles and oven dried at 70 °C for 72 h. The total
dry matter of shoots per pot was weighted (dry weight of
green plus yellow shoots). Only the dried green shoots
were milled for further Se analysis.

Plant digestion

Selenium content in plant samples was determined after
digestion with concentrated HNO; and H,O, in a micro-
wave with a closed system. A preliminary test on this
method was performed using standard reference sample
1573a (tomato leaves) obtained from NIST and IPE 100
(grass, Poaceae, GR 94) obtained from Wepal, the
Netherlands, three grass samples in which one was spiked
with selenite, two maize shoot samples, and two potato
tuber samples. Recovery of Se was 98+2 and 96+4 % in
the standard reference sample 1573a and IPE 100, respec-
tively and 92+2 % in the spiked grass sample. The vari-
ations among three replicates of Se content in the two grass
samples, two maize shoot samples, and two potato tuber
samples were on average 5, 2 and 6 %, respectively.

In the digestion, 0.4 g of plant sample was put into a
Teflon destruction vessel and 5 mL of concentrated
HNO; was added to the sample and mixed.
Afterwards, the destruction vessel was closed and
allowed to stand overnight at room temperature (20
+1 °C). After that, the vessel was put into a microwave
to allow the first digestion step to take place. After the
first digestion step was completed, the sample was taken
out and cooled down. About 1 mL of H,O, was added to
the sample and the second digestion step in the micro-
wave took place. At the end, the sample was transferred
into a 50 mL grainer tube and the vessel was washed
twice with ultrapure water. The volume of the sample
was made up to 50 mL by adding ultrapure water.
Selenium concentration in the sample was measured.

Soil extractions

A series of single-step extractions was performed on the
soil samples, including 0.01 M CaCl,, 0.43 M HNOs, hot
water, and ammonium oxalate extractions and aqua regia
digestion. An overview of the extraction methods is pre-
sented in Table 2, and more details can be found in
Supriatin et al. (2015b). Selenium, dissolved organic C
(DOC), pH, major anions (i.e. S=total extracted sulphur,
P=total extracted phosphorus, P-PO4=total extracted
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Table 2 An overview of soil extractions performed on the soil samples used in this study

Extraction Possible pool Method adopted SSR® Extraction/ Centrifugation Filter =~ Parameter measured
representing from digestion (h) (rpm and min)
0.01 M CaCl, Soluble (Houba et al. 2000) Houba et al. (2000) 1:10 2 3000; 10 0.45 pmd Se, DOC, pH, S, P,
PO, NH4, NO5 +
NO,, total soluble N
0.43 M HNO;* Reactively adsorbed — 1:10 4 3000; 10 Paper® Se, DOC
Hot water Labile organic matter Ghani et al. (2003) 1:10 16 (80 °C) 3500; 20 0.45 um® Se, DOC, pH, S, P, PO,
associated
(Ghani et al. 2003)
Ammonium oxalate — Adsorbed to amorphous McKeague and 1:20 2 (in the dark) 3000; 10 No Se, UV, S, P, Fe, Al
oxalic acid (pH 3)°  Fe and Al oxides Day (1966)
(Keskinen et al. 2009)
Aqua regia digestion  (Pseudo) total content - 1:100 Overnight, plus 2 h No Paper® Se

(Keskinen et al. 2009)

in a microwave

at 170 °C

# Especially for soil samples that have pH>7, about 0.2 mL of 5 M HNOs was added to neutralise the carbonates in the soil samples

® Soil to solution ratio

¢ The soil extracts were further fractionated on HPLC - ICP-MS
4 Syringe filter (Whatman Aqua 30/0.45 CA)

¢ Ash-free paper filter (Whatman 589/3 nr. 10300212)

ortho-phosphate), soluble inorganic N (N-NHy4, N-NOs +
N-NO,) and total soluble N were measured in the corre-
sponding soil extractions as presented in Table 2.
Concentration of dissolved organic N (DON) in 0.01 M
CaCl, extraction was derived from the difference between
total soluble N and soluble inorganic N. Concentrations of
Fe and Al in the ammonium oxalate extraction were
measured as well, which represent the amount of amor-
phous (hydr)oxides of the corresponding metals (Tables 1
and 2). Concentration of DOC in ammonium oxalate
extraction was derived indirectly from UV-absorbance
measured at 254 nm wavelength after diluting the extracts
50 times and correcting for Fe concentration in the extracts
as described in detail in Supriatin et al. (2015b).

Inorganic selenite in ammonium oxalate extraction
measured using HPLC - ICP-MS

A High Performance Liquid Chromatography (HPLC)
system with an anion exchange column coupled online
with High Resolution ICP-MS was used to measure
inorganic selenite, selenate and organic Se in the am-
monium oxalate extraction of the soil samples. The
details of the solutions and procedure used in the
HPLC analysis were described elsewhere (Supriatin
et al. 2015b). The soil samples were extracted using
ammonium oxalate - oxalic acid (pH 3) solution
(Table 2). Initial total Se concentrations in the soil

extracts were measured before the HPLC analysis.
Concentrations of selenite and selenate in the soil ex-
tracts were determined from the peak areas of the chro-
matograms. Concentrations of organic Se were calculat-
ed from the difference between total Se concentrations
and inorganic Se (selenite plus selenate) concentrations
in the corresponding soil extracts. There was no inter-
ference for Se in the soil extracts was observed during
the ICP-MS analysis because we used a High
Resolution ICP-MS in high resolution mode to measure
isotope "®Se for Se measurement in the samples
(Table 3). This high resolution mode of ICP-MS can
separate isotope "*Se from all the possible interferences,
except that for Kr that cannot be separated from "*Se,
however, we solve that by measuring **Kr and compen-
sate the ®Se signal for that (Personal communication).
Similar ICP-MS conditions were also applied for Se
analysis in other matrices of soil extractions (Table 2).

Chemical analysis

Concentrations of Se in plant digestion samples and all soil
extractions, and concentrations of P in 0.01 A CaCl, and
hot water extractions were measured using High
Resolution ICP-MS (Thermo Scientific, Element2).
Concentrations of S in 0.01 M CaCl, and hot water extrac-
tions and S, P, Fe and Al in ammonium oxalate extraction
were measured using ICP-AES (Thermo Scientific, Iris
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Table 3 Operational conditions
of HPLC and High Resolution 1
ICP-MS for Se speciation analy-

sis in ammonium oxalate soil
extractions

HPLC system:
a. Pump
b. Pre-column

c. Analytical/main column

d. Mobile phase
e. Flow rate

f. Injected sample volume

g. Separation time in the column

2 ICP-MS system:

Shimadzu LC 6A
Hamilton Guard column PRP-X100; 50 mm x4 mm

Hamilton PRP-X100 anion exchange column; 10 pm;
250 mm X 4.1 mm

25 mM (NH,4),HPO, pH 8.5

1 mLminute

100 puL

15 min

Thermo Scientific, Element2; high resolution mode;
isotope "®Se; reading every 2.8 s.

Advantage). Concentrations of DOC in 0.01 M CaCl,,
0.43 M HNOs and hot water extractions, soluble inorganic
N and total soluble N in 0.01 M/ CaCl, extraction, and
ortho-phosphate P (P-PO,) in 0.01 M CaCl, and hot water
extractions were measured using a segmented flow
analyser (SFA) (3039 Skalar, the Netherlands). The UV-
absorbance of the ammonium oxalate extracts was deter-
mined using UV-spectrophotometer (Genesys 10S
Thermo Scientific). pH was measured using a pH meter
(Radiometer Analytical PHM210) with a glass electrode
(Beckman 511084). Total C and N in the soil samples were
analysed using a CHN elementary analyser (Leco). Total
organic matter content in the soil samples was analysed
using near infrared spectroscopy (NIR). Total organic C
content in the soil samples was calculated from the mea-
sured soil organic matter content assuming that soil organic
matter contains 50 % organic C.

Linear regression analysis

Single and multiple linear regression analyses were
performed to correlate Se content in the wheat shoots
and soil parameters measured in order to identify soil
parameters that determine Se content in wheat shoots.
Since the Se contents in the wheat shoots were not
normally distributed, the data were transformed into
Log(10) before used in the regression analyses.

Results
Total and extractable Se content in soils

Total Se content (aqua regia) in the arable land soils
ranges from 0.22 up to 0.73 mg kg ', which is mostly
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less than 0.6 mg Se kg ' (Table 1). Gupta and Gupta
(2000) suggested a threshold value of 0.6 mg kg for Se
deficient soils. Our previous study has also shown that
about 75 % of 83 soil samples taken from grasslands and
other arable lands in the Netherlands contain less than
0.6 mg Se kg ' (Supriatin et al. 2015b). The findings
suggest that most of agricultural soils in the Netherlands
are Se deficient. Other parts of Europe, such as Belgium,
Sweden, Germany, Czech Republic, Spain
(Mediterranean area), also have low total Se content in
their soils i.e. mainly<0.50 mg kg ' (De Temmerman
et al. 2014; Hartfiel and Bahners 1988; Johnsson 1992;
Roca-Perez et al. 2010; Szakova et al. 2015). Total Se
(aqua regia) in soils used in this study is hardly corre-
lated to amorphous Al-(hydr)oxide content (R*=0.16,
p>0.05) and weakly correlated to soil organic matter
content (R*=0.26, p<0.05) and to amorphous
Fe-(hydr)oxide content (R*=0.51, p<0.001). In con-
trast, our previous study using 83 soil samples taken
from grasslands and other arable lands in the
Netherlands showed that the total Se (aqua regia) is
strongly correlated with soil organic matter content
and amorphous Fe- and Al-(hydr)oxide content
(Supriatin et al. 2015b). This difference is probably
due to a narrow range of soil organic matter content,
amorphous Fe- and Al-(hydr)oxide content, and total Se
(aqua regia) content in the soils used in this study
(Table 1). The fraction of inorganic Se (mainly selenite)
in the soils is on average 3 +3 % of total Se (aqua regia)
(Table 7; n=15), indicating that most of the Se is present
in organic form, despite that only a weak correlation was
found between total Se content and soil organic matter
content.

The amount of Se measured in different extractions
followed the order of aqua regia (224 to
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734 pg kg ')>ammonium oxalate (38 to
146 pg kg ')>hot water (6 to 29 pg kg )>0.43 M
HNO; (7 to 32 nug kg )>0.01 M CaCl, (1.2 to
6.0 ug kg ") (Tables 1 and 6). Soluble Se concentration
in 0.01 M CaCl, extraction accounts for on average 1.0
+0.7 % of total Se (aqua regia) (Table 1), slightly lower
than that observed in the previous study for grassland
soils (1.5+£0.6 %) and other arable land soils (1.4
+0.6 %) (Supriatin et al. 2015b). The fraction of Se in
other extractions is on average 4 +2 % in 0.43 M HNOs;
542 % in hot water; and 21 +7 % in ammonium oxalate
(Table 6), comparable to that measured in previous
study (Supriatin et al. 2015b). On average 85 % of Se
in ammonium oxalate extraction is organic Se and 15 %
is inorganic Se (mainly selenite) (Table 7; n=16).
Previous studies suggested that Se in 0.01 M CaCl,
and hot water extraction is mainly in organic Se form,
whereas 0.43 M HNO; extracts mainly inorganic Se plus
a small amount of organic Se (Supriatin et al. 2015a, b).

Selenium content in wheat shoots

Selenium content in the wheat shoots is between 7 and
101 pg kg ' (plant dry weight), with a mean of
28 ug kg ' (n=19) (Fig. 8). In general, Se content in
the wheat shoots grown on clay soils with clay con-
tent>20 % and pH> 6 is higher than that in the wheat
shoots grown on other soil types (Fig. 1a). The variabil-
ity of Se content in the wheat shoots grown on “other
clay” soils is high due to that one wheat shoot sample
(grown on a clay soil with clay content 18 % and
pH 7.30) contains 101 ug kg ' Se whereas the other
five samples (grown on clay soils with clay content 12 to
30 % and pH 5.20 to 7.30) contain about 12 to
40 ug kg Se. Since the wheat shoots were harvested
at the flowering stage, we do not have data of Se content
in wheat grain. It has been shown that Se content in
wheat grain is correlated to Se content in wheat stems or
leaves, and that the grain Se content is largely similar to
that in the wheat stems but much lower than the Se
content in wheat leaves (Jiang et al. 2015). Therefore,
we expect that Se content in wheat grain in our current
study would be less than that measured in the shoots (i.c.
7t0 101 ugkg ' Se).

A Se content in plants of 50 to 100 pg Se kg ' dry
weight has been proposed as the minimum amount
required for animal and human intake (Gardiner and
Gorman 1963; Hawkesford and Zhao 2007). Previous
studies showed that Se content in wheat grain grown on

41 Danish soils range between 4 and 67 pgkg ', with an
average of 20 ug kg ' (Gissel-Nielsen 1975) and in the
wheat grain grown on UK soils is on average between
25 and 33 pg kg ' (n=85 to 187) over 3 years of
sampling (Adams et al. 2002). Total Se contents in
Danish soils and UK soils are between 0.14 and
0.52 mg kg™' (Hamdy and Gissel-Nielsen 1976 in
Gupta and Gupta 2000) and on average 0.50 mg kg ™'
(Adams et al. 2002), respectively, which are in a similar
range as in the soils in our current study (Table 1). Based
on these findings, we expect that without Se fertilizer
application, Se content in wheat grain grown on the soils
in our study would be mostly below the minimum
amount of Se for animal and human intake, especially
in the soils other than clay soil with a combination of
clay content>20 % and pH>6 (Fig. 1a), indicating a
generally low Se bioavailability in the arable soils in the
Netherlands.

The yield of wheat shoots ranged from 2 to 9 g dry
weight pot ' (Fig. 8a). Soil type had no effect on crop
yield (Fig. 1b). Hardly any correlation between yield
and Se content in the wheat shoots (ug Se kg™' dry
biomass) was observed (R*=0.001, p>0.05; Fig. 8a),
indicating that Se is not a limiting factor for plant
growth. A lack of correlation between yield and Se
content in Italian rye grass (Lolium multiflorum) was
also observed in the study of Ylaranta (1983). The
variation in yield of wheat shoots among the different
soils (around 4 times; Fig. 8a) is smaller than that in Se
content (15 times; Fig. 8a) or total Se uptake (17 times;
Fig. 8b) in wheat shoots, and the absolute Se content in
the wheat shoots (in pg Se kg ' dry biomass) correlates
well with the total Se uptake per pot (in g Se pot ')
(R*=0.93, p<0.001; Fig. 8b). Therefore, for the pur-
pose of comparison among soils, there is not much
difference if the absolute Se content or total Se uptake
is used.

Regression model for Se uptake

To identify which soil parameters are important in de-
termining Se content in the wheat shoots, firstly single
factor regression analysis between Se content in the
wheat shoots and each individual soil parameter was
performed (Table 4). Among the soil property parame-
ters, pH measured in 0.01 M CaCl, extraction (pH-
CaCl,), pH in hot water extraction (pH-hot water) and
clay content are positively correlated to Se content in the
wheat shoots, whereas organic matter content and soil
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C:N ratio are negatively correlated, and amorphous Fe-
and Al-(hydr)oxide content are not correlated to Se
content in the wheat shoots. Among Se concentrations
measured in different extractions, Se in 0.01 M CaCl,
extraction (Se-CaCl,) and Se in hot water extraction
(Se-hot water) are positively correlated to Se content
in the wheat shoots, whereas total Se content (aqua
regia) and total inorganic selenite content are negatively
correlated, and Se in ammonium oxalate and 0.43 M
HNO; extractions are not correlated to Se content in
the wheat shoots. Besides, DOC and DON in 0.01 M
CaCl, extraction (DOC-CaCl, and DON-CaCl,, respec-
tively) and DOC in hot water extraction (DOC-hot
water) are negatively correlated to Se content in wheat
shoots, whereas other soil parameters considered, such
as S, P and PO, in 0.01 M CaCl, and hot water extrac-
tions, and S and P in ammonium oxalate extraction are
not correlated to Se content in the wheat shoots. Among
the single soil parameters, soil pH explains most (about
60 %) of the variation of Se content in wheat shoots
(Table 4 and Fig. 2), showing that Se content in wheat
shoots increases with soil pH (Fig. 2).
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Following the single parameter regression, multiple
linear regression analysis was performed by combining
two or more soil parameters. We included in this multi-
ple regression the soil factors of pH-CaCl,, pH-hot
water, clay content, soil organic matter content, soil
C:N ratio, Se-CaCl,, Se-hot water, total Se content (aqua
regia), inorganic selenite content, DOC-CaCl,, DON-
CaCl, and DOC-hot water, all of which have been found
correlated with Se content in the wheat shoots (Table 4).
For all combinations of two factors regression, the best
regression model obtained includes Se-CaCl, and DOC-
CaCl,, which explains 85 % (adjusted R*=0.85,
p<0.001) of the variability of Se content in the wheat
shoots (Eq. 1 and Model 25 in Table 8). We have shown
above that in general the Se content in the wheat shoots
grown on clay soils with a combination of clay con-
tent>20 % and pH> 6 is higher than that in the wheat
shoots grown on other soil types (Fig. 1a). The two
factors regression including clay content and pH-
CaCl, leads to an adjusted R* of 0.58, p<0.001 (Eq. 2
and Model 8 in Table 8). Extending the regression to
three or four factors can only slightly raise the maximum
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Table 4 Regression parameters of the equation: Log;o(Se content in wheat shoots, g kgﬁl) =a+b*Log(soil parameter) (n=19)

Soil parameter Intercept (a) Coefficient (b) R? p value
pH-CaCl," —0.16 0.24 0.60 <0.001
pH-hot water” —0.14 0.22 0.58 <0.001
Clay (%) 0.98 0.39 0.46 <0.01
Organic matter (%) 1.78 -0.74 0.50 <0.001
Soil C:N ratio 2.99 -1.49 0.41 <0.01
Amorphous Fe-(hydr)oxide (mg kg ") 1.66 —0.10 0.01 >0.05
Amorphous Al-(hydr)oxide (mg kg ™) 3.71 —-0.81 0.21 0.05
Se-CaCl, (ug kg™ 0.79 1.12 0.45 <0.01
Se-HNO; (ug kg ™) 2.14 -0.75 0.21 0.05
Se-hot water (ug kg ") —0.04 1.09 0.22 <0.05
Se-ammonium oxalate® (ug kg ') 1.54 —0.18 0.02 >0.05
Total Se (aqua regia)® (ug kg ") 4.15 -1.10 0.30 <0.05
Selenite® (ug kg ") 2.13 —0.67 0.42 <0.05
DOC-CaCl, (mg kg ") 3.77 -1.35 0.51 <0.001
DOC-hot water (mg kg ") 1.13 -0.97 0.53 <0.001
DON-CaCl, (mg kg ') 1.88 ~0.60 0.34 <0.01
S-CaCl, (mg kg ) 1.60 —0.18 0.12 >0.05
S-hot water (mg kg ") 1.80 -0.34 0.14 >0.05
S-ammonium oxalate (mg kg ') 223 —-0.47 0.19 >0.05
P-CaCl, (mg kg ") 1.27 0.09 0.009 >0.05
P-hot water (mg kg ') 1.74 -0.33 0.08 >0.05
P-ammonium oxalate (mg kg ') 244 -0.42 0.03 >0.05
PO,-CaCl, (mg kg™ 128 0.10 0.02 >0.05
PO4-hot water (mg kgfl) 1.43 -0.12 0.02 >0.05

#pH is not converted into Log;o

® The samples that have Se concentrations below the determination limit were not included in the regression analysis

adjusted R? from 0.85 to 0.87 (Table 8), and since the
benefit of including additional factors is relatively small

we focus our further evaluation on the one factor and
two factors regressions.

Log(Se~wheat shoots, g kg ') = 3.09 + 1.01 Log(Se—CaCl,, ug kg ')—1.23 Log(DOC—CaCl,, mg kg ') Adj. R* = 0.85,p < 0.001 (O]
Log (Se—-wheat shoots, 1ig kg ') = 0.07 + 0.19(pH-CaCl,) + 0.15Log(clay, %) Adj. R* = 0.58,p < 0.001 (2)
Se-wheatshoots, pgkg ' = 0.69(Se : DOC—CaCl,, ugg ') 8.39 R? = 0.88 or Adj. R? = 0.87,p < 0.001 3)
Discussion shoots grown on low Se soils under controlled condi-

Selenium to DOC ratio in 0.01 M CaCl, extraction
determines Se uptake in wheat shoots

Soluble Se and DOC in 0.01 M CaCl, extraction explain
the majority (around 85 %) of Se variability in wheat

tions (Eq. 1 and Model 25 in Table 8). This model can
predict Se content in the wheat shoots quite well, how-
ever, when the measured Se content in the wheat shoots
is above 60 pg kg ', the model underestimates the
measured values (Fig. 3). This model, which is based
on the two major explanatory variables, can be further
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improved and reduced to a single factor regression
model by replacing soluble Se and DOC in 0.01 M
CaCl, extraction with the Se to DOC ratio in 0.01 M
CaCl, extraction (R*=0.88, p<0.001) (Eq. 3 and
Fig. 7a), indicating that the richness of Se in dissolved
organic matter (DOM) is a good predictor of bioavail-
able Se in low Se soils with predominantly organic Se.

Our observation that in general more Se was taken up
in the wheat shoots grown on clay soils with clay
content>20 % and pH>6 (Fig. la), is not directly
reflected in the model in Eq. 1 (two factors model
including Se and DOC in CaCl, extraction) or in the
single factor model with Se to DOC ratio in CaCl,
extraction (Eq. 3). The model in the Eq. 2, which in-
cludes clay content and pH-CaCl,, has a lower predic-
tive power (R*=0.58, »<0.001) than the model in Eq. 1
(R*=0.85, p<0.001). A closer examination shows that
the higher Se uptake in the wheat shoots grown on clay
soils with clay content>20 % and pH>6 is primarily
related to the high Se to DOC ratio in 0.01 M CaCl,
extraction of these soils (Table 1). These findings indi-
cate that bioavailability of Se in low Se soils dominated
by organic Se is related to the solubility and quality of
Se containing DOM in soil solution.

Model: Log(Se-wheat shoots) = 3.09 + 1.01 Log(Se-CaCl,) - 1.23

The Se and DOC concentrations in 0.01 M CaCl,
extraction in the moist soil samples taken freshly from
the fields have also been measured (Supriatin et al.
2015a). Consistent with the dried soils, Se to DOC ratio
in 0.01 M CaCl, extraction of the moist soils is also
positively correlated to Se content in the wheat shoots
(R*=0.70, p<0.001; n=19), although the correlation
for the moist soils is less strong than for dried soils
(R*=0.88, p<0.001; Eq. 3 and Fig. 7a). Previous study
showed that an increase of both DOC (on average 2.5 to
2.7 fold) and Se (on average 2 to 4 fold) occurred in
0.01 M CaCl, extraction upon soil drying, but the Se to
DOC ratio remained quite stable (Supriatin et al. 2015a).
However, the very low concentrations of soluble Se
measured in 0.01 M CaCl, extraction of moist soils can
be a challenge to derive an indicator of Se bioavailabil-
ity using the moist soil samples (Supriatin et al. 2015a).

In our preliminary study, selenite adsorption in sev-
eral selected Dutch agricultural soil samples other than
the soils used in the current study was measured by
adding selenite (data not shown). By extrapolating the
results of this adsorption experiment to the amount of
selenite initially present in the soils used in the current
study (<40 pg kg ") (Table 7), the K4 values of selenite

Fig. 3 Comparison between the . 1204 Log(DOC.cach) @® sand
measured and calculated Se content 8 _
in the wheat shoots grown in the § 100 adusted RE=085,p<0.001 B A clay > 20%,
pot experiment. The model used to E= pH>6
calculate Se content in the wheat K 2 80 A B othercla
shoots includes soluble Se-CaCl, § 2 604 y
and DOC-CaCl, as soil parameters 38 X loess
(Eq. 1 and Model 25 in Table 8). T % 404 oclaimed
The line is 1:1 line at which the 5 @ &
measured and calculated Se content S 20
in wheat shoots are equal = <

0 T T T T T ]

0 20 40 60 80 100 120
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(K 4=ratio adsorbed selenite in ug kg ":soluble selenite
in ug L") and amount of soluble selenite in 0.01 M
CaCl, extraction were estimated for the soils under
current study. These calculations suggest that the Ky
values for selenite in these soils are between 1500 and
4600 kg L' and that the soluble selenite concentration
in 0.01 M CaCl, are mainly <10 ng L' (<0.1 ug kg ™).
This very low concentration explains why the soluble
selenite was hardly measurable in the 0.01 M CaCl, soil
extraction (Supriatin et al. 2015a). The estimated con-
centration of soluble (inorganic) selenite accounts for
mostly<1 % of total soluble Se measured in 0.01 M
CaCl, extraction (1.2 to 6.0 ug kg '; Table 1), which
supports the above conclusion that the content of soluble
Se-rich organic molecules determines the Se plant
uptake.

Different forms of soluble organic Se, such as
selenomethionine (CsH;;NO,Se), methane seleninic
acids (CH3SeOOH) and trimethyl selenium ion
((CH;)3Se") have been measured in soils (Abrams and
Burau 1989; Abrams et al. 1990a; Stroud et al. 2012;
Tolu et al. 2014; Yamada and Hattori 1989). Kikkert and
Berkelaar (2013) have shown that selenium amino
acids, such as selenomethionine, is more readily taken
up by plants than selenocystine. Selenium content in
selenium amino acids, such as selenocystine
(CgH2N,048Se,), selenocysteine (C3H;,NO,Se) and
selenomethionine (CsH;;NO,Se), is high with a Se to
C mass ratio of 2.2, 2.2 and 1.3 g g, respectively,
which is in contrast to the much lower ratio of Se to
DOC measured in the CaCl, extraction (13 to
140 pg g '; Table 1). If we take a Se to C ratio of
1.3 g g ' based on selenomethionine as an assumed
representative of Se-rich molecule in the CaCl, extrac-
tions of the soils studied, and assume that the rest of
DOM has a Se to C ratio of 10 ug g~ (i.e. the overall Se
to organic C ratio in bulk soil organic matter; Supriatin
et al. 2015b), we can calculate the concentration of Se-
rich molecule using the measured Se to DOC ratio in the
CaCl, extraction. This calculation leads to 0.28 to
5.51 g Se kg ! soil of selenomethionine-like Se-rich
organic molecule in the CaCl, extraction of the soils
studied, which would account for 24 to 93 % of the
measured total soluble Se in the CaCl, extractions, but
account for only 0.00024 to 0.01 % of the measured
total DOC. The fraction of Se-rich molecule calculated
in this study is in similar range of selenomethionine
fractions measured in water (on average 20 % of soluble
Se) or 0.016 M KH,PO, (52 to 83 % of soluble Se) soil

extractions from previous studies (Stroud et al. 2012;
Tolu et al. 2014). A positive correlation between the
amount of calculated Se-methionine in the CaCl, ex-
traction and Se content in the wheat shoots was found
(R*=0.63, p<0.001) (Fig. 4), which supports that the
Se to DOC ratio in CaCl, extraction can be considered
as a measure of the amount of Se-rich organic molecule
in the extraction.

Previous study of Supriatin et al. (2015a), however,
found hardly any Se-rich small organic molecules
(<1 nm) in the CaCl, soil extraction, suggesting that
the Se-rich organic molecules are probably associated
with larger organic molecules, forming colloidal sized
structures (1 nm to 0.45 um). In addition, the Se to DOC
ratios in the hydrophilic acid (Hy) and fulvic acid (FA)
fractions of DOM in CaCl, extraction are comparable,
and the ratio of Se to DOC for both the Hy and FA
fractions increases with pH, especially in the soil sam-
ples from potato fields (Supriatin et al. 2015a), which
supports the idea that most of Se-rich molecules are
probably associated with colloidal sized Hy and FA
molecules. A correlation analysis using Se to organic
C ratio of Hy and FA fractions of DOM in 0.01 M CacCl,
extraction of soil samples taken from the same fields as
used in this study (»=8) (Supriatin et al. 2015a) showed
that Se content in the wheat shoots is strongly positively
correlated with Se to organic C ratio of the Hy fraction
(R*=0.93, p<0.001) and less strongly correlated to Se
to organic C ratio of the FA fraction (R*=0.74,
p<0.05). These findings indicate that the plant Se up-
take is probably more influenced by Se-rich compounds
in the more rapidly degradable Hy fraction than the less
easily degradable FA fraction.
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Fig. 4 Relationship between Se uptake in wheat shoots and
calculated selenomethionine-like Se-rich organic molecule in the
CaCl, extraction estimated from the measured Se to DOC ratio in
CaCl, extraction
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Soil properties determining Se to DOC ratio in 0.01 M
CaCl, extraction and Se in wheat shoot

The above results showed that soluble Se and DOC in
0.01 M CaCl, extraction, which are reflected by the Se to
DOC ratio in CaCl, extraction, are the main soil param-
eters determining Se uptake in the wheat shoots (Egs. 1
and 3), suggesting that Se uptake in the wheat shoots is
not only related to solution Se concentration but also to
the Se speciation in the solution. To further explore the
basic soil properties that can potentially determine the
concentration and speciation of soluble Se, their correla-
tion to soluble Se and Se to DOC ratio in 0.01 M CaCl,
extractions is investigated and discussed below. Both pH-
CaCl, and clay content are positively correlated to solu-
ble Se and Se to DOC ratio, whereas organic matter
content and soil C:N ratio are negatively correlated
(Table 5). Among these soil parameters, soil pH corre-
lates most strongly with Se to DOC ratio (R*=0.66,
p<0.001), but correlates the least with soluble Se
(R*=0.26, p<0.05) (Table 5), indicating that the soil
pH is the primary factor that controls the solubility of
Se-rich DOM. These findings correspond to our obser-
vations that pH, clay content, soil organic matter content
and soil C:N ratio are also significantly correlated with Se
content in the wheat shoots, and that soil pH is the single
factor that correlates most strongly with Se content in
wheat shoots (R*=0.58 to 0.60, p<0.001) (Table 4).
The amount of Se-rich DOM and Se content in the
wheat shoots increase with pH (Tables 4 and 5 and Figs. 2
and 9a), consistent with previous studies that have shown
the solubility of Se-containing organic matter increases
with pH (Gustafsson and Johnsson 1994; Yanai et al.
2015). In addition to controlling the solubility of Se-
containing organic matter, we expect that pH also plays
a role in the mineralization of soluble organic Se (Fig. 5).
The soluble organic Se, which may not be directly

available for plant uptake when in colloidal form, is likely
to be mineralized into soluble inorganic Se (selenate or
selenite) or soluble small organic Se molecules that are
available for plant uptake (Fig. 5). Curtin et al. (1998)
suggested that mineralization of soil organic matter in-
creased with an increase of soil pH from 5.7 to 7.3.
Further, the soluble Se and Se to DOC ratio in 0.01 M/
CaCl, extraction, as well as Se content in the wheat
shoots, are increased at a low soil C:N ratio (Tables 4
and 5), suggesting that the quality of solid soil organic
matter strongly influences the amount of Se-rich DOM
(Fig. 5). Our previous studies indicated that Se in both the
soil solid phase and soil solution is mainly present as
organic Se (Supriatin et al. 2015a; Supriatin et al.
2015b), and we expect, therefore, that mineralization of
the organic Se controls the solubility and bioavailability of
Se in these soils (Fig. 5). A low soil C:N ratio is related to
both a relatively high Se content in soil organic matter
(Fig. 6e) and to some extent a likely faster mineralization
of soil organic matter (Post et al. 1985; Zech et al. 1997).
In addition, soluble Se and Se to DOC ratio in 0.01 M
CaCl, extraction and Se uptake in the wheat shoots have
shown a positive correlation with clay content and a
negative correlation with soil organic matter content
(Tables 4 and 5). These correlations may be caused by
the fact that clay and soil organic matter content are
correlated with soil C:N ratio (R*=0.62, p<0.001 and
R?=0.42, p<0.01 for the correlations between soil C:N
ratio and clay content or soil C:N ratio and organic matter
content, respectively) and pH (R*=0.39, p<0.01 and
R?=0.40, p<0.01 for the correlations between pH and
clay content or pH and organic matter content, respective-
ly) of these soils. Homann et al. (2007) indicated that the
association of soil N with clay is stronger than that of soil
organic C with clay, which results in a decrease of soil
C:N ratio with an increase of clay content as found in this
study (data not shown). On the other hand, a positive

Table 5 Single factor linear regression between Se concentration or Se to DOC ratio in 0.01 M CaCl, extraction and basic soil properties (n=19)

Soil parameter

Se-CaCl, (ug kg ")=a+b*soil parameter

Logo(ratio Se:DOC-CaCl,, pug gfl)
=a+b*Logc(soil parameter)

Intercept (a) Coefficient (b) R> pvalue Intercept (a) Coefficient (b) R>  p value
pH-CaCl, —0.78 0.66 0.26 <0.05 035 0.21 0.66 <0.001
Clay (%) 2.11 0.09 0.53 <0.001 1.37 0.32 0.44 <0.01
Organic matter (%) 4.18 -0.17 0.29 <0.05 2.08 —0.69 0.62 <0.001
Soil C:N ratio 6.05 -0.20 0.52 <0.001 3.20 -1.38 0.51 <0.001
Amorphous Fe-(hydr)oxide (mg kg™") 3.19 4.28%107° 9%¥107° >0.05  2.06 -0.12 0.02 >0.05
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Fig. 5 Schematic pathways between Se in the soil solid phase, soil
solution, and plants, and the basic soil properties influence these
processes. In soils that contain low total Se with predominantly
organic Se, Se-rich organic matter in the soil solid phase is released
into the soil solution upon mineralization/dissolution. The decay of
soil microorganisms may also contribute to Se-rich DOM. The Se-
rich DOM can either be directly taken up by plants (in case of Se-
amino acids), or after being mineralized into chemical forms that are
directly available (selenate, selenite, small organic Se). The amount

correlation between soil organic matter content and soil
C:N ratio was found (data not shown), reflecting a decline
of the quality of soil organic matter (i.c. increase of soil
C:N ratio) in high organic matter soils.

Mass balance estimation

Selenium uptake in the wheat shoots is in the range of
0.03 t0 0.59 ug Se pot ' (Fig. 8b). If we assume that the
dissolved Se concentration in the soil pore water during
the pot experiment is the same as that measured in the
0.01 M CaCl, extraction (0.12 to 0.60 pg L™'; Table 1),
taking into account the soil water content of the pot
experiment (230 to 504 mL pot '), the dissolved Se in
the soils used during the pot experiment is 0.04 to
0.24 ug Se pot '. When calculated in this way, the
amount of Se taken up by wheat shoots accounts for
37 to 439 % or about 0.4 to 4 times the dissolved Se in
the pore water for the whole 53 days of wheat growth.
However, it has been shown that the soluble Se extract-
ed in 0.01 M CaCl, of moist potato field soils as used in
this study is 2 to 4 times lower than that measured in the

of Se-rich DOM can be measured as the Se:DOC ratio in soil
solution. pH has a positive, and soil C:N ratio has a negative effect
on the amount of Se-rich solid organic matter, the mineralization/
dissolution of solid organic Se into soluble organic Se, and the
mineralization of soluble organic Se. Clay content has a positive
correlation, and soil organic matter content has a negative correlation
with Se bioavailability, probably through its correlation with soil C:N
ratio. Soil C:N ratio is negatively related to clay content and posi-
tively related to soil organic matter content.

same extraction using the dried soils (Supriatin et al.
2015a). Therefore, we expect that the dissolved Se
concentration in the pore water during the pot experi-
ment is less than that estimated above based on soluble
Se measured in the CaCl, extraction of dried soils.
When assuming that the dissolved Se concentration in
the pore water is the same as that measured in the CaCl,
extraction of the moist soils (0.04 to 0.48 pg L™';
Supriatin et al. 2015a), the total amount of Se taken up
in the wheat shoots is 0.8 to14 times the dissolved Se in
the pore water. These values can be higher if Se taken up
by the wheat roots and lost due to possible phyto-
volatilization are also included (Zayed et al. 1998).
The above calculation shows that to supply the amount
of Se taken up by wheat during the pot experiment the
dissolved Se in the pore water needs to be replenished by
about 0.8 to 14 times within the 53 days period, corre-
sponding to a total turn-over time of about 4 to 67 days. It
has been shown that the turnover of free amino acids in soil
through microbial mineralization is very fast (within a few
hours) (Jones and Kielland 2002). The mineralization of
the colloidal sized organic Se might be slower than the free
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amino acids. Nevertheless, up to 40 % of DOM in soil
solution can be mineralized within a period of days to a
few months (Kalbitz et al. 2000). The amount of Se taken
up in the wheat shoots is only 0.008 to 0.38 % of total Se
(aqua regia) in soils. On the other hand, the amount of
labile organic Se as extracted in hot water accounts for on
average 5 % of total Se (aqua regia) (Table 6), which is
much higher than the Se amount taken up by wheat shoots.
The labile organic matter extracted in hot water is relatively
rich in Se (Supriatin et al. 2015b), which may represent the
Se-rich solid organic matter in soils (Fig. 5). The above
simplified calculations show that the amount of Se gener-
ated during the mineralization of Se-rich solid and dis-
solved organic matter is potentially sufficient to explain the
amount of Se taken up by wheat shoots (Fig. 5).

Selenium to organic C ratio in different extractions

The results above showed that among other soil proper-
ties, soil pH correlates most strongly with both Se to
organic C ratio in 0.01 M CacCl, extraction and Se up-
take in the wheat shoots (Tables 4 and 5 and Figs. 2 and
9a). In addition to soil pH, soil C:N ratio is also related
to both Se to organic C ratio in 0.01 M CaCl, extraction
and Se uptake in the wheat shoots (Tables 4 and 5 and
Fig. 6a). Below, a further analysis of the correlation
between soil pH or soil organic matter quality (i.e. soil
C:N ratio) and Se to organic C ratio in different extrac-
tions was performed. Moreover, correlation analysis
between the Se to organic C ratio in different extractions
and Se uptake in the wheat shoots was carried out.
These correlation analyses show that the soil pH is
strongly positively correlated to the Se to organic C ratio
in 0.01 M CaCl, and hot water extractions (R2:0.66,
£<0.001 and R*=0.69, p<0.001, respectively), but
weakly correlated to the Se to organic C ratio in
0.43 M HNO; and ammonium oxalate extractions and
aqua regia digestion (R*=0.26 to 0.39) (Figs. 9a and b),
indicating that pH influences the amount of Se-rich
organic matter mainly in the soluble and labile fractions.
On the other hand, in general, soil C:N ratio is strongly
negatively correlated with the Se to organic C ratio in all
the soil extractions (R*=0.51 to 0.79, p<0.001)
(Fig. 6), suggesting that at a low soil C:N ratio soil
organic matter is richer in Se than at a high soil C:N
ratio, regardless of the different pools of soil organic
matter (soluble, acid extractable, labile, oxide associated
or bulk of organic matter). These findings suggest that
both the soil pH and soil organic matter quality (i.e. soil
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C:N ratio) control the content of Se-rich organic matter
in the soluble (0.01 M CaCl, extraction) and labile (hot
water extraction) organic matter pools, whereas in the
rest of the organic matter pools (HNOz and ammonium
oxalate extractions and aqua regia digestion), the soil
organic matter quality (i.e. soil C:N ratio) has a larger
influence on the Se to organic C ratio than the soil pH
(Figs. 6 and 9).

As a comparison with DOC, the amount of DON in
the CaCl, extraction was also measured, which range
from 2 to 33 mg N kg ™' soil. The ratio of Se to DON in
CaCl, extraction is between 42 and 1578 pg g~', with an
average of 488 pg g !, which is substantially higher
than the average ratio of total Se (aqua regia) to total N
in these soils, i.e. 189 pg g '. Despite the observed
correlation between the soil C:N ratio and Se to DOC
ratio in the CaCl, extraction (and also in other extrac-
tions) (Fig. 6), only a weak correlation occurs between
soil C:N ratio and DON concentration in CaCl, extrac-
tion (R>=0.22, p<0.05), and hardly any correlations
between soil C:N ratio and DOC to DON ratio in CaCl,
extraction (DOC:DON ratio=2 to 28) (R*=0.09,
p>0.05), between DON and soluble Se concentration
in CaCl, extraction (R*=0.10, p>0.05), and between
DOC to DON ratio and Se to DOC ratio in CaCl,
extraction (R*=0.01, p>0.05). These results indicate
that although the overall soil organic matter quality
(i.e. soil C:N ratio) is an important factor determining
the amount of soluble Se-rich organic matter (i.e. ratio of
soluble Se to DOC in CaCl, extraction) (Fig. 6a), the
amount of soluble Se-rich organic molecules is not
directly related to the solubility of N-containing organic
molecules in general.

Among the Se to organic C ratios in all the soil extrac-
tions, Se to organic C ratio in 0.01 M CaCl, extraction
correlates most strongly with Se content in the wheat
shoots (R2:0.88, p<0.001; Fig. 7). On the other hand,
Se to organic C ratio in other extractions (0.43 M HNO3,
hot water and ammonium oxalate extractions and aqua
regia digestion) are weakly correlated with Se uptake in
the wheat shoots (R*=0.15 to 0.40; Fig. 7). These find-
ings confirm that the amount of Se-rich DOM in soil
solution is the main limiting factor for Se plant uptake.

Implication of the regression uptake model
for prediction of Se bioavailability in other soil samples

The results of current study apply to soil samples that
have low level of Se (total 0.22 to 0.73 mg kg ' and
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soluble Se 0.12 to 0.60 pg L") with predominantly
organic Se, and with a low amount of DOC (3.5 to
18.4 mg L") (Table 1). In a previous study we have
found that the Se to DOC ratio in 0.01 M/ CaCl, extrac-
tion of the majority of (dried) potato field soils used in
the current study (on average 64+33 pg g '; n=16) is
higher than that in similar extraction of (dried) soils
from grassland fields (34 %13 ug g~'; n=27) and maize
fields (30+16 pg g '; n=15), and in general the grass-
land soils (0.21 to 4.02 ug L™ for Se and 5.5 to
93.9 mg L' for DOC) and maize field soils (0.26 to
1.13 ug L' for Se and 11.2 to 53.9 mg L ™" for DOC)
have a higher level of soluble Se and DOC in 0.01 M
CaCl, extraction than those in potato field soils
(Supriatin et al. 2015a). By Including three additional
soil samples, the average Se to DOC ratio in 0.01 M
CaCl, extraction of (dried) potato field soil samples
used in the current study is 53+35 ug g ' (n=19;
Table 1). These results indicate that the dissolved organ-
ic matter in potato field soils is richer in Se than that in
grassland soils and maize field soils, and the dissolved
organic matter in grassland soils contain similar amount
of Se as that in maize field soils. Further research is
needed to evaluate the validity of the Se uptake model
derived in this study in other soils (i.e. grassland soils
and maize field soils) with different quality of Se-
containing DOM (i.e. lower Se to DOC ratio).

Conclusions

Total Se content (aqua regia) in the potato field soils is in
the range of 0.22 to 0.73 mg kg ', of which a small
fraction (on average 3+3 % of total Se) is present as
inorganic Se (mainly selenite) and the majority is in
organic form. Soluble Se in 0.01 M CaCl, extraction is
between 1.2 and 6.0 ug kg ' and accounts for on aver-
age 1.0£0.7 % of total Se. The soluble Se is mainly
present as colloidal organic Se, whereas inorganic sele-
nate, selenite, and small organic Se were hardly mea-
surable. The Se content in the wheat shoots grown on
these low total and soluble Se soils was found to be
between 7 and 101 pg kg ™' (plant dry weight), with an
average of 28 ug kg '. In general, Se content in the
wheat shoots grown on clay soils with a combination of
clay content>20 % and pH>6 is higher compared to
that in the wheat shoots grown on other soil types (i.e.
sand, “other clay”, loess and reclaimed peat soils).

@ Springer

A regression uptake model developed from these data
shows that around 88 % of variability of Se uptake in the
wheat shoots grown under controlled conditions can be
explained by the Se to DOC ratio in 0.01 M CaCl, extrac-
tion, indicating that Se-rich DOM is the main source of
bioavailable Se in these low Se soils with predominantly
organic Se. The Se content in the wheat shoots is partic-
ularly strongly and positively correlated with Se to organic
C ratio of the hydrophilic fraction of DOM in 0.01 M
CaCl, extraction (R*=0.93, p<0.001), suggesting that
Se-rich compounds present in the easily degradable
DOM fraction control Se bioavailability. Soil pH, C:N
ratio, clay content and organic matter content have been
identified as the major soil properties determining the Se
to DOC ratio in 0.01 M CaCl, extraction. The Se to DOC
ratio in 0.01 M CaCl, extraction increased towards high
pH, high clay content, low soil C:N ratio and low soil
organic matter content. Among these soil properties, soil
pH correlates most strongly with Se to DOC ratio in
0.01 M CaCl, extraction (R*=0.66, p<0.001) and Se
uptake in wheat shoots (R*=0.60, p<0.001). In addition
to soil pH, our findings suggest that soil organic matter
quality (i.e. soil C:N ratio) controls to a large extent the
amount and release of Se-rich organic molecules from the
soil solid phase to soil solution and subsequent uptake.

The results of this study suggest that Se bioavailabil-
ity in low Se soils with predominantly organic Se is
determined by the solubility of Se-containing DOM in
soil solution (i.e. soluble organic Se). Further research is
recommended to validate the regression uptake model
for prediction of Se bioavailability in soil samples from
other land uses with different quality of soil organic
matter (i.e. lower soluble Se to DOC ratio).
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Appendix

Fig. 8 a Correlation between
yield and Se content of wheat
shoots and b Correlation between
Se uptake and Se content of wheat
shoots

Fig. 9 a Correlation between soil
pH (pH measured in 0.01 M
CaCl, and hot water extractions)
and Se to organic C ratio in

0.01 M CaCl, and hot water
extractions, respectively and b
Correlation between soil pH
measured in 0.01 M CaCl,
extraction and Se to organic C
ratio in 0.43 M HNO;,
ammonium oxalate extractions
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Table 6 Amount and fraction of Se extracted in 0.43 M HNO3, hot water and ammonium oxalate. The data are presented as mean =+ standard
deviation per soil type. Values in brackets are ranges of the Se amount and fraction in each extraction per soil type

Soil type Se extracted (ug kg ") Se extraction efficiency (% of total Se-aqua
regia)
HNO; hot water ammonium oxalate HNOj hot water ammonium
oxalate
Sand (n=5) 233+7.9 (12.0- 17.7+2.4 (13.8— 80.0+37.7 (38-140) 7+3*(3— 5£2°(3— 21+3*(18-25)*
32.0) 19.7) 11)* )
Clay>20 %, pH>6 83+1.2(7.0-9.0) 20.5+£0.5(19.9- 86.0° 3+0.7 (3-4) 8+1(6-9) 38°
(n=3) 20.9)
Other clay (n=06) 12.2+5.4 (7.0-22.0) 19.8+5.2 (14.1- 77.6+40.2° (50— 3+0.4 (3-4) 6+£2 (2-9) 19+9° (12-34)°
29.5) 146)°
Loess (n=1) 18.0 252 146.0 2 3 20
Reclaimed peat (n=4) 11.84+3.9 (8.0-17.0) 12.2+4.7 (6.4-16.9) 66.5+15.8 (50-80) 3+1(2-4) 3+1(2-4) 17+4(11-19)
Average =SD° 14.7+75 18.1+5.0 80.4+34.7 4+2 5+2 21+7

#One sample that has a total Se content (aqua regia) below the determination limit was excluded from the table
® Soil samples that have Se concentrations below the determination limit were excluded from the table
¢ Standard deviation

Table 7 Selenium speciation in ammonium oxalate extraction using HPLC - ICP-MS

Soil type Total Se ammonium Inorganic Organic Se®/total Total Se aqua  Inorganic selenite®/
oxalate (ug kg ") selenite®/total Se Se ammonium regia (ug kg™") total Se aqua regia
ammonium oxalate (%) oxalate (%) (%)

Range  Average+SD° Range Average+SD® Range Average+SD° Average+SD°® Average+SD°

Sand (n=5) 38-140 80+38 0-28 15+12 72-100 85+12 437+179¢ 3424

Clay>20 %, pH>6 nd  86° nd  19° nd  8I° 262443 7
n=3

oéler cl)ay (n=6) 50-146° 78 +40° 10-45° 28+13° 55-90° 72+13° 3924187 5+2°

Loess (n=1) ndf 146 ndf 7 ndf 93 734 1.4

Reclaimed peat (1=4) 50-80 67+16 ndf 0 ndf 100 404+ 103 0

Average+SD® 80+35 15+ 14 85+14 734168 3+3

?Inorganic selenite as extracted with ammonium oxalate

® Organic Se in ammonium oxalate extraction was derived from the difference between total Se concentration and inorganic selenite in the
ammonium oxalate extraction

¢ Standard deviation

4 One sample that has a total Se content (aqua regia) below the determination limit was excluded from the table

° In ammonium oxalate extraction, soil samples that have Se concentrations below the determination limit were excluded from the table
n.d. not determined

@ Springer



Plant Soil

Table 8 Results of multiple (two to four factors) linear regressions between Log;(Se in wheat shoots, g kg ') as a dependent parameter

Y) and Log;(soil parameters) as independent parameters (X;, X, ...) (n=19), with an adjusted R*>>0.50
( g p p p j

Model Intercept ~ Coefficients of independent parameters (by, by, ...)
Soil C:N pH-CaCl,* pH-hot Organic  DOC-CaCl, DON-CaCl, DOC-hot
ratio water” matter (mg kg™ (mg kg™ water
(%) (mg kg™
Model 1 0.90 -0.65 0.19
Model 2 0.96 -0.68 0.17
Model 3 4.59 -1.12 -1.10
Model 4° 5.18 -1.33
Model 5 0.48 0.17 -0.33
Model 6 1.53 0.17 -0.67
Model 7 0.43 0.21 -0.38
Model 8 0.07 0.19
Model 9 -0.07 0.18
Model 10° 0.70 0.18
Model 11° 0.94 0.23
Model 12 0.53 0.15 -0.35
Model 13 0.24 0.15 -0.36
Model 14 0.10 0.16
Model 15 -0.52 0.20
Model 16° 0.73 0.16
Model 17° 1.09 0.20
Model 18 2.10 -0.61 -0.42
Model 19 1.43 -0.50
Model 20 1.32 -0.51
Model 21 0.95 -0.65
Model 22° 2.51 —0.74
Model 23 3.66 -1.09 -0.37
Model 24 3.12 -1.14
Model 25 3.09 -1.23
Model 26° 3.47 -1.01
Model 27 1.28 -0.41
Model 28 0.54 -0.86
Model 29° 2.65 -0.85
Model 30° 1.74
Model 31° 3.63
Model 32° 3.32
Model 33° 2.84
Model 34 0.79 -0.53 0.18
Model 35 3.14 -0.05 -1.22
Model 36 0.17 -0.16 0.18
Model 37 3.42 -0.27 -1.11
Model 38 3.35 -0.86 0.08 —0.84
Model 39 0.20 -0.20 0.18
Model 40 3.81 -0.25 -0.04 ~1.24
Model 41 3.05 -0.04 0.007 -1.20
Model 42 2.71 0.26 -1.21
Model 43 2.99 0.009 -1.20
Model 44 3.02 -1.18
Model 45 3.71 -0.06 -139
Model 46 3.58 -0.04 -1.27
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Table 8 (continued)

Model Intercept  Coefficients of independent parameters (by, by, ...)

Soil C:N pH-CaCl,* pH-hot Organic  DOC-CaCl, DON-CaCl, DOC-hot

ratio water® matter (mg kg ™" (mg kg ") water

(%) (mg kg )
Model 47 0.42 0.16 -0.32
Model 48 0.94 0.15 —-0.28 —0.36
Model 49 097  —038 0.18 -0.33
Model 50 0.46 0.19 -0.35 0.04
Model Coefficients of independent parameters (by, by, ...) Adjusted R? p value
Clay (%) Se-CaCl, Se-hot Selenite Total Se
(ng kg™ water (ug kg™") (aqua
(ng kg ) regia)
(ng kg )

Model 1 0.60 <0.001
Model 2 0.59 <0.001
Model 3 0.70 <0.001
Model 4° -0.92 0.57 <0.001
Model 5 0.60 <0.001
Model 6 0.62 <0.001
Model 7 0.68 <0.001
Model 8 0.15 0.58 <0.001
Model 9 0.60 0.65 <0.001
Model 10° —0.40 0.58 <0.01
Model 11° —-0.39 0.64 <0.001
Model 12 0.59 <0.001
Model 13 0.55 <0.001
Model 14 0.16 0.57 <0.001
Model 15 0.42 0.56 <0.001
Model 16° —0.42 0.57 <0.01
Model 17° —0.44 0.62 <0.001
Model 18 0.60 <0.001
Model 19 0.24 0.56 <0.001
Model 20 0.68 0.56 <0.001
Model 21 0.63 0.51 <0.01
Model 22° —0.28 0.52 <0.01
Model 23 0.58 <0.001
Model 24 0.32 0.78 <0.001
Model 25 1.01 0.85 <0.001
Model 26 —0.22 0.56 <0.01
Model 27 0.89 0.54 <0.001
Model 28 0.49 0.51 <0.01
Model 29° —0.58 0.58 <0.001
Model 30° 0.31 —0.62 0.51 <0.01
Model 31° 0.38 -1.02 0.68 <0.001
Model 32° 1.08 —-0.98 0.66 <0.001
Model 33° 1.23 -1.19 0.51 <0.01
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Table 8 (continued)

Model Coefficients of independent parameters (by, by, ...) Adjusted R? p value
Clay (%) Se-CaCl, Se-hot Selenite Total Se
(ng kg water (ug kg™ (aqua
(g kg ) regia)
(ng kg )

Model 34 0.05 0.58 <0.01
Model 35 0.98 0.84 <0.001
Model 36 0.53 0.63 <0.001
Model 37 0.27 0.77 <0.001
Model 38 0.70 <0.001
Model 39 —-0.03 0.55 0.60 <0.01
Model 40 0.32 0.76 <0.001
Model 41 0.97 0.83 <0.001
Model 42 0.16 0.81 0.86 <0.001
Model 43 0.99 0.84 <0.001
Model 44 0.13 0.74 0.87 <0.001
Model 45 0.19 0.76 0.87 <0.001
Model 46 0.37 0.77 <0.001
Model 47 0.48 0.73 <0.001
Model 48 0.70 <0.001
Model 49 0.68 <0.001
Model 50 0.66 <0.001

#pH is not converted into Log;

° The samples that have Se concentrations below the determination limit were not included in the regression analysis
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