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Abstract

Background and aims The intake of selenium, an
essential element for animals and humans, in rumi-
nants is largely determined by selenium concentration
in ingested forages, which take up selenium mainly
from soil. Ruminant excreta is a common source of
organic fertilizer, which provides both nutrients and
organic matter. This study aims to unentangle the
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unclear effect of applying different types of ruminant
excreta in soils of different organic matter contents on
selenium uptake by forage.

Methods Perennial ryegrass (Lolium perenne) was
grown in soils of different organic matter contents.
Urine and/or feces collected from sheep fed with
organic or inorganic mineral supplements, including
selenium, were applied to the soils. The selenium in
the collected samples were analyzed using ICP-MS.
The associated biogeochemical reactions were scruti-
nized by wet chemistry.

Results The application of urine and/or feces
resulted in either the same or lower selenium concen-
trations in perennial ryegrass. The excreta type did
not affect total selenium accumulation in grass grown
in low organic matter soil, whereas in high organic
matter soil, feces resulted in significantly lower total
selenium accumulation than urine, which was attrib-
uted to a possible interaction of selenium sorption in
soil and microbial reduction of Se.

Conclusion This one-time excreta application did
not increase, but further decrease in some treatments,
selenium concentration and accumulation in the per-
ennial ryegrass. Consequently, to increase ruminant
selenium intake, supplementing selenium directly to
animals is more recommended than applying animal
manure to soil, which might drive selenium reduction
and decrease selenium uptake by grass.

Keywords Fertilizers - Manure - Microbial
reduction - Grassland soil - Pasture - Ruminants
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Introduction

Selenium (Se) is essential for all animals as a com-
ponent of selenocysteine (Se-Cys), which is present
in vital enzyme systems such as glutathione peroxi-
dase, which functions as an antioxidant protecting
cell membranes (Eswayah et al. 2016; Tértora-Pérez
2010). Therefore, deficiency of Se can result in a
range of functional disorders such as white muscle
disease, poor immune system function and even infer-
tility due to oxidative damage of cellular and mito-
chondrial membranes (Lee et al. 2018; Tortora-Pérez
2010). Animals must acquire Se from the diet, and
for ruminant livestock this relates predominately to
the intake of forage. However, the average concentra-
tion of Se in UK pastures is significantly lower than
the dietary requirement of ruminants, resulting in a
need to supplement (Kao et al. 2020). Unfortunately,
intake of Se between deficiency and toxicity (chronic)
is typically narrow for most animals, including rumi-
nant livestock (<0.1 — 5.0 mg kg~! dry matter; Lee
et al. 2019a).

Se toxicity and deficiency typically occur in areas
with seleniferous soils and soils with particularly
low Se contents, respectively (Winkel et al. 2015).
However, total soil Se concentration are not always
positively correlated with soil Se bioavailability. For
example, both Kaschin-Beck disease and Keshan
disease, two main human diseases related to Se defi-
ciency, have been reported in China where the soil Se
content ranges from<0.1 mg kg~ (extremely low-
Se) to 0.3 mg kg~ (Se-adequate) (Wang and Gao
2001). The Se concentration in plants in China was
reported to be significantly dependent on the soil sol-
uble Se instead of total soil Se (Fernandez-Martinez
and Charlet 2009; Wang and Gao 2001). The soil sol-
uble Se is generally governed by the sorption of iron
(Fe) or aluminum (Al) oxides and/or soil OM, which
is affected by soil pH (Ferndndez-Martinez and Char-
let 2009). For example, the high Se accumulation in
the top soil in northeastern China is likely related
to the high soil OM content, whereas the high Se in
soils (> 0.4 mg Se/kg) of the Yangtze River and Zhu-
jiang River drainage areas in China is likely related
to the acidic and reductive soil conditions, in which
Se tends to occur in the form of selenite (SeO32_) and
accumulates with Fe and Al as insoluble oxides such
as Fe,(SeO;); and Fe,(OH),SeO; (Wang and Gao
2001). In the soils sampled from 48 fields of different
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soil properties in Finland, it was reported that the
fractionations of soil Se from the different fields fol-
lowed a similar pattern and most of the soil Se (ca.
40%) was in the organically associated fraction (Kes-
kinen et al. 2011).

Speciation also influences flux of Se in the envi-
ronment and its availability to organisms (Fernandez-
Martinez and Charlet 2009). SeO;>~ and selenate
(SeO42_) and seleno-amino acids, e.g., selenomethio-
nine (Se-Met) and Se-Cys are plant-available (Kik-
kert and Berkelaar 2013), whereas the elemental Se
or selenides formed with Se(-II) have low solubili-
ties (Séby et al. 2001). Sulfate (SO42‘) and phosphate
(PO,*7) are both known to compete with SeO,*~ and
SeO32_, respectively, for the uptake sites on plant
roots (Avila et al. 2020; Hopper and Parker 1999).
The uptake of Se0,*~ by plants from soils is typically
greater than SeO32_, which is thought to relate to the
different absorption mechanisms in plant roots, with
the former predominately transported actively through
sulfate transporters and the latter predominately pas-
sively absorbed (Fernindez-Martinez and Charlet
2009; Sors et al. 2005). However, it has been pro-
posed that SeO;>~ can be transported actively through
cell membranes, evidenced by a similar response to
CCCP (carbonyl cyanide 3-chlorophenylhydrazone),
a metabolic inhibitor that interferes with the proton
gradient and depolarizes the plasma membrane (Li
et al. 2008). Therefore, it was argued that dissolved
SeO,* is at least as available as SeO,*~ for uptake
by wheat, but because Se032_ is usually adsorbed
more strongly by the soil solid phase (e.g. Fe oxides/
hydroxides) than Se042_, it is less abundant than
Se0,>” in soil solutions (Li et al. 2008). Seleno-
amino acids (Se-Met and Se-Cys) are more efficiently
taken up by plants than inorganic Se because they can
be actively taken up through amino-acid transporters
(Kikkert and Berkelaar 2013). Se speciation mobility
and bioavailability in the environment are substan-
tially affected by microorganisms, which can trans-
form Se species via reduction, methylation, oxidation,
and demethylation (Eswayah et al. 2016).

Continuous use of inorganic chemical fertiliz-
ers may lead to soils deficient in micronutrients
such as Se, with animal manure seen as an OM-rich
alternative to overcome such deficiencies (Power
and Prasad 1997). However, it is not clear how bio-
available manure-derived micronutrients are within
pasture soils. To remediate Se-contaminated soils,
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amendment with manure or straw was reported to
decrease Se accumulation in wheat (Triticum aesti-
vum) grown in seleniferous soils and to enhance the
removal of Se from the soils via Se volatilization (Li
et al. 2017). However, @gaard et al. (2006) reported
an increase in Se accumulation in wheat when apply-
ing cattle slurry to a peat soil with typical levels of
Se (0.23-0.28 mg Se kg~! soil; pH=6.8), but no
difference was observed in a loam soil (0.26 mg Se
kg~! soil; pH=6.0). SmaZikovi et al. (2019) reported
that the adsorption coefficient (Kd) values of soils
remained constant after the application of vermicom-
post and digestate in fluvisol, chernozem and luvi-
sol soils, implying that Se mobility in the soils were
not significantly altered by adding the organic mate-
rial. These variable responses to applying organic
materials to soil on Se accumulation in wheat can
be explained by different effects of dissolved organic
carbon (DOC) and soil OM. The release of DOC can
increase the mobility of Se by competing for sorption
sites whereas the input of soil OM can decrease Se
bioavailability via immobilization effects (Li et al.
2017). The results of Pgaard et al. (2006) imply that
the effect of applying organic materials to soils on Se
accumulation in plants is also associated with the pH
and other soil properties. However, such interactions
between soil properties and Se from organic materials
applied to soils, and resulting effects on Se uptake by
plants, still need further investigation.

In grazing pasture systems, soils receive nutri-
ents and OM from animal manures directly. Accord-
ing to the 2017 data from FAO (Data source: http://
fao.org/faostat, data selection: Data/Emissions-
Agriculture/ Manure left on Pasture, options:
regions (World + [Total])/elements (Manure[N con-
tent])/ Items (AIl animals> [List])/Years (2017)),
more than 80% of the N input to pastures came
from the manures of ruminants, reflecting the regu-
lar on-farm application of ruminant manures (Kao
et al. 2020). Recently, we showed that 51 to 64%
of total Se consumed by sheep was excreted either
through urine or feces (unpublished data). Urine
and feces can therefore be an important source of
available Se. However, urine and feces are signifi-
cantly different in their physiochemical properties,
such as nutrient content, nutrient release rate (Blair
et al. 1994) and pH (Morgante et al. 2009). There-
fore, we found it necessary to separate the urine
from the feces in order to investigate the potential

impact of their different physicochemical proper-
ties and potentially different Se forms on the ulti-
mate Se uptake by plants after they are applied to
soils. The impact of different forms (organic versus
inorganic) of mineral supplements in animal feed
on the excretion of Se in urine and feces was previ-
ously studied (unpublished data). The form of the
mineral supplements (specified in Table 1) supplied
to sheep did not significantly impact the partition-
ing of Se between urine and feces, but it influenced
the partitioning of Se in some sequentially extracted
fractions of feces. The potential impact of differ-
ent forms of supplemental minerals on Se uptake
by perennial ryegrass through excreta was therefore
also further investigated in the present study.

In the current study, we hypothesized that applying
sheep excreta in soils could affect the Se uptake by
perennial ryegrass, and the impact was from two main
causes: (1) the different chemical forms of Se supple-
ment given to the sheep (2) the interaction between
the excreta and soils of different OM status. We also
hypothesized that Se accumulation would be lower
in the perennial ryegrass grown in the soil of higher
OM due to Se adsorption onto OM. To understand
the mechanism of the potential impact of soil-excreta
interaction, we applied the urine and feces, either
separately or combined to test whether the potential
interaction could be driven by the changes of (1) soil
pH, (2) extractable Se: sulfur (S): phosphorus (P)
in the soil, (3) contrasting available Se provided via
urine or feces, (4) physiochemical properties of urine
and feces that result in different decomposition rates
and different mobility of nutrients in the soils after
the application.

Samples of urine and/or feces from the sheep,
offered either organic or inorganic mineral supple-
ments (including 0.37 mg Se animal~! d~! from Se-
yeast or SeO32_; aligned with the EU regulation of
the maximum permitted allowance of organic Se at
0.2 mg Se kg~'complete feed at 12% moisture), were
applied to soils of the same soil type but differing
in organic carbon contents (15.6 and 35.6 g kg™!).
Perennial ryegrass (Lolium perenne L.) is the most
important agricultural grass species in temperate
grasslands (Bolaric et al. 2008). Perennial ryegrass
(cv. AberMagic) was grown in the soils and harvested
3 times with an interval of 2 w. Selenium uptake,
including Se concentration and Se accumulation
(concentration in above ground tissue x above ground
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Table 1 The sources and the physiochemical properties of the applied urine and feces

Treatment symbols*

U-1

F-1

U-0

F-O

Form of mineral supplement given to the

Inorganic minerals

Organic minerals

sheep

Excreta type
Dry matter
pH

(Measurement method)

Total element con-
centrations

Se concentrations
in fractions of
sequential extrac-
tion of feces

(ng kg™'; % in total
fractions)

Nitrogen
Phosphorus
Selenium

Sulphur

Fraction 1: Water-
and acid- soluble

Fraction 2:
Exchangeable

Fraction 3: Sorption
on OM and/or Fe/
Al hydroxides

Fraction 4: Residual

(sodium selenite, copper sulfate pentahy-
drate, zinc oxide and manganese oxide)

Urine Feces

183+0.29 gL™! 22.2+2.07 gkg™!

9.40 8.10

(Direct measure- (5 g sample in
ment) 20 mL water)

7.04+1.058 gL™!  Not measured

3.50+0.860 mg L™! 12.3+0.78 gkg™!

298+546pgL™!  576+23.4 pgkg™!

117611 129.2 mg 3.52+0.077 gkg™!
L-

76.3 +5.56 (33.0%)
11.2+0.85 (4.7%)

74.4+1.94 (32.3%)

76.8+8.76 (30.0%)

(selenized yeast (Selplex®), copper, zinc,
and manganese chelate of protein hydro-
lysate (Bioplex®))

Urine Feces

13.8+£0.066 gL™"  259+7.43 gkg!

9.49 8.10

(Direct measure- (5 g sample in 20 mL
ment) water)

7.36+1.812gL™!  Not measured

3.64+0.954 mg L' 12.2+0.33 gkg™'

222+3.65pug L™ 505+21.2 pgkg™!

106211 1252 mg 3.70+0.096 g kg™!
L-

71.0+5.00 (32.6%)

10.8 +£0.41 (4.8%)

67.3+2.91 (29.1%)

83.1+8.56 (33.5%)

*U Urine; F Feces; I Inorganic; O Organic

biomass), in perennial ryegrass was analyzed using
ICP-MS following an acid-digestion.

Materials and methods
Experiment design

Urine and feces from sheep offered supplemental
minerals of different forms (organic or inorganic,
Table 1) on a forage: concentrates ration=60:40 for
2 w, were collected and applied either separately or
in combination to experimental soils in pots. The
soils were collected from an arable field (Great
Harpenden) or a nearby grassland field (Weighbridge
Piece) at Rothamsted Research, Harpenden, UK
(51.81°N, 0.35°W) to provide the same soil type with
low or high soil OM content, respectively. The soils
from the two fields were Batcombe Series (Clayden
and Hollis 1984) but had significant differences in
soil OM content (Table 2). The inorganic carbon con-
tents of the two soils were negligible. The soils of
Great Harpenden and of Weighbridge were sampled
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to 23 cm and 10 cm depth, respectively, to magnify
the difference in soil OM content. The properties of
each soil are shown in Table 2.

In total, there were 14 treatment combinations to
reflect a multifactorial experiment: two soils sampled
from either a grassland (of higher soil OM, H) or an
arable land (of lower soil OM, L), applied with feces
(F) or urine (U) or urine+feces (UF) which were
collected from sheep that were supplemented either
organic (O) or inorganic (I) supplemental minerals (in
total 12 treatment combinations), plus the soils with
no application of urine and feces (G-CK and A-CK)
(Table 3). The experiment followed a Randomized
Complete Block Design. There were four blocks,
and each block included one replicate of the 14 treat-
ments. The inclusion of the blocks was designed to
consider the potential covariant from the environment
and the difference in the time taken for irrigation and
sampling between each block.

Monoculture perennial ryegrass (Lolium perenne
cv. AberMagic), a grass forage species selected from
the recommended list for grazing in England and
Wales (AHDB 2020), was used to study Se uptake
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Table 2 The soil physiochemical properties and the analytical methods

Soil properties

Great Harpenden (L) Weighbridge Piece (H) Analytical method and/or

instrument

Sampling depth
Soil texture

Redox- active oxides
(mg kg™")

Bulk density in field (g cm™)
Soil pH

Organic carbon (g kg™")*
Total nitrogen (g kg~")

2 M KCl extractible N
(mg-N kg~! soil)

Total P (g kg™})
Total Fe (g kg™")
Total Mn (g kg™")
Total Cu (mg kg™
Total Zn (mg kg™
Total Se (pg kg™

Sand (2.00-0.063 mm)
Silt (0.063-0.002 mm)
Clay (<0.002 mm)
Textural class

to 23 cm depth
22%

49%

29%

Clay loam
1099+8.9
4528 +56.6
1506+25.9
360+7.4

1.4+0.01
6.38+0.012

15.6+0.39
0.02+0.001
8.7+£0.75

0.81+0.013
33.6+0.61
1.79£0.060
17.7+£0.22
72.1+£2.22
782+14.0

to 10 cm depth
19%

54%

27%

Silt clay loam
1087 +6.7
8200+48.7
1436 +23.0
1003 +8.7

1.0+0.06
6.31+0.016

35.6+0.24
0.03+0.001
15.9+2.82

1.67+£0.058
27.3+0.89
1.61+£0.058
24.1+0.93
101+3.4
865+26.6

pipette sampling method

Extraction using 0.114 M
ammonium oxalate and
0.086 M oxalic acid (Ray-
ment and Lyons 2011;
Schwertmann 1964; Sparks
et al. 2020)

10 g soil in 25 mL ultra-pure
water (18 MQ)

Elemental analyser
(NA-1500, Carlo-Erba®)

Photometric analyzer
(Aquakem 250, Thermo
Scientific®)

Acid digestion using aqua
regia and analysed with
ICP-MS or ICP-OES

*A preliminary test showed that the arable soil and the grassland soil only contained ca. 0.01% and 0.02% inorganic carbon, respec-
tively, which were little in the total carbon content in the soils. Therefore, the presented total carbon contents are close to the content

of total organic carbon

Table 3 Symbols used for
the different treatments

Soil

Excreta type

Forms of supplemental Treatment symbols
minerals to sheep

Soil from arable land

(9

Soil from grassland
(H)

Feces (F)

Urine (U)

Urine + feces (UF)

CK: no manure applied
Feces (F)

Urine (U)

Urine + feces (UF)

Control check (CK): no excreta applied

Inorganic (I)
Organic (O)
Inorganic (I)
Organic (O)
Inorganic (I)
Organic (O)

Inorganic (I)
Organic (O)
Inorganic (I)
Organic (O)
Inorganic (I)
Organic (O)

L-CK
L-F-1
L-F-O
L-U-1
L-U-O
L-UF-1
L-UF-O
H-CK
H-F-1
H-F-O
H-U-1
H-U-O
H-UF-1
H-UF-O
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by forages. The perennial ryegrass was harvested
from each pot three times to study the cutting time
effect on Se uptake. The experiment was carried
out in a temperature-controlled room maintained at
20°C during the day and at 16°C at night. An artifi-
cial LED light source gave 16 h of light a day with
light illuminance =33,000-57,000 1x (measured from
the soil surface using Digital Lux Meter (LX1330B,
Dr.meter®)), which mimics the outdoor light under
direct sunlight.

Pot design

Each pot (Fig. 1) was made from a cut PVC water
pipe, 13 cm inner diameter by 22 cm depth. In the
middle of the column was a plastic mesh (pore
size=1.5 mm X 1.5 mm) used to divide the soil col-
umn into two layers. The sheep excreta were applied
into the top layer. At the bottom of the pot another
plastic mesh with the same pore size was set to pre-
vent soil loss but allow leachate to pass through.
Underneath the soil column was an acrylic plate
with holes to hold the soil but allowing the leachate
to filter through to the collecting container below. A
Rhizon soil solution sampler (pore size=0.15 pm,
length=10 cm, diameter=2.5 mm, with stainless
steel strengthening wire and 10 cm PVC-tube; Rhizo-
sphere Research Products®, Netherlands) was placed
diagonally in the top-layer of soil to collect soil solu-
tion for pH measurement.

Fig. 1 The pot used in this
study was composed of a
soil column with two layers
and a leachate collection
apparatus

0-10cm

A mesh that allow root to

penetrate but separate the two———f&—— >

layers of soil

10-20 cm

/
A mesh to prevent
soil loss
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Application densities of urine and feces

The application of urine and feces to the pots
was designed to reflect the amounts that soils
receive in field. The urine application density
(0.52 mL cm™?=70 mL per pot) was calculated
according to the observed areas of urine patches in
a field (290 cm?) reported by Doak (1952) and the
average volume of each urination of sheep (150 mL)
reported by Sears et al. (1942). Using the urine appli-
cation rate and the excretion ratio of urine and feces
(4.764 mL g-DM™!) from a previous sheep experi-
ment (data unpublished), the feces application density
was calculated as 0.11 g-DM cm™2 (=15 g-DM feces
per pot). Due to the high moisture content of feces,
100 g moist feces was applied to make sure that the
total DM of feces was more than the pre-determined
application amount (15 g-DM). The total input of
Se from the soil and excreta in each pot is shown in
Table 4.

Preparation of the soils, the sheep excreta and the
irrigation water

The soils were air-dried in a greenhouse and sieved
through a 2 mm stainless-steel mesh. In total, 2.80 kg
air-dried soil (bulk density of 0.90 g cm™) was put
into each pot. Due to the nature of the study, there
were no rain drops and less microfaunal activity in
the pots than in the field, which would normally help

TSRO oy | SO
1!:1'";11. {1 l’ l.\‘\\'. W

i3 cm ciameter)

1R

7

*» Soil solution sampler
(diagonally placed)

L— Acrylic plate with holes

Leachate collection
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Table 4 Total input of

. h Treatments  Soil weight Feces moisture*  Feces input Urine input  Se from the
_3011’ feces and urine and the (kg-DM pot™")  content (g-DMpot™) (mLpot™)  excreta (pug)
input of Se from the excreta (g moisture/g

fresh feces
*100%)
L-CK 2.68 - - - -
L-F-1 78% 22 - 12.70
L-F-O 74% 26 - 15.75
L-U-I - - 70 2.087
L-U-O - - 70 1.553
L-UF-I 78% 22 70 14.77
L-UF-O 74% 26 70 17.31
H-CK 2.64 - - - -
H-F-I 78% 22 - 12.70
*The moisture contents HO T 26 ) 17
of soil and feces were H-U ) ) 70 2.087
measured on the day of H-U-O - - 70 1.553
filling the pot. The values H-UF-1 78% 22 70 14.77
presented were the average H-UF-O 74% 26 70 17.31

of three replicates

decompose the applied sheep excreta. Therefore, the
feces in this study were crumbled and integrated into
the top layer of soil instead of being laid on the soil
surface, whereas the urine was applied by pouring
evenly on the soil surface on day 0. The fresh feces
(DMY%; Table 4) was crumbled into smaller pieces by
passing the feces through a stainless-steel mesh (hole
size=11 mm). The irrigation water was prepared by
adding 1 mL artificial rainwater (ARW) stock and
making up to 1 L with Milli-Q water. The formula-
tion of ARW stock (Table S3) was based on the mean
values of element contents from monthly rainwater
samples collected over a ten-year period at Rotham-
sted Research’s North Wyke site (Darch et al. 2019).

Experiment timeline and pot management

After the excreta were applied to the soils, the mix-
tures in the pots were moistened to 100% water

Fig. 2 Timeline of the
experiment. The arrows in
brown, pink, blue and green

holding capacity (WHC) by sitting the pots in a sau-
cer with ARW and allowing the ARW to be taken up
from the bottom of the pot by capillary force for 10
-12 days to equilibrate before the experiment (incuba-
tion period). An aliquot of 0.5 g of perennial ryegrass
seed was randomly scattered at 1 cm depth below the
soil surface of each pot during the incubation period.
The day that the seeds germinated was defined as day
0. On day 0, the pots were removed from the water
saucer and then placed on the leachate collector.
Afterward, the urine was applied to the designated
pots at the soil surface. Soil moisture was maintained
in the range of 60-90% WHC by weighing the pots
and irrigating with ARW every 2-3 d. The 60-90%
WHC was the range of moisture that prevented crack-
ing of the soil surface and edges and did not restrict
plant growth. A ‘heavy irrigation’ was carried out
every 7 d (blue arrows in Fig. 2) by irrigating a vol-
ume of 300 mL. ARW to each pot in a single day to

indicate the timings of
sampling soil, sampling soil
solution, applying the heavy
rain event, and cutting the
grass, respectively

"l
Excreta mixed in pots Day 0
Grass seeds sowea !
1
1
i
i
1
1

[ i i I I |
1 Jt,l 1 | 14., { 1
225 7TR IR 1121 N1 B
7 14 21 28 35 42 |
1st cut 2nd cut 31 cut

Maintain soil moisture at 60-90% water holding capacity

The pot was'moistened to
100% soil water holding capacity.

The seeds started germinating.
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imitate a heavy rain event (equal to 23 mm precipita-
tion d™1). All the leachate from the pot was collected
and measured. The results of element leaching were
separated into three sample collection periods accord-
ing to the cutting time of the grass. The grass was cut
at the 3.0-4.0 stage of completely developed leaves
(about 2 weeks from sowing the seeds). The 3.0-4.0
leaf stage of perennial ryegrass was recommended by
Agriculture and Horticulture Development Board of
UK as the best time to graze (AHDB 2019). In total,
three cuts of grass were carried out during the experi-
ment and the time between each cut was 2 weeks.

Sample collection and storage

The collected leachate was removed from the collec-
tion apparatus, weighed and stored at -18 °C within
24 h. Samples collected within 2 w were bulked to
reduce the total number of samples for analysis. The
soil solution sample was taken using an embedded
soil solution sampler at 2 h after a heavy irrigation
event. To sample the soil solution, the protective cap
of the sampler was replaced by a blunt fill needle
(1.2 mm x40 mm, with 5 pm filter, BD®) connected
to a 10 mL vacutainer tube. Approximately 2 mL soil
solution was sampled each time, and normally it took
less than 1 h to collect. For those that took more than
1 h, a 25 mL syringe was used instead of the vacu-
tainer tube to collect the sample. The treated soils
(with or without feces) collected before the experi-
ment were divided into two parts. One part was kept
at -20 °C followed by air drying for later analysis, and
the other part was added to the pot. The grass was
cut at 2 cm above the soil surface using scissors with
stainless-steel blades. This cutting height was used to
simulate the grazing depth of sheep which typically
ranges from 1 to 2.5 cm depending on the height of
grass (ADAS 2011). The cut grass was stored in paper
bags and the fresh weight measured, after which the
samples were stored at -20 °C before freeze drying.

Sample preparation and analysis

Total elemental (including Se) content in the grass,
soil and leachate

The grass samples were freeze-dried and finely
ground with a CT293-Cyclotec grinder followed by
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acid digestion using microwave digestion (MARS,
CEM Corporation, 3100 Smith Farm Road, Mat-
thews, NC, USA). A sample of 0.25 g-DM was
loaded into a Teflon vessel and 3 mL concentrated
nitric acid (HNO;) was added and left for 60 min
to pre-digest and prevent caking. Following the
pre-digestion, an aliquot of 3 mL ultra-pure water
(18 MQ) and 2 mL hydrogen peroxide (H,0,) were
added into the tube and shaken gently. Afterward,
the tubes were capped with Teflon lids put into
insulation sleeves, and loaded onto the microwave
system. The details of the digestion program are
shown in Table S4. After the program finished, each
of the digested samples were washed into a 50 mL
Greiner tube and made up to 50 mL using the 18
MQ water prior to analysis.

To digest the soil samples, 0.25 g-DM of soil
was weighed into a Pyrex® test tube for each sam-
ple. A volume of 5 mL aqua regia (4 mL HCI and
1 mL HNO;) was then added into each tube. The
tubes were placed in a Carbolite® heating block to
digest the soil samples. The digestion program is
described in Table S5. After the digestion was fin-
ished and the heating block was cooled, a volume
of 5 mL 25% HNO; was added to each tube, and
the heating block reheated to 80 °C and the temper-
ature maintained for 1 h. Afterward, the total vol-
ume was made up to 25 mL with ultra-pure water
(18 MQ) prior to analysis. Samples of leachate were
defrosted and filtered using 0.45 pm syringe filter
and acidified in 5% (v/v) HNOj prior to analysis.

Elemental abundances were measured using ICP-
MS (Perkin Elmer® NexION 300X) or ICP-OES
(Perkin Elmer® Optima 7300DV and Agilent®
5900 SVDV). The ICP-MS settings were: sample
loop size =1 mL; nebulizer gas flow=0.91 L min~!;
auxiliary gas flow=1.2 L min~!; plasma flow=18
L min~'; radio frequency (RF) power= 1600 Watts,
kinetic energy discrimination (KED) mode at
3 mL min~!' He. The ICP-OES settings were: sam-
ple uptake=1 mL min~'; nebulizer gas flow=0.7
L min~!; auxiliary gas flow=0.3 L min~!; plasma
flow =17 L min™!; RF power = 1400 Watts.

The ICP-OES was used for concentrations above
ca. 50 pg L™ in solution, and the ICP-MS below ca.
50 pg L', The isotope mass and wavelength used
and the estimated detection limit of elements in the
ICP-MS and ICP-OES are shown in Table S6.
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Soil extractable Se, S and P

The soil extractable Se and S were determined using
two different P solutions (0.016 M KH,PO, (pH=4.8)
and 0.016 M P-buffer (NaH,PO,/Na,HPO,, pH="7.5)).
KH,PO, is an established reagent for extracting plant-
available S (Zhao and McGrath 1994). Due to the
chemical similarity between SO,>~ and SeO,>", the
reagent is used to extract Se from soil (Stroud et al.
2010). The use of P-buffer in this study is a new
attempt to investigate the effect of a different pH envi-
ronment on Se sorption in the soil. A 5 g-DM soil sam-
ple was weighed into a 50 mL sample tube followed by
adding 25 mL of one of the P solutions and extracted
for 1 h at 25 °C. After extraction, the extracts were fil-
tered through Whatman No.42 filter papers. The super-
natants were acidified in 5% HNO; (v/v) before analy-
sis of total Se and S in the extracts using ICP-OES or
ICP-MS. The analysis of soil extractable P followed
the method of Olsen et al. (1954).

Soil solution pH

A pH electrode (InLad Micro, Mettler Toledo®)
connected to the pH/ORP meter (Seven2Go, Mettler
Toledo®) was calibrated using standard solutions of
pH 4, pH 7, and pH 11. After the calibration, the elec-
trodes were inserted directly into the vacutainer tube
to take the measurement. The pH of the soil solu-
tion samples were measured within 24 h of sample
collection.

Calculations

The Se input contribution from soil and excreta and
from irrigation water was calculated using Eqgs. 1 and
2, respectively. In Eq. 1, the total dry matter (DM) did
not include the DM contribution from urine applica-
tion. The DM inputs from 70 mL urine from sheep
given organic or inorganic mineral supplements were
ca. 0.96+0.005 g and 1.28+0.020 g, respectively,
which were negligible compared with the DM input
from soil and feces (Table 4).

Ingp=CopXWep (1)

In Eq. 1, Ing,g=total input of Se from soil
and excreta (pg), Cgq g=the concentration of Se

in the mixture of soil and excreta (ug kg~!), and
Wy, g=total weight (kg-DM) of the mixture of soil
and excreta in each pot.

In,=C, XV, )

In Eq. 2, Iny =total input of Se from the irrigation
water (pg), C,, =the concentration of Se in the irriga-
tion water (ug L™"), and Vy =total volume (L) of the
irrigation water added to each pot.

The Se accumulation in grass across the three cuts
were calculated using Eq. 3.

SeT—a(rcum = cutl X W

cutl

+ Ccmz X Wcmz + Ccm3 X Wcut3

3)

In Eq. 3, C.y1 Cours Couz=the concentrations

(ng kg_l) of Se in the first, second, or third cuts,

respectively, and W .1, W0, Weus =the weight of

grass (kg-DM) of the first cut, second, or third cuts,
respectively.

Statistical analysis

A factorial ANOVA model (y~Time+ Excreta
type (ET)+Form of supplemental mineral
(Form) + Soil + Interactions (ET x Form+ET x
Soil+Form x Soil+ET x Form x Soil)) was per-
formed to test the influences of sample collection time
and the three main factors and their interaction on the
response variables, including grass growth (DM yield),
Se uptake by forage and Se leaching. A principal com-
ponent analysis (PCA) was performed to analyze the
difference in grass at different cutting times based on
the total nutrient components (including total cadmium
(Cd), Fe, molybdenum (Mo), P, S, zinc (Zn), copper
(Cu), manganese (Mn), Se and nitrogen (N)) in the
grass. A general ANOVA model (y~Block+ Treat-
ment) followed by Fisher’s LSD test (x=0.05) were
performed to compare the influence of different treat-
ments on the Se accumulation and concentration in
perennial ryegrass, the soil solution pH, soil extract-
able Se and S and the Se loss into leachate. The LSD
test was only performed if significant differences
(P<0.05) were identified in the ANOVA tests. QQ-
plots were performed, and outliers were removed to
ensure that the residuals from the ANOVA models fol-
lowed a normal distribution. All the statistical analyses
were performed in R software (R Core Team 2018).
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Results

ANOVA results of the treatments and cutting time
regarding Se uptake by grass and Se loss into
leachate

The different forms (organic/inorganic) of the sup-
plemental minerals to the sheep had no significant
impact on either the grass dry matter, Se accumula-
tion in perennial ryegrass nor the Se concentration in
perennial ryegrass, but did have a significant effect
on total Se loss into leachate associated with soil dif-
ferences (Table 5). Due to the insignificant impact of
supplemental mineral form on Se accumulation and
concentration in grass, the results were combined to
facilitate data interpretation and discussion. Both the
grass DM and Se concentration and accumulation in
perennial ryegrass were significantly affected by cut-
ting time, excreta type and soil differences, but with
no interaction between excreta type and soil differ-
ences. The total Se losses into the leachate were sig-
nificantly different between the different leachate col-
lection times.

Se concentration and accumulation in grass of
different cuts

With no application of sheep excreta, the Se con-
centrations in grass grown in the soil of low OM
(soil L) were, surprisingly, always higher than the
grass grown in soil of high OM (soil H), despite
of the higher total soil Se in soil H (Fig. 3a). After
the application of sheep excreta, regardless of the

excreta type, the concentrations of Se in the second
cut of grass grown in soil L significantly decreased,
whereas the concentrations of Se in the grass of
soil H treated with excreta were not significantly
different from the untreated soil. The effect of
excreta type on Se concentrations differed between
the second and third cut of grass in the arable soil.
The application of feces resulted in lower Se con-
centrations than the untreated soil L at the first cut,
whereas at the third cut, only the urine-only treat-
ment resulted in lower Se concentration in grass
than the untreated soil L. For grass in soil H, the
application of different excreta types had no effect
on Se concentrations in grass.

Trends in Se accumulation in perennial ryegrass
of the different treatments was different across time
(Fig. 3b). In the first cut, soil L with no excreta treat-
ment resulted in the highest Se accumulation in the
grass, and soil H with the combined urine and feces
treatment resulted in the lowest Se accumulation. No
difference in Se accumulation in grass was observed
between treatments in the second cut. In the third
cut, the excreta treatments in soil L appeared to
increase the Se accumulation but only the urine and
feces combined reached statistical significance. For
soil H at the third cut, none of the excreta treatments
resulted in significant difference in Se accumulation
in grass compared to the untreated soil. However, the
urine treatment either with or without feces appeared
to increase the Se uptake more than the treatment
with feces only.

For all treatments, the concentration of Se was
diluted by the growth of grass, as indicated by the

Table 5 The ANOVA analysis of grass growth and Se in the grass and leachate of different treatments and cutting times

Factors Grass dry matter Se accumulation in peren- Se concentration in peren- Total Se loss
nial ryegrass nial ryegrass into the lea-
chate
Cutting time <0.001*** <0.001%** <0.001#** <0.004%*
Soil <0.001*** 0.003** <0.001%** 0.933
Excreta type (ET) <0.001*** 0.029* 0.7326 0.991
Form of supplemental minerals 0.906 0.103 0.1467 0.591
to sheep (Form)

Soil x ET 0.013* 0.283 0.2889 0.144
ET x Form 0.728 0.270 0.5886 0.892
Soil x Form 0.758 0.291 0.8856 0.045*
Soil x ET x Form 0.842 0.424 0.4990 0.910

Symbols ¥, ¥ “¥*%* jndicate statistical significances of ANOVA test at p-value <0.05,<0.01,<0.001, respectively
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Fig.3 (a) Se concentration in the perennial ryegrass (mg
kg™!) and (b) Se accumulation in the perennial ryegrass (pg/
pot) of different treatments and of different cut. In the figure
legend, the different colors represent the different excreta treat-
ments, with ‘CK’, ‘F’, ‘U’ and ‘UF’ represent for ‘untreated’
and treated with ‘feces’, ‘urine’ and ‘feces+urine’, respec-
tively; the different pattern represent the different soils that
the excreta applied to, with ‘L’ and ‘H’ represent for ‘low OM
soil’ and ‘high OM soil’, respectively. The error bars are the
standard errors of results (n=4 for CK and n=38 for U, F and
UF). The lowercase letters indicate the result of Fisher’s LSD
test within the same sample batch. The results were not statisti-
cally different between bars labelled with the same letter(s)

negative slopes of the linear regressions for each
cut, which represent the change of Se concentration
per unit of biomass increase of grass of all treat-
ments (Fig. 4). The grass grown in the two different
soils had significantly different total Se accumula-
tion across three cuts (Se;_,...,) When the soils
were treated with sheep excreta (Fig. 5). There was
no significant difference related to excreta treat-
ment in Se;_,..,.,, from soil L, whereas in soil H, the
treatments containing urine (with or without feces)

0.12
L]

y=0.026 - 16 X
y=0.044 -0.0051 x
y=0.053 - 0.0083 x

0.09

0.06

0.03

Se concentration in grass (mg/kg)

0.0 25 5.0 7.5
Grass dry matter (g)

Fig. 4 Se concentrations in perennial ryegrass (mg kg~") with
grass growth (g-DM) for all treatments. The lines indicate the
result of linear regressions for each cut

resulted in higher Se;_,..,, in grass than the treat-
ment with feces only.
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Fig. 5 Total Se accumulation in perennial ryegrass (Se;_,cum
in pg/pot) throughout the three cutting events. In the figure
legend, the different colors represent the different excreta treat-
ments, with ‘CK’, ‘F’, ‘U’ and ‘UF’ represent for ‘untreated’
and treated with ‘feces’, ‘urine’ and ‘feces + urine’, respectively;
the different pattern represent the different soils that the excreta
applied to, with ‘L’ and ‘H’ represent for ‘low OM soil’ and
‘high OM soil’, respectively. The error bars are the standard
errors of the results (n=4 for CK, and n=8 for F, U and UF).
Treatment symbols are defined in Table 3. The lowercase let-
ters indicate the result of Fisher’s LSD test comparing the treat-
ments of different excreta and soils. The results were not sta-
tistically different between bars labelled with the same letter(s)
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«Fig. 6 The soil extractable (a) Se using MKP solution, (b) Se
using PB solution, (c¢) S using MKP solution, and (d) S using
PB solution (e) Olsen-P. In the figure legend, the different
colors represent the different excreta treatments, with ‘CK’,
‘F’, ‘U’ and ‘UF’ represent for ‘untreated’ and treated with
‘feces’, ‘urine’ and ‘feces+urine’, respectively; the different
pattern represent the different soils that the excreta applied to,
with ‘L’ and ‘H’ represent for ‘low OM soil’ and ‘high OM
soil’, respectively. The error bars are the standard errors of the
extraction results (n=3). Treatment symbols are defined in
Table 3. The lowercase letters indicate the result of Fisher’s
LSD test within the same extraction method. The results were
not statistically different between bars labelled with the same
letter(s)

Soil extractable Se, S and P and pH in soil solution

In both the P-buffer (PB) and KH,PO, (MKP) extrac-
tions, the extractable Se of the untreated (no excreta
applied) soil L was not significantly different from
that of the untreated soil H (Fig. 6). The extraction
using MKP (with lower pH), as expected, resulted
in lower extractable Se than the extraction using
PB extraction (with higher pH). In the MKP extrac-
tion, the sheep excreta treatment in soil H had lower
extractable Se than the untreated soil H. However, the
MKP-extractable Se of the treated soil L was either
equal or higher that of the untreated soil L (Fig. 6a).
In the PB extraction, the sheep excreta treatments,
regardless of the excreta type, significantly lowered
the soil extractable Se (Fig. 6b). On the other hand,
the difference of soil extractable S across treatments
between the two extractions of different pH was rela-
tively small. In both extractions, the extractable S
concentrations significantly increased after the appli-
cation of sheep excreta in both soils (Fig. 6¢,d). The
treatments of urine (U and UF) resulted in much
higher extractable S than the treatments with feces
only (F). The extractable S in soil L was higher than
that in soil H, except for the untreated (CK) group in
the MKP extraction. The soil extractable P was signif-
icantly higher in soil H regardless of the excreta treat-
ments (Fig. 6e). The application of feces increased the
extractable P in both soils, whereas the application
of urine did not have a significant impact on the soil
extractable P. The treatments of UF and F resulted in
similar soil extractable P.

Throughout the experiment, the soil solution pH
ranged from 6.0 to 8.0 (Fig. 7). Both the soil and the
excreta type had a significant impact on the pH of the
soil solutions with no significant interaction between

them (based on the results of an ANOVA test). The
pH values of the different treatments followed the
order: F>UF>U and soil L>soil H consistently
throughout the experiment. The pH of the original
urine and feces were 9.4-9.5 and 8.1, respectively
(Table 1). However, after the excreta were applied to
soil, the urine lowered the pH and the feces increased
the pH of the soil solutions compared to the untreated
soils. The soil pH (in water) of the arable and the
grassland soil, measured before the experiment, were
6.38 and 6.31, respectively (Table 2).

Se loss into leachate at different sampling times

In the first sampling, leachate collected from the L-U
and L-UF treatments had significantly higher total
Se concentrations than the untreated soil L (L-CK)
leachate, whereas there was no significant difference
between treatments in soil H (Fig. 8). In the second
sampling period, there was no difference between
treatments. In the third sampling period, the untreated
soil H (H-CK) had the highest leachate Se concentra-
tion and the treatments with urine (H-U and H-UF)
had significantly lower Se in the leachates compared
to H-CK. There was no difference in leachate Se con-
centrations between the treatments of soil L at the
third sampling time.

Discussion

The effect of the chemical form (organic/inorganic)
of supplemental minerals on Se uptake by perennial
ryegrass and total Se leaching from the soils

In a previous experiment (data unpublished), the
chemical form of supplemental minerals to sheep
was hypothesized to be significant to the flux of
supplemented micronutrients in pasture systems by
changing the excretory pathways of the micronu-
trients in sheep and also the chemical forms of the
micronutrients in the excreta. That study showed
that the concentrations of Se in the excreta were
not significantly different between supplementation
with organic or inorganic minerals. However, higher
Se concentrations were observed in the more recal-
citrant fractions of a sequential extraction of feces
for the inorganic mineral supplements than for the
organic mineral supplements. The reason for this
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Fig. 7 pH variation in the soil solutions through time. Sym-
bols “*7, <2 <% ip the color of red and black indicate statis-
tical significances of ANOVA test (within the same sampling
day) at p-value <0.05,<0.01,<0.001, for the impact of Soil
and Excreta, respectively. In the figure legend, the different
colors represent the different excreta treatments, with ‘CK’,
‘F’, ‘U’ and ‘UF’ represent for ‘untreated’ and treated with
‘feces’, ‘urine’ and ‘feces+urine’, respectively; the different
pattern represent the different soils that the excreta applied to,
with ‘L’ and ‘H’ represent for ‘low OM soil’ and ‘high OM
soil’, respectively

observation remains unclear. What effect, if any, the
different Se partitioning in feces caused by different
supplement forms can have on the uptake of Se by
grass and the leaching of Se from soil was explored
in the present study.

Results of the pot experiment indicate that
the impact of the form of supplemental miner-
als on Se accumulation and concentration in grass
was not significant (Table 5). For Se leaching,
although the effect of the interaction between soil
and supplement form was significant (P =0.045,
Table 5), when the time effect was not included in
the ANOVA test (Table S7), the effect of supple-
ment form (either with or without interaction with
other factors) on total Se leaching was not signifi-
cant. This result implies that although the form of
mineral supplements given to sheep could affect
Se leaching, compared to other factors, i.e. time,
soil and excreta type, the impact of supplement
form was minor. Therefore, the following discus-
sion focuses on the impact of other significant fac-
tors with the data for the different forms (O vs. I) of
mineral supplements given to sheep combined.
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Fig. 8 The total Se loss into leachate (pg/pot) at different sam-
pling periods. In the figure legend, the different colors repre-
sent the different excreta treatments, with ‘CK’, ‘F’, ‘U’ and
‘UF’ represent for ‘untreated’ and treated with ‘feces’, ‘urine’
and ‘feces +urine’, respectively; the different pattern represent
the different soils that the excreta applied to, with ‘L’ and ‘H’
represent for ‘low OM soil’ and ‘high OM soil’, respectively.
The error bars are the standard errors of results (n=4 for CK
and n=38 for U, F and UF). Treatment symbols are defined in
Table 3. The lowercase letters indicate the result of Fisher’s
LSD test within the same sampling period. The results were
not statistically different between bars labelled with the same
letter(s)

Sampling time is a significant factor in Se uptake by
grass and leaching

Sample collection time was an important factor to
the investigation of Se accumulation and concentra-
tion in the grass and Se loss into leachate (Table 5).
Except for the first cut, Se concentrations in the grass
were higher in soil L than that in soil H, and higher
when no excreta was applied (Fig. 3a). In the evalu-
ation of the dilution effect on Se concentration in
plants caused by their growth (increase in biomass)
(Fig. 4), the slope of the regression line of Cutl was
similar to Cut2 and Cut3, whereas the intercept of
the y axis of Cutl was significantly lower than that
of Cut2 and Cut3, meaning that if the grass of Cut 1
were of the same mass as Cut2 and Cut3, the Se con-
centration in the grass of Cut 1 was lower regardless
of the treatments. This result implies that the nutrient
uptake and utilization in the grass of Cutl could have
been different from the grass of Cut2 and Cut3, which
might be reflected by a supplemented result of a prin-
cipal component analysis (PCA) (Fig. S3). The PCA
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analysis, using the elemental composition of grass
as the category components, showed that the grass
of Cutl was significantly different from Cut2 and
Cu3 (Fig. S3(a)). The grass grew using the nutrients
from both the seeds and the regrowth afterward. The
nutrient composition of grass growing from seeds
can be different from that growing from plants with
more established roots (Fulkerson et al. 1998). The
grass at Cut2 and Cut3 could have utilized nutrients
differently for regrowth from Cutl, which used the
nutrients dominantly from the seeds. The density of
grass roots at different times might also explain the
significantly higher Se leaching during the growing
of Cutl grass compared to the Cut2 grass (P<0.01,
Cutl > Cut3 > Cut2). A greater biomass of plant roots
should generally result in less nutrient loss through
leaching (Lehmann and Schroth 2003). Indeed, the
change of total Se in the leachate through the sam-
pling time could also related to the mobility of Se
in the soil and the irrigation (how much water went
through the soil column). Therefore, the Se leaching
could be the result of multiple factors and the impact
of root growth could be just one of them.

The effects of excreta on dilution of Se concentration
in perennial ryegrass during growth

Animal excreta is a commonly used organic ferti-
lizer to add nutrients and organic matter to agricul-
tural soils (Kao et al. 2020). The addition of differ-
ent types of excreta influenced grass growth (DM
yield) (Table 5), which, via the dilution effect, may
have partly contributed to the observed difference in
Se concentrations in grass of different excreta treat-
ments (Fig. 4). Although time is an important fac-
tor in the Se concentration in grass (Table 5), the Se
concentrations in the grass of different cuts were all
below the concentration requirement of ruminants
(0.3, 0.1 and 0.2 mg kg~ for dairy cattle, beef cattle
and sheep, respectively, (Kao et al. 2020)). Therefore,
a single application of excreta was not able to raise
the Se concentrations to the adequate level for rumi-
nant nutrition in the experiments. Although a single
dose was unable to raise the level of Se in perennial
ryegrass to requirements, the impact of repeating
dosing, as would occur in grazing systems, was not
investigated here. Instead of raising the Se concentra-
tions in the grass, excreta treatments lowered or had
no effect on the concentrations compared with the

untreated grass (Fig. 3a). The application of excreta
had a greater effect on lowering the Se concentration
in grass grown in soil L than in soil H (Fig. 3a), pos-
sibly because the Se concentrations of grass grown in
the untreated soil H were already low and the Se con-
centrations of the analytes were close to the detection
limit of ICP-MS (equivalent to 0.01 mg kg~! in grass
samples). When viewed Se;_,....» S¢ uptake was still
lower in soil H than in soil L (Fig. 5), which included
the effect of approximately two times greater grass
DM (Table S8) and also the effect of time. Therefore,
the low Se concentration in grass was not solely due
to a dilution effect but also resulted from a limited
pool of available Se in soil H.

The impact of soil difference on Se uptake by grass

The Se concentrations (Fig. 3a) and total Se accumu-
lation (Se;_,qcum» Fig. 5) in the grass of the untreated
soil H was always lower than those of the untreated
soil L, even though the total soil Se was higher in soil
H (865 pg kg™!) than in soil L (782 pg kg™'). Per-
manent grassland soils typically have higher soil OM
than cultivated soils (Conant et al. 2001). Soil OM is
known as a critical factor to the mobility of Se in soils
although the sorption of Se might differ with different
forms of OM (Kao et al. 2020). In the current study,
soil H had significantly higher abundance of soil
OM and Fe(Ill)-(oxyhydr)oxides (35.6 g kg_1 and
8200 mg kg~!, respectively) than soil L (15.6 g kg™
and 4528 mg kg~!, respectively) (Table 2). The Se
concentrations in the grass between the two untreated
soils might be a reflection of the difference in soil Se
sorption. That is, the higher Se sorption driven by
higher soil OM and/or redox-active Fe oxides in soil
H likely lowered the available Se in the soils, which,
in turn, lowered the uptake of Se by the grass. How-
ever, the result of the soil extractable Se shows that
the extractable Se in the two soils (untreated with
excreta) were similar (Fig. 6a,b). Therefore, the dif-
ferences Se uptake between the two soils cannot be
attributed solely to the sorption effect driven by the
soil OM and/or the redox-active Fe oxides. It was
proposed that the extractable P in soil H, which was
higher than that in soil L (Fig. 6e), might have driven
a competition between the uptake of PO43_ and
Se0;2~, which ultimately lowered the uptake of Se by
the grass. This inference will be discussed further in
the next section.
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The impact of the applied excreta type on Se
accumulation in grass

The greatest Se accumulation in grass was ca. 0.2 pg
Se across three cuts (Fig. 5), which was observed in
all the treatments of soil L, and in the urine treat-
ments of soil H. Several possible reasons are pro-
posed below that could have driven this result, of
which the rationality will be discussed one by one.
Firstly, it appears that there was seemingly a ceiling
in the total amount of Se that the perennial ryegrass
could take up from the soils and, therefore, the input
of Se from the excreta did not increase the accumula-
tion of Se. However, this ‘ceiling theory’ could only
be true if the amount of available Se (represented by
the extractable Se) was increased due to the applica-
tion of excreta, which does not appear to be the case.
The Se extracted using the PB solution (pH=7.5)
decreased for the soils with excreta compared to the
untreated soils (Fig. 6b), contradicting the ceiling
theory. Although Se extracted using MKP solution
(pH=4.8) increased in soil L that were treated with
urine, the pH of the extraction environment using PB
solution was more similar to the pH environment in
situ (ca. 6.0-7.5, Fig. 7). Therefore, it is more likely
that the available Se in both soil types decreased in
response to the application of excreta, regardless
of the type. Because of this, the observation seen in
Fig. 5 should not be attributed to the ‘ceiling effect’.

Secondly, it may be that the result was due to the
difference in availability of soil Se. The contribution
of Se input from the feces (12-16 pg Se) was more
than 5 times higher than that from the urine (1-2 pg
Se). However, the Se;_,.... of the feces treatments
was either not different from (in soil L) or lower than
(in soil H) that of the urine treatments (Fig. 5). Some
may argue that this is because the Se in the feces was
mostly not available to the grass, whereas the Se from
the urine was mostly bioavailable. However, as pre-
viously noted, extractable Se was not increased by
the application of excreta, regardless of the excreta
type (except that the extractable Se, using MKP,
was higher in soil L that was treated with urine than
the untreated), (Fig. 6a,b). Therefore, the differences
in Se accumulation in grass between soils with differ-
ent excreta treatments does not appear to be associ-
ated with the Se input.

Thirdly, some may argue that the change of soil pH
caused by the application of the excreta could have
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been playing a part in the result. Fecal treatments
resulted in higher soil pH (Fig. 7), which should have
increased the extractable Se in soils (by limiting Se
sorption; (Winkel et al. 2015)) instead of decreas-
ing it (Fig. 6a,b). However, significantly less Se was
taken up from soil H when only feces was applied
(Fig. 5). Consequently, the difference in Se accumu-
lation in grass from soils with different excreta treat-
ments also cannot be attributed to changes in soil pH
caused by the excreta.

Fourthly, the fact that the Se accumulation in
grass does not reflect the soil extractable Se leads to
the possibility of elemental antagonism, which could
decrease the uptake of Se from soils in response to an
increase in the abundance of antagonistic element(s).
The uptake of Se0,>~ and SeO32_ by grass are sub-
ject to competition with SO,*~ and PO,*~, respec-
tively, due to the similar electron configuration of
the outermost electron shells (Hopper and Parker
1999). Se0,*~ and SO,*~ uptake are thought to occur
through the same transporters in plants, and the
uptake of Se032_ through either passive diffusion that
can be inhibited by PO43_ (Sors et al. 2005) or active
absorption by sharing the transporter with PO,>~ (Li
et al. 2008).

It is unlikely that antagonism by SO,“~ contrib-
uted to the lower Se accumulated by grass in the soil
H that was treated only with feces, because extract-
able S was significantly higher in the treatments with
urine applied than in the treatment with only feces
applied, and the extractable S was slightly higher in
soil L than in the corresponding soil H (Fig. 6¢, d). If
SO42_ antagonism was a major factor, the soils with
more extractable S should result in lower Se;_,..,, I
grass, the opposite of what was observed (Fig. 5).

Based on the pH and Eh environment of the soils
in the current study, the inorganic Se in the soil solu-
tion was most likely to be in the form of HSeO;™. The
dominant Se species in the extractable fraction of the
feces applied was HSeO;~ confirmed by HPLC-HG-
AFS (details are described in Supplementary Infor-
mation). SeO;°~ has a similar electron configuration
to PO43_ and, therefore, may undergo similar chemi-
cal reactions, including surface adsorption and trans-
port by plant roots. Soil extractable PO,*~ (Fig. 6e)
was inversely correlated (R=-0.41) with Se;_,.c.m
(Fig. S5), which could possibly be attributed to the
competition effect between SeO,>~ and PO,*~ on the
plant uptake. However., for the individual grass cuts,
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soil extractable PO,*~ was only significantly corre-
lated with Se concentration and accumulation in the
first cut (P <0.001; with R=-0.81 and -0.79, respec-
tively (Fig. S5)). The concentrations of both extract-
able P and total P in soil H were significantly higher
than those in soil L and the application of excreta
increased the extractable P, especially in the feces
treatment (Fig. 6e and Table 2). The feces applied to
the soils contained ca. 12 g kg-DM ™! P, and the urine
less than 4 mg L' (Table 1). If the competition effect
between SeO,>~ and PO,*~ was the dominant factor
that affects the Se uptake by grass, the Se;_,..m Of
the soil L treated with feces should also be signifi-
cantly lower than the Se;_,.,,, of the untreated soil L.
However, this argument was unable to stand based on
the results from Fig. 5. Therefore, although PO,*~ in
soil may compete with SeO;>~ for uptake by grass,
it did not appear to be the sole determining factor
explaining the variations in Se accumulation in grass
across the treatments.

Fifthly, the different excreta treatments did not
lead to significantly different loss of Se by leaching
(Table 5), and when the leachate samples were bulked
across sample times, the combined effects of soil dif-
ferences and excreta type also became insignificant
(Table S7). Therefore, the differences in Se accumu-
lation in grass across the treatments cannot be attrib-
uted to Se leaching from the soils either.

A potential effect of Se speciation on Se
accumulation in grass

The speciation of Se in soil strongly affects the
mobility and plant availability of Se (Fernindez-
Martinez and Charlet 2009). Although the speciation
of soil Se was not directly analyzed, the Se extracted
from the soil using solutions of different pH gives an
indication as to the potential species of Se in soils
of different treatments. PO43_, which has a similar
electron configuration to SeO32_, has a higher adsorp-
tion affinity to oxides than SeO32_, SeO42_, and
SO42_ (Balistrieri and Chao 1987), which is why P
solutions are used to extract available Se and S. How-
ever, Se that is not in the form of SeO5*~ or Se0,*™ is
unlikely to be exchangeable by PO, in P solutions.
The adsorption of SeO;>~ or SeO,* to clay minerals,
OM and oxides is highly pH-dependent, and is typi-
cally greater at lower pH (Winkel et al. 2015). In the
current study, the Se concentrations in all the MKP

extractions (pH=4.8) were lower than those in the
PB extractions (pH=7.5). However, this difference
was more substantial in the untreated soils (CK) than
in the soils treated with urine and/or feces (Fig. 6a.b),
which may indicate different Se speciation between
the untreated soils and the soils treated with excreta.
The application of excreta may have altered the Se
speciation and, in turn, altered the availability of Se
to the grass.

The speciation of Se, which affects Se mobility and
bioavailability, is strongly affected by microbial activ-
ities (Fernandez-Martinez and Charlet 2009). Alemi
et al. (1991) reported that the predominant transfor-
mation of SeOf‘, in an oxic C-enriched soil envi-
ronment, was microbe-driven reduction of SeO42_ to
comparatively immobile forms, such as SeO32_ and
elemental Se. In the excreta treatments, the urine and/
or feces provided both carbon and nutrients for micro-
bial metabolism, which could have increased micro-
bial reduction of SeO,>~ in the soils.

Fernandez-Martinez and Charlet (2009) proposed
that there are two types of Se reduction that alter the
Se species in the environment: dissimilatory reduc-
tion and assimilatory reduction, and both are driven
by microorganisms. In dissimilatory reduction, micro-
organisms use the oxidized Se0,>~ or SeO,*~ as the
terminal electron acceptors for respiration, in the cell
membrane, and oxidize organic carbon or reduced S
(produced by sulfate-reducing bacteria), producing
more reduced forms of Se, such as SeO,*~ or S”. In
assimilatory reduction, inorganic Se is transported
through the cell membrane into the microbial cell
and then reduced during biosynthesis of organic Se
compounds, such as the organic acids Se-Met and Se-
Cys. Microbial dissimilatory and assimilatory reduc-
tion can happen at the same time. For example, some
lactic acid bacteria (LAB) used for silage inoculation,
can use SeO32_ to form Se-Cys up to biological limits
and then preferentially convert SeO32_ to nano-Se(0)
as means of detoxification (Lee et al. 2019b). The
synthesis of Se (0) nanoparticles by a filamentous
bacterium, isolated from a seleniferous soil, was also
observed to happen inside the cells (Tan et al. 2016).

Either microbial reduction pathway could result
in lower bioavailability of Se to plants. Although
the assimilatory microbial reduction products, Se-
Met and Se-Cys, are known to be plant-available
and can be taken up by plants more efficiently than
inorganic forms of Se (Kikkert and Berkelaar 2013),
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to increase Se uptake by grass, these compounds
would need to be released into the soil environment,
rather than incorporated further into proteins in the
microbial cells, which would not be readily avail-
able to plants. Elemental selenium, Se’, the product
resulted from a dissimilatory or a assimilatory reduc-
tion of SeO32_, is substantially less available to plants
than SeO;*~ and SeO,*~ (Mayland et al. 1991) as it
is insoluble (Fernandez-Martinez and Charlet 2009)
and precipitates out of solution as solid nanoparticles
when produced by microorganisms (e.g. Tan et al.
2016). Se0,>~, which is produced by dissimilatory
microbial reduction of SeO,>~, sorbs more strongly
onto Fe oxides than Se0,>~ (about 2 times higher at
pH 7.5 in sorption experiments onto goethite or hem-
atite, Rovira et al. 2008) decreasing its availability for
uptake by plants.

Both soil OM and feces can contribute to micro-
bial activity by providing organic carbon. Although
roughly half of soil OM is not bioavailable or is highly
resistant to decomposition by microorganisms (e.g.,
Jenkinson and Rayner 1977), the addition of manure
to soils has been shown to increase labile (bioavail-
able) carbon, microbial biomass, and decomposition
(e.g. Dheri and Nazir 2021; Ribeiro et al. 2010). An
increase in microbial reduction of Se stimulated by
the application of excreta could therefore decrease
the uptake of Se by grass via lowering the Se mobil-
ity and insolubility (after dissimilatory reduction) or
by microbial uptake (assimilatory reduction), hence
the significantly lower Se accumulation in grass in the
grassland soil treated with feces (Fig. 5).

Here, we propose that the lower Se accumulation
in grass grown on soil H, particularly with the feces
applied, might be explained by the microbial reduc-
tion of Se, which either competes with the plants
for accessibility of Se, or transforms the Se into less
plant-available species. Alos, the reason why the
reduced Se accumulation in grass was particularly
significant in soil H might be attributed to its higher
amount of sorption sites for Se, i.e., Fe oxides and/
or OM. However, the reason why the Se accumula-
tion of the soil H treated with the urine (with or with-
out feces) did not have lower Se accumulation in the
grass needs to be further investigated.

The current inference proposed by the authors is
consistent with previous studies that also reported
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decreased Se accumulation in plants after animal
excreta application. Fan et al. (2008) found decreased
Se concentrations in wheat grains after farmyard
manure application. Wang et al. (2016) also showed
that a 20-year soil application of organic compost led
to lower Se accumulation in wheat and maize (Zea
mays) compared to all other applications including
control, inorganic N, P, K plus organic compost, and
inorganic N, P, K application. In Wang et al. (2016),
despite resulting in the highest soil Se concentra-
tion, the application of organic compost did not bring
about correspondingly higher Se in the exchangeable
fraction. Instead, higher oxidizable Se (i.e. organic
Se) was reported compared to the other treatments,
resulting in lower Se availability in the soil. Organi-
cally bound Se was also found to be the dominant
form in all horizons of three Swedish forest soils
reported by Gustafsson and Johnsson (1992). Rapid
and substantial Se fixation by OM in acidic soils was
also observed by Gustafsson and Johnsson (1992).

Conclusions

Grown in the two soils of different OM con-
tents (total Se concentrations ranged between
0.78-0.87 mg kg~!), the Se concentrations in the
three cuts of perennial ryegrass were all lower than
the requirement needed for growing lambs. The one-
time excreta application did not increase Se accumu-
lation and concentrations in the grass and in some
case it was decreased. Consequently, to increase
ruminant Se intake, it is easier to supplement the ani-
mal directly rather than to apply manure as a soil fer-
tilizer, which can potentially drive Se reduction and
further decrease in Se uptake by grass.

The lower Se accumulation in the soil of higher
OM content, compared to the soil of lower OM con-
tent, was likely attributed with the higher extract-
able PO,>~, which could drive a competition for the
absorption site with SeO5*". It was further inferred
that, in the animal excreta treatment, the chemical
species of Se was possibly altered by microbial reduc-
tion, which produces Se in forms that are less soluble
and plant-available and could be precipitated as sol-
ids, adsorbed to soil particles, or stored in microbial
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biomass, which might be the main reason for the gen-
erally lower Se uptake in grass of the soil of higher
OM with feces treated. However, further research is
needed to gain direct evidence for this inference.

Acknowledgements We would like to thank people from
Rothamsted Research: Sarah Dunham, Mark Durenkamp,
Aranzazu Louro-Lopez who helped with sample preparation
and analysis; Ian Shield and Joanna Carter who helped with
soil collection and transportation; Andrew Mead who helped
with statistics, and also Alltech Ltd., who provided funding for
the lead author’s PhD.

Author contributions P.-T. Kao: conceptualization, data
curation, formal analysis, investigation, methodology, writing
— original draft. H. Warren: resources, supervision, writing —
review & editing. 7. Darch: supervision, writing — review &
editing. S. P. McGrath: conceptualization, supervision, writing
—review & editing. H. L. Buss: supervision, writing — review &
editing. M. R. F. Lee: funding acquisition, project administra-
tion, writing — review & editing.

Funding This work was carried out as part of Rothamsted
Research Institute Strategic Programme Soil to Nutrition sup-
ported by the Biotechnology and Biological Sciences Research
Council (BBS/E/C/00010310). The facility used for collect-
ing sheep urine and feces was provided by North Wyke Farm
Platform, a UK National Capability supported by the Biotech-
nology and Biological Sciences Research Council (BBSRC)
(BBS/E/C/000J0100).

Data availability The following information and data can be
found on the data repository of Rothamsted Research (https://
doi.org/10.23637/rothamsted.98883). 1. The consumption of
silage, concentrate and mineral supplements of the sheep during
the feeding period. 2. Sample collection and preparation meth-
ods of urine and feces for trace element analysis. 3. Total trace
element analytical results of the urine and feces used in the cur-
rent study. The dataset generated and analyzed during the cur-
rent pot experiment is available from the Rothamsted Research
data repository (https://doi.org/10.23637/rothamsted.98v24).

Declarations

Competing interests Alltech Ltd., who provided funding for
the lead author (Pei-Tzu Kao)’s PhD, which involves the work
included in the current study.

Open Access This article is licensed under a Creative Com-
mons 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 Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence 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 licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

ADAS (2011) Impact of grazing management on cattle and
sheep parasites. https://meatpromotion.wales/images/
resources/Impact_of_grazing_management_on_cattle_
and_sheep_parasites.pdf. Accessed 13 July 2022

AHDB (2019) Understanding grass growth for beef rotational
grazing. https://ahdb.org.uk/knowledge-library/understand
ing-grass-growth-for-beef-rotational-grazing. Accessed 31
May 2022

AHDB (2020) Recommended Grass and Clover Lists for Eng-
land and Wales. https://ahdb.org.uk/recommended-grass-
and-clover-lists. Accessed 31 May 2022

Alemi MH, Goldhamer DA, Nielsen DR (1991) Modeling
selenium transport in steady-state, unsaturated soil col-
umns. J Environ Qual 20:89-95. https://doi.org/10.2134/
7q1991.00472425002000010014x

Avila PA, Faquin V, Avila FW, Kachinski WD, Carvalho
GS, Guilherme JRG (2020) Phosphorus and sulfur in a
tropical soil and their effects on growth and selenium
accumulation in Leucaena leucocephala (Lam.) de Wit.
Environ Sci Pollut Res 27:44060-44072. https://doi.org/
10.1007/311356-020-10303-3

Balistrieri LS, Chao TT (1987) Selenium adsorption by goe-
thite. SSSAJ 51:1145-1151. https://doi.org/10.2136/
$852j1987.03615995005100050009x

Blair GJ, Till AR, Boswell C (1994) Rate of recycling of sul-
fur from urine, feces and litter applied to the soil sur-
face. Aust J Soil Res 32:543-554. https://doi.org/10.
1071/SR9940543

Bolaric S, Barth S, Melchinger AE, Posselt UK (2008)
Genetic diversity in European perennial ryegrass cul-
tivars investigated with RAPD markers. Plant Breed
124(2):161-166.  https://doi.org/10.1111/j.1439-0523.
2004.01032.x

Clayden B, Hollis JM (1984) Criteria for differentiating soil
series. Rothamsted Experimental Station, Harpenden

Conant RT, Paustian K, Elliott ET (2001) Grassland man-
agement and conversion into grassland: effects on soil
carbon. Ecol Appl 11:343-355. https://doi.org/10.
1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2

Darch T, Dunn RM, Guy A, Hawkins JMB, Ash M, Frim-
pong KA, Blackwell MSA (2019) Fertilizer produced
from abattoir waste can contribute to phosphorus sus-
tainability, and biofortify crops with minerals. PLoS
ONE 14:€0221647. https://doi.org/10.1371/journal.
pone.0221647

Dheri GS, Nazir G (2021) A review on carbon pools and
sequestration as influenced by long-term management
practices in a rice—wheat cropping system. Carbon
Manag 12:559-580. https://doi.org/10.1080/17583004.
2021.1976674

@ Springer


https://doi.org/10.23637/rothamsted.98883
https://doi.org/10.23637/rothamsted.98883
https://doi.org/10.23637/rothamsted.98v24
http://creativecommons.org/licenses/by/4.0/
https://meatpromotion.wales/images/resources/Impact_of_grazing_management_on_cattle_and_sheep_parasites.pdf
https://meatpromotion.wales/images/resources/Impact_of_grazing_management_on_cattle_and_sheep_parasites.pdf
https://meatpromotion.wales/images/resources/Impact_of_grazing_management_on_cattle_and_sheep_parasites.pdf
https://ahdb.org.uk/knowledge-library/understanding-grass-growth-for-beef-rotational-grazing
https://ahdb.org.uk/knowledge-library/understanding-grass-growth-for-beef-rotational-grazing
https://ahdb.org.uk/recommended-grass-and-clover-lists
https://ahdb.org.uk/recommended-grass-and-clover-lists
https://doi.org/10.2134/jeq1991.00472425002000010014x
https://doi.org/10.2134/jeq1991.00472425002000010014x
https://doi.org/10.1007/s11356-020-10303-3
https://doi.org/10.1007/s11356-020-10303-3
https://doi.org/10.2136/sssaj1987.03615995005100050009x
https://doi.org/10.2136/sssaj1987.03615995005100050009x
https://doi.org/10.1071/SR9940543
https://doi.org/10.1071/SR9940543
https://doi.org/10.1111/j.1439-0523.2004.01032.x
https://doi.org/10.1111/j.1439-0523.2004.01032.x
https://doi.org/10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2
https://doi.org/10.1371/journal.pone.0221647
https://doi.org/10.1371/journal.pone.0221647
https://doi.org/10.1080/17583004.2021.1976674
https://doi.org/10.1080/17583004.2021.1976674

Plant Soil

Doak BW (1952) Some chemical changes in the nitrogenous
constituents of urine when voided on pasture. J Agric
Sci 42(1-2):162-171.  https://doi.org/10.1017/S0021
859600058767

Eswayah AS, Smith TJ, Gardiner PHE (2016) Microbial
transformations of selenium species of relevance to
bioremediation. Appl Environ Microbiol 82:4848-4859.
https://doi.org/10.1128/AEM.00877-16

Fan MS, Zhao FJ, Poulton PR, McGrath SP (2008) Histori-
cal changes in the concentrations of selenium in soil and
wheat grain from the Broadbalk experiment over the last
160 years. Sci Total Environ 389:532-538. https://doi.
org/10.1016/j.scitotenv.2007.08.024

Fernidndez-Martinez A, Charlet L (2009) Selenium environ-
mental cycling and bioavailability: a structural chemist
point of view. Rev Environ Sci Biotechnol 8:81-110.
https://doi.org/10.1007/s11157-009-9145-3

Fulkerson WJ, Slack K, Hennessy DW, Hough GM (1998)
Nutrients in ryegrass (Lolium spp.), white clover (7ri-
folium repens) and kikuyu (Pennisetum clandestinum)
pastures in relation to season and stage of regrowth in a
subtropical environment. Aust J Exp Agric 38:227-240.
https://doi.org/10.1071/EA97161

Gustafsson JP, Johnsson L (1992) Selenium retention in
the organic matter of Swedish forest soils. J Soil Sci
43:461-472. https://doi.org/10.1111/j.1365-2389.1992.
tb00152.x

Hopper JL, Parker DR (1999) Plant availability of selenite
and selenate as influenced by the competing ions phos-
phate and sulfate. Plant Soil 210:199-207. https://doi.
org/10.1023/A:1004639906245

Jenkinson DS, Rayner JH (1977) The turnover of soil organic
matter in some of the Rothamsted classical experiments.
Soil Sci 5:298-305. https://doi.org/10.1097/00010694-
197705000-00005

Kao P-T, Darch T, McGrath SP, Kendall NR, Buss HL, War-
ren H, Lee MRF (2020) Factors influencing elemental
micronutrient supply from pasture systems for grazing
ruminants. Adv Agron 164:161-229. https://doi.org/10.
1016/bs.agron.2020.06.004

Keskinen R, Réty M, Yli-Halla M (2011) Selenium frac-
tions in selenate-fertilized field soils of Finland. Nutr
Cycl Agroecosyst 91:17-29. https://doi.org/10.1007/
$10705-011-9435-3

Kikkert J, Berkelaar E (2013) Plant uptake and translocation
of inorganic and organic forms of selenium. Arch Envi-
ron Contam Toxicol 65:458—465. https://doi.org/10.1007/
$00244-013-9926-0

Lee MRF, Fleming HR, Whittington F, Hodgson C, Suraj PT,
Davies DR (2019a) The potential of silage lactic acid
bacteria derived nano-selenium as a dietary supplement
in sheep. Anim Prod Sci 59:1999-2009. https://doi.org/
10.1071/AN19258

Lee MRF, Fleming HR, Cogan T, Hodgson C, Davies DR
(2019b) Assessing the ability of silage lactic acid bacte-
ria to incorporate and transform inorganic selenium within
laboratory scale silos. Anim Feed Sci Technol 253:125—
134. https://doi.org/10.1016/j.anifeedsci.2019.05.011

Lee MRF, Rivero MJ, Cone JW (2018) The role of pasture in
the diet of ruminant livestock. In: Marshall A, Collins R
(ed). Improving grassland and pasture management in

@ Springer

temperature agriculture. Burleigh Dodds Science Publish-
ing, Cambridge, pp 31-54. https://doi.org/10.1201/97813
51114561-4

Lehmann J, Schroth G (2003) Nutrient leaching. In: Schroth G,
Sinclair F (eds) Trees, crops and soil fertility. CABI Pub-
lishing, Wallingford, pp 151-166

Li HF, McGrath SP, Zhao FJ (2008) Selenium uptake, trans-
location and speciation in wheat supplied with selenate
or selenite. New Phytol 178:92-102. https://doi.org/10.
1111/5.1469-8137.2007.02343.x

Li Z, Liang D, Peng Q, Cui Z, Huang J, Lin Z (2017) Inter-
action between selenium and soil organic matter and its
impact on soil selenium bioavailability: a review. Geo-
derma 295:69-79. https://doi.org/10.1016/j.geoderma.
2017.02.019

Mayland HF, Gough LP, Stewart KC (1991) Chapter E: Sele-
nium mobility in soils and its absorption, translocation,
and metabolism in plants. In: Proceedings, Symposium on
selenium, Western USA

Morgante M, Gianesella M, Casella S, Ravarotto L, Stelletta C,
Giudice E (2009) Blood gas analyses, ruminal and blood
pH, urine and faecal pH in dairy cows during subacute
ruminal acidosis. Comp Clin Path 18:229-232. https://doi.
org/10.1007/s00580-008-0793-4

@gaard AF, Sogn TA, Eich-Greatorex S (2006) Effect of cat-
tle manure on selenate and selenite retention in soil. Nutri
Cycl Agroecosyst 76:39-48. https://doi.org/10.1007/
$10705-006-9039-5

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation
of available phosphorus in soils by extraction with sodium
bicarbonate. In: USDA Circular No. 939. Government
Printing Office, Washington D.C., US. pp 19

Power JF, Prasad R (1997) Organic Manures. In: Soil fertility
management for sustainable agriculture. CRC Press, New
York

R Core Team (2018) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. Available online at https://www.R-proje
ct.org/. Accessed 1 Jan 2022

Rayment GE, Lyons DJ (2011) Nitrogen & Phosphorus &
Extractable iron, aluminum and silicon. In: Soil Chemical
Methods, CSIRO Publishing, Australasia

Ribeiro HM, Fangueiro D, Alves F, Vasconcelos E, Coutinho
J, Bol R, Cabral F (2010) Carbon-mineralization kinet-
ics in an organically managed Cambic Arenosol amended
with organic fertilizers. J Plant Nutr Soil Sci 173:39-45.
https://doi.org/10.1002/jpIn.200900015

Rovira M, Giménez J, Martinez M, Martinez-Lladé X, de
Pablo J, Marti V, Duro L (2008) Sorption of selenium (IV)
and selenium (VI) onto natural iron oxides: goethite and
hematite. ] Hazard Meter 150:279-284. https://doi.org/10.
1016/j.jhazmat.2007.04.098

Schwertmann U (1964) Differenzierung der eisenoxide des
bodens durch extraktion mit ammoniumoxalat-Losung. J
Plant Nutr Soil Sci 105:194-202. https://doi.org/10.1002/
jpIn.3591050303

Sears PD, Newbold RP (1942) The effect of sheep droppings
on yield, botanical composition, and chemical composi-
tion of pasture. 1. Establishment of trial, technique of
measurement, and results for the 1940-41 season. N Z J
Sci Technol Sect A:36-61


https://doi.org/10.1017/S0021859600058767
https://doi.org/10.1017/S0021859600058767
https://doi.org/10.1128/AEM.00877-16
https://doi.org/10.1016/j.scitotenv.2007.08.024
https://doi.org/10.1016/j.scitotenv.2007.08.024
https://doi.org/10.1007/s11157-009-9145-3
https://doi.org/10.1071/EA97161
https://doi.org/10.1111/j.1365-2389.1992.tb00152.x
https://doi.org/10.1111/j.1365-2389.1992.tb00152.x
https://doi.org/10.1023/A:1004639906245
https://doi.org/10.1023/A:1004639906245
https://doi.org/10.1097/00010694-197705000-00005
https://doi.org/10.1097/00010694-197705000-00005
https://doi.org/10.1016/bs.agron.2020.06.004
https://doi.org/10.1016/bs.agron.2020.06.004
https://doi.org/10.1007/s10705-011-9435-3
https://doi.org/10.1007/s10705-011-9435-3
https://doi.org/10.1007/s00244-013-9926-0
https://doi.org/10.1007/s00244-013-9926-0
https://doi.org/10.1071/AN19258
https://doi.org/10.1071/AN19258
https://doi.org/10.1016/j.anifeedsci.2019.05.011
https://doi.org/10.1201/9781351114561-4
https://doi.org/10.1201/9781351114561-4
https://doi.org/10.1111/j.1469-8137.2007.02343.x
https://doi.org/10.1111/j.1469-8137.2007.02343.x
https://doi.org/10.1016/j.geoderma.2017.02.019
https://doi.org/10.1016/j.geoderma.2017.02.019
https://doi.org/10.1007/s00580-008-0793-4
https://doi.org/10.1007/s00580-008-0793-4
https://doi.org/10.1007/s10705-006-9039-5
https://doi.org/10.1007/s10705-006-9039-5
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/jpln.200900015
https://doi.org/10.1016/j.jhazmat.2007.04.098
https://doi.org/10.1016/j.jhazmat.2007.04.098
https://doi.org/10.1002/jpln.3591050303
https://doi.org/10.1002/jpln.3591050303

Plant Soil

Séby F, Potin-Gautier M, Giffaut E, Borge G, Donard OFX
(2001) A critical review of thermodynamic data for sele-
nium species at 25 °C. Chem Geol 171:173-194. https://
doi.org/10.1016/S0009-2541(00)00246-1

Smazikova P, Praus L, Szakova J, Tremlova J, Ales H, Tlusto$
P (2019) Effects of organic matter-rich amendments
on selenium mobility in soils. Pedosphere 29:740-751.
https://doi.org/10.1016/S1002-0160(17)60444-2

Sors TG, Ellis DR, Salt DE (2005) Selenium uptake, trans-
location, assimilation and metabolic fate in plants.
Photosynth Res 86:373-389. https://doi.org/10.1007/
s11120-005-5222-9

Sparks DL, Page AL, Helmke PA, Loeppert RH (2020)
Methods of soil analysis, part 3: Chemical methods.
Wiley, Wisconsin, USA

Stroud JL, McGrath SP, Zhao F (2012) Selenium speciation in
soil extracts using LC-ICP-MS. Int J Environ Anal Chem
92(2):222-236. https://doi.org/10.1080/0306731090
3111661

Tan Y, Yao R, Wang R, Wang D, Wang G, Zheng S (2016)
Reduction of selenite to Se (0) nanoparticles by filamen-
tous bacterium Streptomyces sp. ES2-5 isolated from a
selenium mining soil. Microb Cell Fact 15:1-10. https:/
doi.org/10.1186/s12934-016-0554-z

Tértora-Pérez JL (2010) The importance of selenium and the
effects of its deficiency in animal health. Small Rumin Res
89:185-192. https://doi.org/10.1016/j.smallrumres.2009.12.
042

Wang Z, Gao Y (2001) Biogeochemical cycling of selenium
in Chinese environments. Appl Geochem 16:1345-1351.
https://doi.org/10.1016/S0883-2927(01)00046-4

Wang Q, Zhang J, Zhao B, Xin X, Deng X, Zhang H (2016)
Influence of long-term fertilization on selenium accumu-
lation in soil and uptake by crops. Pedosphere 26:120—
129. https://doi.org/10.1016/S1002-0160(15)60028-5

Winkel LHE, Vriens B, Jones GD, Schneider LS, Pilon-Smits
E, Bafiuelos GS (2015) Selenium cycling across soil-
plant-atmosphere interfaces: a critical review. Nutrients
7:4199-4239. https://doi.org/10.3390/nu7064199

Zhao F, McGrath SP (1994) Extractable sulphate and organic
sulphur in soils and their availability to plants. Plant Soil
164(2):243-250. https://doi.org/10.1007/BF00010076

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

@ Springer


https://doi.org/10.1016/S0009-2541(00)00246-1
https://doi.org/10.1016/S0009-2541(00)00246-1
https://doi.org/10.1016/S1002-0160(17)60444-2
https://doi.org/10.1007/s11120-005-5222-9
https://doi.org/10.1007/s11120-005-5222-9
https://doi.org/10.1080/03067310903111661
https://doi.org/10.1080/03067310903111661
https://doi.org/10.1186/s12934-016-0554-z
https://doi.org/10.1186/s12934-016-0554-z
https://doi.org/10.1016/j.smallrumres.2009.12.042
https://doi.org/10.1016/j.smallrumres.2009.12.042
https://doi.org/10.1016/S0883-2927(01)00046-4
https://doi.org/10.1016/S1002-0160(15)60028-5
https://doi.org/10.3390/nu7064199
https://doi.org/10.1007/BF00010076

	Michael Lee The uptake FRONT SHEET
	Michael Lee The uptake
	The uptake of selenium by perennial ryegrass in soils of different organic matter contents receiving sheep excreta
	Abstract 
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Experiment design
	Pot design
	Application densities of urine and feces
	Preparation of the soils, the sheep excreta and the irrigation water
	Experiment timeline and pot management
	Sample collection and storage
	Sample preparation and analysis
	Total elemental (including Se) content in the grass, soil and leachate
	Soil extractable Se, S and P
	Soil solution pH


	Calculations
	Statistical analysis

	Results
	ANOVA results of the treatments and cutting time regarding Se uptake by grass and Se loss into leachate
	Se concentration and accumulation in grass of different cuts
	Soil extractable Se, S and P and pH in soil solution
	Se loss into leachate at different sampling times

	Discussion
	The effect of the chemical form (organicinorganic) of supplemental minerals on Se uptake by perennial ryegrass and total Se leaching from the soils
	Sampling time is a significant factor in Se uptake by grass and leaching
	The effects of excreta on dilution of Se concentration in perennial ryegrass during growth
	The impact of soil difference on Se uptake by grass
	The impact of the applied excreta type on Se accumulation in grass
	A potential effect of Se speciation on Se accumulation in grass

	Conclusions
	Acknowledgements 
	References



