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Abstract Controlled drainage is considered as a soil
management tool to improve water supply to crops and
reduce nutrient losses from fields; however, its closure
may affect phosphorus (P) mobilization in soil. To
assess the P mobilization potential, three soil profiles
with redoximorphic features were selected along a
slight hill in Northern Germany. Soil samples from
three depths of each profile were characterized for
basic properties, total element content, oxalate- and
dithionite-extractable pedogenic Al, Fe and Mn
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(hydr)oxides, P pools (sequential extraction), P
species [P K-edge X-ray absorption near-edge struc-
ture (XANES) spectroscopy] and P sorption behavior.
In topsoil (~ 10 cm depth), labile P (H,O-P + resin-
P + NaHCOs3-P) accounted for 26-32% of total P (P,).
Phosphorus K-edge XANES revealed that up to 49%
of P, was bound to Al and/or Fe (hydr)oxides, but
sequential fractionation indicated that > 30% of this P
was occluded within sesquioxide aggregates. A low
binding capacity for P was demonstrated by P sorption
capacity and low Ky coefficients (20—
33 mg! " L" kg™!) of the Freundlich equation. In
the subsoil layers (~ 30 and ~ 65 cm depth), higher
proportions of Al- and Fe-bound P along with other
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characteristics suggested that all profiles might be
prone to P mobilization/leaching risk under reducing
conditions even if the degree of P saturation (DPS) of a
profile under oxic conditions was < 25%. The results
suggest that a closure of the controlled drainage may
pose a risk of increased P mobilization, but this needs
to be compared with the risk of uncontrolled drainage
and P losses to avoid P leaching into the aquatic
ecosystem.

Keywords Controlled drainage - Adsorption
isotherm - P mobilization - Redox - Synchrotron -
XANES

Introduction

In Germany, draining wet and waterlogged land for the
establishment of agriculturally used fields is a com-
mon practice. In northern Germany, however, climate
change results in the decrease of precipitation during
growing season but also extreme precipitation events
(Madsen et al. 2014; Svoboda et al. 2015). To mitigate
these extremes, controlled drainage is considered as an
opportunity not only to retain moisture in fields for
improving crop performance (Tolomino and Borin
2019) but also to control diffuse phosphorus (P) losses
from fields at watershed scale (Carstensen et al. 2019;
Dagnew et al. 2019). An increased water table can lead
to reductive conditions, which are likely to mobilize P
that was previously held by pedogenic oxides as
shown for peat soils (Meissner et al. 2008; Herndon
et al. 2019). Also, Valero et al. (2007) reported an
increase in P mobilization in a Canadian Humic
Gleysol at increased water table. Other studies,
however, detected decreased P loads in controlled
drainage water (Wesstrom and Messing 2007; Jouni
et al. 2018).

In soil, P generally is chemically bound within
minerals (e.g., apatite) and organic substances (e.g.,
phospholipids), is sorbed to the minerals or organic
surfaces predominantly as phosphate ion and occurs in
the equilibrium soil solution as H,PO,™ or HPO42_.
Under oxic conditions, phosphate ions might be
sorbed to binding sites of clay minerals and/or Al,
Fe and Mn (hydr)oxides with which they can form
insoluble complexes (Lijklema 1980; Penn et al. 2005;
Johnson et al. 2016). However, if controlled drains are
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closed, increased water content may lead to reducing
conditions in soil. In this case, microbial respiration
leads to reductive dissolution of Mn(IIl, IV) and
Fe(III) (hydr)oxides, which enhances P availability in
the soil solution by the release of P adsorbed to
minerals (Lovley 1991; Peretyazhko and Sposito
2005; Maranguit et al. 2017). This mechanism of
phosphate mobilization has been successfully
employed by flooding of soils to increase the P
availability and thus the P nutritional status of, e.g.,
rice plants (Islam and Islam 1973; Seng et al. 1999;
Rakotoson et al. 2015). However, enhanced P mobi-
lization may also be of disadvantage since increased P
solubility can lead to P leaching and nutrient loss with
its unfavorable consequences not only for crop plants
but also for aquatic ecosystems (Sims et al. 1998;
Nausch et al. 2017). King et al. (2015) reported that
subsurface tile drainage accounted for nearly 50% of
dissolved P exported at the watershed scale in central
Ohio, USA. At the watershed scale, various factors
influencing P sorption, bioavailability or leachability
are integrated in texture (Leinweber et al. 1999),
mineral composition (Gérard 2016), pH (Shaheen
et al. 2009; Penn and Camberato 2019), soil organic
matter (SOM) content (Shaheen and Tsadilas 2013;
Yang et al. 2019) and also the oxidation status of a soil
(Pant and Reddy 2001) and interact in fields under
controlled drainage.

An estimation of potential P availability has often
been based on total soil P concentrations, P lability, the
presence of P binding sites and/or has been character-
ized by P adsorption behavior of the soil simulated by
adsorption isotherms in batch equilibrium experiments
(Leinweber et al. 1999; Maguire et al. 2001; Shaheen
etal. 2007, 2009; Braun et al. 2019). Some studies also
used P species determined by P K-edge X-ray
absorption near-edge structure (XANES) spec-
troscopy to estimate P availability under different
fertilization scenarios (Eriksson et al. 2016; Koch et al.
2018). This method is based on measuring the
variation of the absorption coefficient of a sample
induced by different X-ray energies and is sensitive to
the P oxidation state and local environment of a P atom
(e.g., bond angle, geometry of coordinating cations)
(Calvin 2013). Recently, Ippolito et al. (2019) showed
different P availability under different irrigation
systems based on P K-edge XANES results, which
implies that this technique may reveal helpful
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indications in terms of P availability assessment for
fields under controlled drainage.

Phosphorus availability in soil is often assessed
from top soil samples only (Leinweber et al. 1997;
Kleinman et al. 2000; Maguire et al. 2001; Téth et al.
2013; Jarosch et al. 2018). However, deeper soil layers
may additionally contribute positively to P availability
(Koch et al. 2018) or may provide further binding sites
for P which could reduce P availability and thus P
leaching (Djodjic et al. 2004). A thorough character-
ization of top and deeper soil layers regarding
potential P availability and mobilization risk is
necessary to provide the base for redox-caused P
release scenarios as they may occur in fields under
controlled drainage. Thereby, also the hill slope
position of a soil profile may most likely be important
since erosion processes could not just have affected P
contents but also P binding sites, which in turn impact
potential P availability and leaching risk.

Phosphorus leaching reduction is of particular
interest for arable land in Mecklenburg-Western
Pomerania (northeastern Germany) since catchments
drain into the Baltic Sea for which a reduction in
inputs is targeted by the Helsinki commission
(HELCOM) convention (HELCOM 2007). The cur-
rent study therefore aimed to assess the P situation in
three soil profiles along a catena in this region under
installed drainage to estimate possible effects of
controlled drainage on P availability/mobilization risk
in these soils. Three different soil depths were
considered by investigating P speciation, fractionation
and adsorption isotherms of P as affected by soil basic
characteristics and pedogenic oxides content. Addi-
tionally, this study clarifies whether P K-edge XANES
analyses of bulk soil samples run at two different
synchrotrons yield similar results.

Materials and methods
Soil sampling

In May 2018, soil samples were taken from an
experimental field at Dummerstorf (Mecklenburg-
Western Pomerania, Germany), which had been used
for studies of diffuse P losses (Tiemeyer et al. 2009),
and was cropped by a grass-lucerne-mixture for
fodder at the time of sampling. In the course of soil
monolith sampling (for lysimeter experiments), three

soil profiles had been excavated by drilling at the
upper slope (upper slope), at mid-slope position (mid-
slope) and at the bottom of a slight slope (toe slope)
(Table 1). At each site, four replicates, each being a
mixture of soil from two 250-ml soil cores, were
sampled from three depths (1, 2, 3; Table 1). In the
following, a specific site (“upper slope,” “mid-slope,”
“toe slope”) and depth (“1,” “2,” “3”) are referred to
as, e.g., “upper slope-1,” meaning depth 1 of the
upper-slope profile. Soil samples were air-dried or
dried at 105 °C, sieved to < 2 mm and partly finely
ground before further analyses.

Soil texture, pH and total element contents

Soil texture (sieving and sedimentation procedure),
bulk density (mass of 105 °C dry soil per cm®) and pH
(0.01 M CaCl,, 1:2.5 w:v; pH meter pH540 GLP
WTW) were determined by standard procedures on
soil < 2 mm (Blume et al., 2011; ISO 11272:2017).
Pore volume was estimated as described in Wessolek
et al. (2009).

The contents of total C (C,), N and S were obtained
by dry combustion of finely ground soil samples using
an elemental analyzer (VARIO EL, Elementar Anal-
ysensysteme GmbH, Hanau, Germany). Inorganic C
(Cinorg) content was determined by a Scheibler
calcimeter, and organic C (C,,,) content was calcu-
lated by subtracting Ciyorg from C; content (Blume
et al. 2011).

Total Al, Ca, Fe, K, Mg, Mn and P were extracted
from 0.5 g finely ground soil samples by microwave-
assisted digestion with aqua regia solution (3:1
hydrochloric acid/nitric acid) (Chen and Ma 2001),
and their concentrations were subsequently deter-
mined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin-Elmer Optima 8300
DV, Waltham, MA, USA).

Extraction of pedogenic oxides

The Al, Fe, Mn and P from poorly crystalline
pedogenic oxides were extracted from 0.5 g soil
(< 2 mm) using 0.2 M NH,4 oxalate solution (pH 3)
in the dark (Schwertmann 1964). The total amount of
Fe, Al, Mn from pedogenic oxides (poorly and well-
crystallized oxides) was extracted by the dithionite—
citrate—bicarbonate (DCB) method after Mehra and
Jackson (1960) with slight modifications. In brief, 1 g
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Table 1 Geographical position, soil classification, soil horizons and soil sampling depths of three soil profiles along a slope in

Dummerstorf, Germany

Upper slope Mid-slope Toe slope
Geographical position (WGS 84)
N 54.005280° 54.004112° 54.003261°
E 12.252500° 12.252461° 12.252568°
m a.s.l. 42 41 39

Soil classification
WRB (IUSS Working Group 2014)

German Soil Classification System (AG
Boden 2005)

Soil type

Substrate type

Soil profile (horizon, depth)

Soil sampling depth
Depth 1
Depth 2
Depth 3

Stagnic Cambisol
(stCM)

Braunerde-
Haftpseudogley

(BB-SH)
Moraine sand over
moraine loam

(g-s/g-D

Ap (0-27 cm)

Bv (27-37 cm)
Sg-Bv (37-87 cm)
ilCv (87-90 cm)

7-14 cm
27-34 cm
55-62 cm

Haplic Stagnosol
(haST)

Normpseudogley (SSn)

Moraine sand over
moraine loam

(g-s/g-1)

Ap (0-30 cm)
Sw (30-60 cm)
Sd (60-90 cm)

7-14 cm
32-39 cm
65-72 cm

Colluvic Stagnosol
(coST)

Pseudogley-Kolluvisol
(SS-YK)

Moraine sand over
moraine loam

(g-s/g-D)

Ap (0-28 cm)
M (28-43 cm)
eSw (43-55 cm)
eSd (55-90 cm)

7-14 cm
32-39 cm
65-72 cm

Sampled horizons are marked in bold

of soil (< 2 mm) was incinerated at 550 °C before
twice extracted with 25 ml citrate—bicarbonate solu-
tion and 1 g Na dithionite at 80 °C and washed with
10 ml 0.1 M MgSO, solution thereafter. Concentra-
tions of elements in the oxalate extract (Fe,y, Alyy,
Mn,,, P,,) and DCB extract (Feg;, Alg, Mng;) were
measured by ICP-OES (Perkin-Elmer Optima 8300
DV, Waltham, MA, USA). The amount of pedogenic
oxides with a higher degree of crystallinity was
estimated by subtracting the amount of poorly crys-
talline oxides from the amount of total pedogenic
oxides (Algit-ox» Fedit-ox» MNdit-ox)-

Phosphorus sorption capacity (PSC) and the degree
of P saturation (DPS) of a soil were determined after
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Maguire et al. (2001) including Mn using Egs. 1 and 2,
respectively.

PSC = o - (Aloy + Feox + Mnoy) (1)

where PSC is the P sorption capacity (mmol kg™, o
is the applied scaling factor of 0.5 and Al,x + Feo,.
+ Mn,, is the sum of oxalate-extractable Al, Fe and
Mn (mmol kgfl).

Pox
DPS = PSC 100% (2)
where DPS is the degree of P saturation (%), P, is the
amount of oxalate-extractable P (mmol kg_l) and
PCS is the P sorption capacity (mmol kg™ ).
The weighted mean DPS for a profile (up to 87 cm
depth) was calculated by Eq. (3).
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haepth 1 - DPSdepth 1 + Adepth2 - DPSdepth2 + depth 3 - DPSdeptn 3

DPSproﬁle = 87 cm

where DPS;o41 is the degree of P saturation of the
profile up to 87 cm depth (%), soil horizon thickness,
h, is the thickness of a soil layer (cm) and DPSy.p, is
the degree of P saturation at a certain soil depth (%).

Sequential P fractionation

Sequential P fractionation was conducted after Hedley
et al. (1982) with slight modifications. In brief, 0.5 g
finely ground soil was extracted sequentially by double-
distilled water (50 ml) (H,O-P), double-distilled water
in the presence of anion exchange resin (30 ml;
6 x 2 cmresinmembrane; 55164 2S, BDH Laboratory
Supplies, Poole, England) (resin-P), 0.5 M NaHCOs; at
pH 8.5 (50 ml) (NaHCO;3-P), 0.1 M NaOH (50 ml)
(NaOH-P) and 1 M H,SO, (30 ml) (H,SO4-P). Resid-
ual P was calculated as the difference between P,
extracted by aqua regia solution and the sum of total P
of the various fractions. The concentration of total P in
the extracts was determined by ICP-OES at 214-nm
wavelength. The sum of H,O-P, resin-P and NaHCO5-P
was considered as labile P, whereas NaOH-P was
assigned to moderately labile P (Fe- and Al-associated
P), H,SO4-P to relatively stable Ca-P compounds and
residual-P to not extractable P (Tiessen and Moir 1993).

P K-edge XANES spectroscopy

The P K-edge XANES spectra were recorded at the
Canadian Light Source (CLS) in Saskatoon, Saskatch-
ewan, Canada, at the soft X-ray micro-characteriza-
tion beamline (SXRMB) (Hu et al. 2010) and at the
Taiwanese Light Source (TLS) at the National
Synchrotron Radiation Research Center (NSRRC) in
Hsinchu, Taiwan, at beamline 16A of the electron
storage ring (1.5 GeV; bending magnet; beam current
361 mA). At the two beamlines, sample preparation
was done according to each beamline standard
procedure, and data acquisition was performed to
gain spectra of highest possible quality (Table S1).
For data processing (spectra averaging, background
correction, normalization) and linear combination
fitting (LCF), ATHENA software package (Demeter

0.9.25) was used (Ravel and Newville 2005). The
LCF was performed in the energy range between -10
and 430 eV of E,. It was carried out for all possible
binary to quaternary combinations using the following
12 P reference standards: for organic P (P,): C¢Hg.
024P6'xNa+~yH20 (= phytic acid sodium salt
hydrate) and lecithin, for Ca-P: CaHPO4-2H,0, and
Ca;o(PO4)s(OH), (= hydroxyapatite), for Mn-P:
P-Mn (= P adsorbed to natural Mn concretion), for
Fe-P: FePO,-2H,0, FePO,-4H,0, Fe;*"(PO,),-8H,0
(= vivianite), P-FeOOH (= P adsorbed on goethite)
and P-Fe,O; (= P adsorbed on ferrihydrite) and for
Al-P: P-(AI(OH)3) (= P adsorbed on gibbsite) and
P-AIOOH (= P adsorbed on boehmite). Only fits in
which the share of each compound was > 5% were
used. The R-factors were used as goodness-of-fit
criteria, and the significance between fits was evalu-
ated using the Hamilton test (Calvin 2013) as
described in Baumann et al. (2017). In case of similar
probability of more than one fit (Hamilton P < 0.05),
the fit resulting from a lower number of combinations
was given priority before fit proportions were aver-
aged (Baumann et al. 2017).

P adsorption isotherms

For sorption experiments, 1 g of soil (< 2 mm) was
equilibrated in 25 ml 0.01 M CaCl, solution of
varying KH,PO, concentrations (0, 0.5, 1, 1.5, 2,
3.5, 5, 10, 15, 20, 30, 50 mg P L_l). Samples were
shaken end-over-end for 24 h at 20 rotations min~"
before they were centrifuged at 4500xg for 15 min.
Phosphorus in the supernatant was quantified by ICP-
OES. The amount of adsorbed P (Q,q4s) Was calculated
by Eq. 4 before the isotherm model after Freundlich
(Eq. 5) or Langmuir (Eq. 6) was applied to simulate P
adsorption to the soils. Phosphorus adsorption iso-
therm coefficients (K7, K, ny) and maximum absorb-
able P concentration (g ma.x) Were estimated using the
linearized form of the isotherm. Measurements were
conducted in triplicate on one soil field replicate.

@ Springer
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C() - Ceq
Veq * Misoil

Qads = (4)
where Q.4 is the mass of adsorbed P (mg kg_l), Cois
the initial concentration of P (mg Lfl) added, Cq is
the concentration of the equilibrated solution
(mg L™h, Veq is the volume of the equilibrium
solution (L) and my; is the mass of soil (kg).

Quts = Ky - C (5)

where Q.4 is the mass of adsorbed P (mg kg_l), K:is
the Freundlich unit capacity (mg! " L™ kg™!), Ceq is
the concentration of P in the equilibrated solution (mg
L"), and n¢is the Freundlich exponent describing the
nonlinearity of the adsorption.

KL . Ceq

_ 6
1+ K- Ceq (6)

Qads = qL,max *
where Q.45 is the mass of adsorbed P (mg kg_l),
qr.max 1S the maximum adsorbed P concentration to
cover the surface with a monolayer of P containing
molecules (mg kg_l), Kp is the unit capacity
(L mg_l) and Cq is the concentration of P in the
equilibrated solution (mg L™").

Statistics

A heteroscedastic ¢ test for dependent and independent
samples was used to test significant differences within
soil profiles (depth) and between sites (hill position),
respectively. Pearson’s correlation coefficient was
calculated to reveal relationships between parameters.
Statistical calculations were done using R software
(version 3.5.3, R Development Core Team 2019).
Unless stated otherwise, significant differences refer
to P < 0.05.

Results
Soil texture, pore volume and pH

The sequence of the soil horizons differed for the three
profiles and was typical for a stagnic cambisol
(Braunerde-Haftpseudogley) at the upper-slope posi-
tion, a haplic stagnosol (Normpseudogley) at mid-
slope position and a colluvic stagnosol (Pseudogley-
Kolluvisol) at the toe-slope position according to the
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World Reference Base for Soil Resources (WRB)
(IUSS Working Group WRB 2014) and German Soil
Classification System (KAS; AG Boden 2005),
respectively (Table 1). All soils showed redoximor-
phic affectation which could be deduced from distinct
horizons of redoximorphic character (Sw, Sg). Soil
texture was similar between all depths and profiles
resulting in the texture class sandy loam according to
the WRB (IUSS Working Group WRB 2014)
(Table 2). According to the German KA5 (AG Boden
2005), the texture classes were Sl4 except for toe
slope-2 and 3 which showed SI3. Pore volume and
bulk density ranged from 33 to 41% and 1.6 to
1.8 g cm™?, respectively. Pore volume was signifi-
cantly higher at depth 1 than at depth 2 at the upper-
and mid-slope profiles, whereas it was similar
at depths 1 and 2 at the toe-slope profile. A higher
pore volume (and lower bulk density) was determined
for toe slope-2 compared with mid-slope-2. The pH
values ranged from 6.52 to 6.88 and were similar
throughout each profile except for the mid-slope-3,
which had a slightly higher pH value compared to the
other depths of this profile. The pH values were
significantly lower at toe slope-1 and 2 compared with
depths 1 and 2 from the mid-slope profile.

Total element contents

The total C content ranged between 1.5 and
153 ¢ kg_l (Table 3). Generally, C; content was
highest in depth 1 in the three profiles; however, C,
content in toe slope-1 was not significantly different
from that in toe slope-3. In depth 1, C, was higher in
the toe-slope profiles compared with the upper-slope
profile. Within the toe-slope profile, the Ci,oro content
ranged between 0.1 and 9.1 g kg~ " and was highest at
depth 3. The Ci,ore content was higher in mid-slope-1
compared with toe slope-1. The C,, content (ranging
between 1 and 13.8 g kg™') as well as N content
(ranging between 0.2 and 1.3 g kg~ ') decreased with
increasing depth in all profiles and was higher at mid-
slope-1 and toe slope-1 compared with upper slope-1.
Total Ca content was highest at toe slope-3
(28.9 g kg™ "). Highest Ca contents in depths 1 and 2
were found at the mid-slope profile, while the lowest
Ca contents were at depths 1 and 2 of the upper-slope
profile.

Total Al (Al content ranged between 6.2 and
12.3 g kg~ ' and increased with depth in the upper-
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Table 2 Soil texture, pore volume, bulk density and pH in soils from three depths of the upper-, mid- and toe-slope soil profile

Hill position Depth Clay Silt Sand Pore volume Bulk density pHcacn2
kg™ @ke)  @keh) @) (gem™)

Upper slope 1 142 311 547 39 bx 1.6 ax 6.64 axy
2 145 297 557 35 axy 1.7 bxy 6.58 ax
3 140 296 564 40 abx 1.6 abx 6.57 ax

Mid-slope 1 138 326 536 40 bx 1.6 ax 6.84 ay
2 146 316 538 34 ax 1.7 by 6.86 ay
3 148 273 579 34 abx 1.8 abx 6.88 by

Toe slope 1 130 350 520 41 bx 1.6 ax 6.50 ax
2 119 364 517 38 by 1.6 ax 6.52 ax
3 91 352 557 33 ax 1.8 bx 6.77 axy

Different letters indicate significant differences between depths within the same soil profile (a—c) and between profiles within the

same depth (x-z), respectively; n = 4

and mid-slope profile, while it was significantly lower
at depth 3 of the toe-slope profile. Of all three profiles,
the toe slope had the lowest Al; content at depth 3,
while the highest content was found in depth 3 of the
mid-slope profile. Total Fe (Fe,) content ranged
between 8.0 and 16.8 gkg™'. In the upper-slope
profile, it increased with increasing depth, while in the
toe-slope profile it decreased with increasing depth; on
the other hand, in the mid-slope profile the lowest
value was at depth 2, while the highest value was at
depth 1. Total Mn (Mn,) content ranged between 111
and 448 mg kg~'. The toe-slope profile contained
higher values of Mn, than the upper- and mid-slope
profiles. In the upper-slope profile, it was higher at
depth 3 than at depths 2 and 1, while in the mid-slope
and toe-slope profiles, it was higher at depth 1 than at
depths 2 and 3. Total P (P,) content ranged between
220 mg kg~ 'in depth 2 of the mid-slope profile and
557 mg kg~ 'in depth 1 of the toe-slope profile. The
top layer contained higher values of P; than the
sublayers in the three profiles.

Pedogenic oxides, PSC and DPS

The content of highly crystallized Alg.ox ranged
between 532 and 1385 mg kg~' and accounted for
6—14% of Al, with the highest concentrations in depth
1 of all soil profiles (Table 4). The Fey;.ox ranged
between 1515 and 5277 mg kg~ ' and accounted for
19-37% of Fe,. While the content of crystallized Feg;,.
ox Was higher in depth 3 than in depths 1 and 2 in the

upper-slope profile, it was higher in depth 1 in the mid-
slope profile and higher in depth 2 in the toe-slope
profile than in the other depths. The content of Mnyg;,.
ox Fanged between 14 and 238 mg kg~ and accounted
for 5-54% of Mn,. It was higher in depth 1 than in
depths 2 and 3 of the mid- and toe-slope profiles, while
it was accumulated in depth 2 of the upper-slope
profile.

The content of poorly crystalline Al (Al,,) ranged
between 383 and 804 mg kg~ and accounted for
4-9% of Al,. In all profiles, it was higher at depth 2
than at depths 1 and 3. The Fe,, content ranged
between 475 and 2160 mg kg~' and accounted for
6-18% of Fe,, and it was higher in depth 1 than in
depths 2 and 3 in all profiles. The highest Fe,, contents
were determined in the upper-slope profile. The Mn,y
content ranged between 33 and 247 mg kg~ and
accounted for 29—66% of Mn,. It was higher in depth 1
than in depths 2 and 3 of the mid- and toe-slope
profiles, while it was accumulated in depth 3 of the
upper-slope profile. The P, content ranged between
90 and 324 mg kg~ ' and accounted for 30-65% of P,.
The upper soil profile contained a higher average value
of P, (2257 mgkg ') than the mid-
(188.7 mg kg~ ') and toe slope (199.7 mg kg™") pro-
file. The highest value of P, content was found in
depth 1 of the three profiles.

The PSC varied between 13 and 32 mmol kg ~' and
was higher in depths 1 and 2 than in depth 3 in the three
profiles, particularly in the toe-slope profile. The DPS
ranged between 12 and 36% with high proportions in
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respectively; n

depth 1 of all profiles (Table 4). The DPS,o Was
calculated to 20 and 25% for the upper- and mid-slope
profile, respectively (data not shown). The DPS,qsie
for the toe-slope profile was estimated to 27 or 28%
depending on whether the not investigated Sw soil
horizon (12 c¢cm) was assumed to be more similar to the
M or Sd soil horizon, respectively.

Sequential P fractionation

Highest proportions of P (44—-86% of P,) were detected
in the H,SO, fraction (Fig. 1). In the upper- and toe-
slope profiles, proportions of H,SO, extractable P
were significantly higher in depth 3 (44 and 84% of P,,
respectively) compared with that in depths 1 or 2 of
these profiles. In the mid-slope profile, significantly
higher proportions of H,SO, extractable P were
detected in depths 1 and 2 (44 and 57% of P
compared with the same depths of the other two
profiles. NaOH-P accounted for 1 to 20% of P, and its
proportion was higher in depths 1 and 2 of each profile
compared with that in depth 3 and decreased in the
order: upper-slope > toe-slope > mid-slope profile.
Proportions of labile P  (H,O-P + resin-
P 4+ NaHCOj;-P) ranged between 4 and 34% of P,
Labile P proportions decreased with increasing depth
but were similar in depths 1 and 2 of the upper-slope
profile. Residual P was similar within all profiles
except within the toe-slope profile in which it was
highest in depth 2 and lowest in depth 3.

P K-edge XANES

The P K-edge XANES spectra of standards recorded at
the CLS and TLS beamline, respectively, differed
strongly in shape and intensity, while sample spectra
were more similar (Fig. S1). Furthermore, for some
standards (e.g., P adsorbed on goethite) it was not
possible to acquire satisfying spectra at the TLS
beamline. Due to the inconsistent variability and a
reduced standard set for TLS, LCF resulted in non-
comparable results. For this reason, we decided to
continue only with spectra acquired at the CLS
beamline.

Figure 2 represents the P species composition of
soils as derived from LCF fits of spectra acquired at the
CLS beamline (Fig. S2). Proportion of P, species
ranged between 19 and 65% of P, and decreased with
increasing soil depth at all three profiles. At mid-
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slope-3 and toe slope-3, Ca-P species represented 69%
and 59% of P, respectively. Fe-P and Al-P species
accounted for 61 and 81% of P, at upper slope-2 and 3,
respectively. It should be noted that due to sample
drying Fe-speciation may have been affected.

P adsorption isotherms

P adsorption of different P concentrations resulted in
isotherms which generally were in better agreement
with the Freundlich isotherm model (/* ranging
between 0.94 and 0.97) than with the Langmuir
isotherm model (+* ranging between 0.84 and 0.99;
Table S2, Fig. S3). Therefore, Freundlich isotherms
were used to describe the P adsorption behavior in the
present soils. The Freundlich isotherms were charac-
terized by low K; (20.2-33.1 mg!~ L" kg~!) and
high n¢ (0.54-0.65) coefficients for depth 1 of all
profiles (Fig. 3). A wide range of K; coefficients was
detected for depth 3 of all profiles
(40.8-72.8 mg!~ L" kg~ "), while depth 2 soils dif-
fered mainly by their ny (0.37-0.47). Within each
profile, coefficient correlations of different depths
were well established along linear regression lines
(* = 0.95-0.98; Fig. 3). The K; was significantly
negatively correlated with C,, (r = — 0.76) and P,
determined by P K-edge XANES (r = — 0.72), while
ng was significantly positively correlated with Co
(r =0.86), P, determined by P K-edge XANES
(r = 0.67), Pox (r =0.77), and P, (r = 0.82).

Discussion

Potential availability and mobilization risk of P
from the topsoil layer

Total P concentrations in depth 1 of the profiles (470-
557 mg kg~'; Table 3) were in the range of P,
concentrations reported for Ap horizons of agricultur-
ally used mineral soils in Mecklenburg-Western
Pomerania, Germany (235-562 mg kg~ '; Leinweber
and Ahl 2013). The relatively lower P; concentrations
in depth 1 of the upper-slope profile (470 mg kg™') as
compared to the other two profiles (548 and
557 mg kg~ ') may have resulted from erosive soil
losses at the upper slope along with P relocation and
subsequent accumulation of this P-rich soil material in
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the lower slope positions in the course of soil erosion/
deposition. These redistributions of topsoil material at
the field scale have recently been described as typical
for agricultural soils from glacial till in the Baltic Sea
region (Jandl et al. 2019). Since P, was positively
correlated with C, (r = 0.84, P < 0.001; data not
shown), it can be assumed that most of the P, in depth 1
was either associated with metal oxide—organic matter
complexes (e.g., orthophosphate) (Yan et al. 2016),
incorporated into the humic matrix (phytate) (Gerke
2015) or bound within the microbial community (e.g.,
phospholipids) (Quideau et al. 2016). A high propor-
tion of P, species (52-65% of Py in depth 1 of all
profiles was determined by P K-edge XANES sup-
porting this assumption (Fig. 2). It implies a low P
mobilization potential from all upper soil depths in
case microbial P immobilization exceeds microbial P
mineralization (Zhang et al. 2018). However, since
microbial P immobilization strongly depends on the
total C/Pratio, alow C/P ratio of < 28 in depth 1 of the
profiles (usually about 60 in microbes) (Zhang et al.
2018) points to high P mineralization and thus
leachable P in all soils of depth 1. Phosphorus
fractionation data revealed that 26-32% of P, was
labile P (Fig. 1), which may be most easily prone to
leaching (Rupp et al. 2018).

Besides a major proportion of P, species, P K-edge
XANES detected P bound to Al and Fe(hydr)oxides,
indicating that pedogenic oxides also play an impor-
tant role in P adsorption particularly in depth 1 of the
upper- and toe-slope profile (49 and 35% of P,
respectively; Fig. 2). Since the NaOH extract from the
sequential P fractionation is a good measure of P
bound to pedogenic oxides (Hedley et al. 1982),
similar proportions of P in the NaOH extract compared
with the P K-edge XANES results would be expected
if all pedogenicoxides were easily accessible by the
NaOH solution. However, only 19 and 16% of P,
respectively, were recovered in the NaOH extract,
suggesting that the remaining proportion of P (30 and
19% of Py, respectively) was occluded within aggre-
gates formed by sesquioxides which were not chem-
ically attacked by NaOH solution (Hedley et al. 1982).
Phosphorus occlusion within sesquioxide aggregates
as well as the detection of some parts of P bound as
apatite (mid-slope-1) may imply a comparably lower
risk of P mobilization also under reducing conditions.
However, if the pH value temporarily decreases as can
be  observed under reducing  conditions
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(Ponnamperuma 1972), also P from these specia-
tion/formations could dissolve, thus also leading to an
increased risk of P mobilization from mid-slope-1 at
least for a short period of time.

Phosphorus sorption capacity calculated from the
oxalate extract ranged between 27 and
32 mmol P kg~', suggesting that only a maximum
of 1.5-2.1 times more P could be adsorbed compared

2 3 1 2 3

mid slope

toe slope

with the present amount of P (15-18 mmol P kg_l).
Although oxalate extraction neglects some clay bind-
ing sites for P as well as binding sites offered by
crystalline pedogenic oxides (Rennert 2019), PSC
calculated from oxalate extraction is commonly used
to estimate P sorption capacity of Northern European
soils because an empirical linear relationship between
the sorption maximum of P and the sum of Al and

@ Springer
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Fig. 3 Mean K;and n¢as derived from Freundlich isotherms for
soils from three depths of the upper-, mid- and toe-slope soil
profile. Parameters were calculated from the Freundlich
equation Qngs = Ky - ngl, where Q.4 is the mass of adsorbed
P (mg kg™ ), Ceq is the concentration of P in the equilibrated
solution (mgL™"), K; is the Freundlich unit capacity
(mg' " L" kg~!) and n; is the Freundlich exponent describing
the nonlinearity of the adsorption; coefficient correlations of
each profile were connected by linear regression lines and 7 is
given in the plot, n = 3

Fe,x was reported by Beek (1979) (Maguire et al.
2001).

A relatively low binding capacity for P was also
demonstrated by low K coefficients
(20.2-33.1 mg!~ L" kg~!, Fig. 3, Table S2) of the
Freundlich P adsorption isotherms at depth 1 of all
soils (Yan et al. 2016), which may suggest a high risk
of P mobilization. This is in line with our implications
from Py, labile P and pedogenic oxides on potential P
availability and mobilization risk. The relatively high
ng coefficients (0.54-0.65) in this soil depth demon-
strated a heterogeneous adsorption surface (Lu et al.
2014) which was probably due to many different P
binding sites provided by SOM and mineral particles.
This was supported by the coincidence of high
contents of C,, and of pedogenic oxides in depth 1
of all profiles. Generally, isotherms of the three soil
profiles showed better conformity to the Freundlich
rather than Langmuir model which can be explained
by the soils’ surface heterogeneity (Wang et al. 2013).

@ Springer

Potential P availability and P mobilization risk
from the subsoil layers

Total P concentrations in subsoil layers were generally
lower than in the topsoil layers (Table 3) following the
well-described decrease of nutrient contents with
increasing soil depth (e.g., Jobbagy and Jackson
2001). Only in the upper-slope profile, similar P,
concentrations of depths 1 and 2 were detected which
may be due to soil disturbance in the course of
drainage installation. This assumption was supported
by a similar P pool distribution for depths 1 and 2 of
the upper-slope profile (Fig. 1). Therefore, for the
upper-slope profile, a potential P mobilization risk
based on P, and labile P is also relatively high from
depth 2. In contrast, soil depths 2 and 3 of the mid-
slope and toe-slope profiles suggest a lower P mobi-
lization risk not just because there was less P, which
potentially could be leached but in particular because
the P in these depths consisted of a higher portion of
more stable P than labile P (Fig. 1).

P K-edge XANES showed decreasing proportions
of P, species with increasing soil depth, which was
well in line with decreasing C,, concentrations
(Fig. 2, Table 3). On the other hand, proportions of
Al-, Fe- and Ca-P species increased and even domi-
nated at depth 3 which, however, was not always
reflected by total element concentrations of Al, Fe and
Ca. This suggests an either preferred P binding to a
certain type of (hydr)oxide in soil and/or the predom-
inant occurrence of these elements in compounds and
minerals that are not involved in phosphate binding.
Judging from P K-edge XANES results, a high
potential P mobilization can be assumed for depth 2
mainly of the upper- and toe-slope profiles since there
were high proportions of P bound to Fe (hydr)oxides.
Under reducing conditions, they would most likely be
prone to reductive dissolution and release P. In
addition, in depth 2 of the upper-slope profile
relatively high P proportions of NaOH extractable P
were detected indicating Fe- and Al-bound P (Hedley
et al. 1982), while in depth 2 of the other two profiles
the stable P fraction (H,SO, fraction) was largest.
This may suggest that in the mid- and toe-slope
profiles P was occluded in sesquioxides (e.g., micro-
pores of sesquioxide aggregates) or was physically
encapsulated (McGroddy et al. 2008) which could lead
to a lower potential P availability and thus also lower P
mobilization risk under reducing conditions in these
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profiles. In depth 3 of the upper-slope soil profile, P K-
edge XANES revealed high proportions of Al-P,
suggesting a higher mobilization risk compared with
depth 3 of the other two profiles in which Ca-P
dominated. Also, 11% of P, was extractable by NaOH
which could point to a fair P proportion to be more
easily prone to mobilization under reducing conditions
compared with depth 3 of the other profiles (1% of P,).

Mainly in depth 3 of the mid- and toe-slope profile,
Ca-P occurred which was in line with very high
proportions of stable P from sequential fractionation.
In this profile position, abundance of Ca-P can be
explained by the well-known calcite content of glacial
till (about 33% of CaCOs, equivalent to about 50%
calcite in size fractions < 6.3 um; Leinweber and
Reuter 1992) where its weathering may have resulted
in Ca-leftovers which acted as binding partners for
phosphate. Non- or less-weathered parts of glacial till
containing primary apatite are likely to occur deeper in
the soil profile, while Ca from liming would be more
likely to occur in depth 1 but is very unlikely in depth
3. Since P within apatite is most likely more
stable under reducing conditions compared with P
sorbed to Al and Fe (hydr)oxides, the P mobilization
risk from depth 3 of the mid- and toe-slope profiles is
assumed to be relatively low.

According to the isotherms of depths 2 and 3, a
higher binding capacity for P (high K; coefficients)
was provided by the subsoil depths compared with
depth 1 of the profiles. This may be explained by a
reduction of P mineral binding sites in depth 1
compared to lower depths of the profiles due to
SOM covering these sites particularly at depth 1
(Chassé and Ohno 2016). A higher binding capacity
for P by subsoil depths implies that mobilized P from
depth 1 may still be sorbed by the depths below and
potentially be recycled by deep-rooting plants. How-
ever, it should be noted that preferential flow, which is
an important path for draining water in soil (Stone and
Wilson 2006), may bridge this potential P recovery
zone.

Potential P leaching risk from the profiles

The three profiles along the slope showed redoximor-
phic characteristics (Sg, Sw/Sd horizons according to
the German Soil Classification system KAS (AG
Boden 2005)) indicating the effect of different oxygen
levels in these soils over time. This suggests that

drainage closure could again result in periodical
changes from oxic to reducing conditions in these
soils. Such changes may not only have affected P pools
in the past but would most probably also affect them in
the future with consequences for potential P availabil-
ity, mobilization and potential P leaching risk.

The weighed mean DPS,,,. indicated an enhanced
potential P leaching risk for the mid- and toe-slope
profiles (25%, 27/28%, respectively), if a threshold of
25% for mineral soils was assumed (Breeuwsma et al.
1995; Paulter and Sims 2000). Only the DPS,,4c of
the upper-slope soil profile (20%) was below the
threshold, suggesting not much fear of an increased
risk for this profile. However, interpretation of the P
parameters at different soil depths within the upper-
slope profile (see “Discussion” subsections above)
may point toward an increase in potential P leaching
risk also for this profile under reducing conditions.

Conclusions

The complementary approach of P methods used in the
present study was successful in assessing the potential
availability of P from different points of view. In
particular, the P species derived from synchrotron-
based P K-edge XANES gave valuable information
also about P occurrence under potentially reducing
conditions. Within one experiment, however, care has
to be taken when comparing P K-edge X ANES spectra
acquired at different synchrotrons since different
experimental setups and detection efficiencies of
beamlines may lead to differences in spectra
characteristics.

Based on the majority of P soil characteristics (P,
content, proportions of labile/moderately labile/
stable P, P species, P adsorption isotherms) and their
complex interactions, our study suggests that fluctu-
ation in water level and the associated changes in
redox potential could lead to an increased P availabil-
ity/P leaching risk at the three soil profiles. In
particular, the upper-slope profile could be prone to
increased P release mainly because of higher propor-
tions of labile P in depth 2 of this profile compared
with the other two profiles. To verify this assumption,
further investigations of the redox-induced mobiliza-
tion and speciation of P under systematic changes of
redox potential in disturbed and undisturbed samples
of these soils are required at the micro- and mesoscales
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using biogeochemical microcosms and lysimeters,
respectively. Studies on P adsorption under different
redox conditions may help to further describe the P
binding and mobilization in these soils and to ascertain
their potential contribution to P losses at the field scale
more precisely.

Acknowledgements Open Access funding provided by
Projekt DEAL. This InnoSoilPhos project (http://www.
innosoilphos.de/default.aspx) was funded by the German Fed-
eral Ministry of Education and Research (BMBF) in the frame of
the BonaRes program (No. 031B0509A). The authors would
like to thank A. Acksel for his help in soil sampling as well as B.
Balz and S. Nastah (Soil Science, University of Rostock) for
laboratory analyses. The research was performed within the
scope of the Leibniz Science Campus “Phosphorus Research
Rostock.” P K-edge XANES research described in this paper
was performed at the Canadian Light Source, which is supported
by the Canadian Foundation for Innovation, Natural Sciences
and Engineering Research Council of Canada, the University of
Saskatchewan, the Government of Saskatchewan, Western
Economic Diversification Canada, the National Research
Council Canada and the Canadian Institutes of Health Research.
We thank Qunfeng Xiao for the technical support with the P K-
edge XANES measurements. The authors are grateful to Dr.
Ting-Shan Chan for his assistance in P K-edge XANES mea-
surements conducted at National Synchrotron Radiation
Research Center (NSRRC) of Taiwan. For the P K-edge XANES
standard creation of P-boehmite, PURAL SB (AIOOH-H,0)
was kindly provided by Sasol Germany GmbH, Hamburg,
Germany.

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 med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
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

AG Boden. (2005). Bodenkundliche Kartieranleitung. Bunde-
sanstalt fiir Geowissenschaften und Rohstoffe in Zusam-
menarbeit mit den Staatlichen Geologischen Diensten der
Bundesrepublik Deutschland, Hannover, Germany.

Baumann, K., Glaser, K., Mutz, J.-E., Karsten, U., MacLennan,
A., Hu, Y., etal. (2017). Biological soil crusts of temperate

@ Springer

forests: Their role in P cycling. Soil Biology & Biochem-
istry, 109, 156-166.

Beek, J. (1979). Phosphate retention by soil in relation to waste
disposal. Doctoral thesis, Agricultural University,
Wageningen.

Blume, H.-P., Stahr, K., & Leinweber, P. (2011). Bo-
denkundliches Praktikum (3rd ed., p. 255). Heidelberg:
Spektrum Akademischer Verlag.

Braun, S., Warrinnier, R., Borjesson, G., Ulén, B., Smolders, E.,
& Gustafsson, J. P. (2019). Assessing the ability of soil
tests to estimate labile phosphorus in agricultural soils:
Evidence from isotopic exchange. Geoderma, 337,
350-358.

Breeuwsma, A., Reijerink, J. G. A., & Schoumans, O. F. (1995).
Impact of manure on accumulation and leaching of phos-
phate in areas of intensive livestock farming. In K. Steele
(Ed.), Animal waste and the land-water interface (pp.
239-251). New York: Lewis Publ-CRC.

Calvin, S. (2013). XAF'S for everyone. Boca Raton: CRC Press.

Carstensen, M. V., Bgrgesen, C. D., Ovesen, N. B., Poulsen, J.
R., Hvid, S. K., & Kronvang, B. (2019). Controlled drai-
nage as a targeted mitigation measure for nitrogen and
phosphorus. Journal of Environmental Quality, 48,
677-685.

Chassé, A. W., & Ohno, T. (2016). Higher molecular mass
organic matter molecules compete with orthophosphate for
adsorption to iron (oxy)hydroxide. Environmental Science
and Technology, 50(14), 7461-7469.

Chen, M., & Ma, L. Q. (2001). Comparison of three aqua regia
digestion methods for twenty Florida soils. Soil Science
Society of America Journal, 65, 491-499.

Dagnew, A., Scavia, D., Wang, Y.-C., Muenich, R., & Kalcic,
M. (2019). Modeling phosphorus reduction strategies from
the international St. Clair-Detroit River system watershed.
Journal of Great Lakes Research, 45, 742-751.

Djodjic, F., Borling, K., & Bergstrom, L. (2004). Phosphorus
leaching in relation to soil type and soil phosphorus con-
tent. Journal of Environmental Quality, 33, 678-684.

Eriksson, A. K., Hesterberg, D., Klysubun, W., & Gustafsson, J.
P. (2016). Phosphorus dynamics in Swedish agricultural
soils as influenced by fertilization and mineralogical
properties: Insights gained from batch experiments and
XANES spectroscopy. Science of the Total Environment,
566-567, 1410-1419.

Gérard, F. (2016). Clay minerals, iron/aluminium oxides, and
their contribution to phosphate sorption in soils—A myth
revisited. Geoderma, 262, 213-226.

Gerke, J. (2015). Phytate (inositol hexakisphosphate) in soil and
phosphate acquisition from inositol phosphates by higher
plants. A Review. Plants, 4, 253-266.

Hedley, M. J., Stewart, J. W. B., & Chauhan, B. S. (1982).
Changes in inorganic and organic soil phosphorus induced
by cultivation practices and by laboratory incubations. Soil
Science Society of America Journal, 46, 970-976.

HELCOM. (2007). HELCOM Baltic Sea Action Plan. Retrieved
October 29, 2019 from http://www.helcom.fi/baltic-sea-
action-plan.

Herndon, E. M., Kinsman-Costello, L., Duroe, K. A., Mills, J.,
Kane, E. S., Sebestyen, S. D., et al. (2019). Iron(oxy-
hydr)oxides serve as phosphate traps in tundra and boreal


http://www.innosoilphos.de/default.aspx
http://www.innosoilphos.de/default.aspx
http://creativecommons.org/licenses/by/4.0/
http://www.helcom.fi/baltic-sea-action-plan
http://www.helcom.fi/baltic-sea-action-plan

Environ Geochem Health (2020) 42:3231-3246

3245

peat soils. Journal of Geophysical Research: Biogeo-
sciences, 124, 227-246.

Hu, Y. F., Coulthard, I., Chevrier, D., Wright, G., Igarashi, R.,
Sitnikov, A., et al. (2010). Preliminary commissioning and
performance of the Soft X-ray Micro-characterization
Beamline at the Canadian Light Source. In AIP conference
proceedings (Vol. 1234, pp. 343-346).

Ippolito, J. A., Bjorneberg, D. L., Blecker, S. W., & Massey, M.
S. (2019). Mechanisms responsible for soil phosphorus
availability differences between sprinkler and furrow irri-
gation. Journal of Environmental Quality, 48, 1370-1379.

Islam, A., & Islam, W. (1973). Chemistry of submerged soils
and growth and yield of rice. I. Benefits from submergence.
Plant and Soil, 39, 555-565.

ISO 11272:2017. Soil quality—Determination of dry bulk
density.

IUSS Working Group WRB. (2014). World reference base for
soil resources 2014. Update 2015, World Soil Resources
Reports, 106, FAO, Rome.

Jandl, G., Baum, C., Heckrath, G., Greve, M. H., Kanal, A.,
Mander, U., et al. (2019). Erosion induced heterogeneity of
soil organic matter in catenae from the Baltic Sea catch-
ment. Soil Systems, 3, 42.

Jarosch, K. A., Santner, J., Parvage, M. M., Gerzabek, M. H.,
Zehetner, F., & Kirchmann, H. (2018). Four soil phos-
phorus (P) tests evaluated by plant P uptake and P bal-
ancing in the Ultuna long-term field experiment. Plant Soil
Environment, 64(9), 441-447.

Jobbagy, E. G., & Jackson, R. B. (2001). The distribution of soil
nutrients with depth: Global patterns and the imprint of
plants. Biogeochemistry, 53, 51-77.

Johnson, J. E., Savalia, P., Davis, R., Kocar, B. D., Webb, S. M.,
Nealson, K. H., et al. (2016). Real-time manganese phase
dynamics during biological and abiotic manganese oxide
reduction. Environmental Science Technology, 50,
4248-4258.

Jouni, H. J,, Liaghat, A., Hassanoghli, A., & Henk, R. (2018).
Managing controlled drainage in irrigated farmers’ fields:
A case study in the Moghan plain, Iran. Agricultural Water
Management, 208, 393-405.

King, K. W., Williams, M. R., & Fausey, N. R. (2015). Con-
tributions of systematic tile drainage to watershed-scale
phosphorus transport. Journal of Environmental Quality,
44, 486-494.

Kleinman, P. J. A., Brant, R. B., Reid, W. S., Sharpley, A. N., &
Pimentel, D. (2000). Using soil phosphorus behavior to
identify environmental thresholds. Soil Science, 165,
943-950.

Koch, M., Kruse, J., Eichler-Lobermann, B., Zimmer, D.,
Willbold, S., Leinweber, P., et al. (2018). Phosphorus
stocks and speciation in soil profiles of a long-term fertil-
izer experiment: evidence from sequential fractionation, P
K-edge XANES, and 3'p NMR spectroscopy. Geoderma,
316, 115-126.

Leinweber, P., & Ahl, C. (2013). Boden - Lebensgrundlage und
Verantwortung. Exkursionsfiihrer der Jahrestagung der
Deutschen Bodenkundlichen Gesellschaft in Rostock
2013.

Leinweber, P., Liinsmann, F., & Eckhardt, K.-U. (1997).
Phosphorus sorption capacities and saturation degrees of
soils in two regions with different livestock densities in

Northwest Germany. Soil Use and Management, 13,
82-89.

Leinweber, P., Meissner, R., Eckhardt, K.-U., & Seeger, J.
(1999). Management effects on forms of phosphorus in soil
and leaching losses. European Journal of Soil Science, 50,
413-424.

Leinweber, P., & Reuter, G. (1992). The influence of different
fertilization practices on concentrations of organic carbon
and total nitrogen in particle-size fractions during 34 years
of a soil formation experiment in loamy marl. Biology and
Fertility of Soils, 13, 119-124.

Lijklema, L. (1980). Interaction of orthophosphate with iron(IIl)
and aluminum hydroxides. Environmental Science and
Technology, 14(5), 536-541.

Lovley, D. R. (1991). Dissimilatory Fe(IlI) and Mn(IV) reduc-
tion. Microbiological Reviews, 55, 259-287.

Lu, L., Gao, M., Gu, Z., Yang, S., & Liu, Y. (2014). A com-
parative study and evaluation of sulfamethoxazole
adsorption onto organo-montmorillonites. Journal of
Environmental Science, 26, 2535-2545.

Madsen, H., Lawrence, D., Lang, M., Martinkova, M., &
Kjeldsen, T. R. (2014). Review of trend analysis and cli-
mate change projections of extreme precipitation and
floods in Europe. Journal of Hydrology, 519, 3634-3650.

Maguire, R. O., Foy, R. H., Bailey, J. S., & Sims, J. T. (2001).
Estimation of the phosphorus sorption capacity of acidic
soils in Ireland. European Journal of Soil Science, 52,
479-487.

Maranguit, D., Guillaume, T., & Kuzyakov, Y. (2017). Effects
of flooding on phosphorus and iron mobilization in highly
weathered soils under different land-use types: short-term
effects and mechanisms. CATENA, 158, 161-170.

McGroddy, M. E., Silver, W. L., de Oliveira, C., Jr., de Mello,
W. Z., & Keller, M. (2008). Retention of phosphorus in
highly weathered soils under a lowland Amazonian forest
ecosystem. Journal of Geophysical Research, 113,
G04012.

Mehra, O. P., & Jackson, M. L. (1960). Iron oxide removal from
soils and clays by a dithionite-citrate system buffered with
sodium bicarbonate. In Seventh national conference on
clays and clay minerals (pp. 317-327).

Meissner, R., Leinweber, P., Rupp, H., Shenker, M., Litaor, I.
M., Robinson, J. S., et al. (2008). Mitigation of diffuse
phosphorus pollution during re-wetting of fen peat soils: A
trans-European case study. Water, Air, and Soil pollution,
188, 111-126.

Nausch, M., Woelk, J., Kahle, P., Nausch, G., Leipe, T., &
Lennartz, B. (2017). Phosphorus fractions in discharges
from artificially drained lowland catchments (Warnow
River, Baltic Sea). AgricultureWater Management, 187,
77-87.

Pant, H. K., & Reddy, K. R. (2001). Phosphorus sorption
characteristics of estuarine sediments under different redox
conditions. Journal of Environmental Quality, 30,
1474-1480.

Paulter, M. C., & Sims, J. T. (2000). Relationships between soil
test phosphorus, soluble phosphorus, and phosphorus sat-
uration in Delaware soils. Soil Science Society of America
Journal, 64, 765-773.

@ Springer



3246

Environ Geochem Health (2020) 42:3231-3246

Penn, C. J., & Camberato, J. J. (2019). A critical review on soil
chemical processes that control how soil pH affects phos-
phorus availability to plants. Agriculture, 9(6), 120.

Penn, C.J., Mullins, G. L., & Zelazny, L. W. (2005). Mineralogy
in relation to phosphorus sorption and dissolved phos-
phorus losses in runoff. Soil Science Society of America
Journal, 69, 1532-1540.

Peretyazhko, T., & Sposito, G. (2005). Iron(III) reduction and
phosphorous solubilization in humid tropical forest soils.
Geochimica et Cosmochimica Acta, 69, 3643-3652.

Ponnamperuma, F. N. (1972). The chemistry of submerged
soils. Advances in Agronomy, 24, 29-96.

Quideau, S. A., Mclntosh, A. C. S., Norris, C. E., Lloret, E.,
Swallow, M. J. B., & Hannam, K. (2016). Extraction and
analysis of microbial phospholipid fatty acids in soils.
Journal of Visualized Experiments, 114, 54360. https://doi.
org/10.3791/54360.

R Development Core Team. (2019). R: A language and envi-
ronment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Rakotoson, T., Six, L., Razafimanantsoa, M. P., Rabeharisoa, L.,
& Smolders, E. (2015). Effects of organic matter addition
on phosphorus availability to flooded and non-flooded rice
in a P-deficient tropical soil: a greenhouse study. Soil Use
and Management, 31, 10-18.

Ravel, B., & Newville, M. (2005). Athena, Artemis, Hephaes-
tus: Data analysis for X-ray absorption spectroscopy using
IFEFFIT. Journal of Synchrotron Radiation, 12, 537-541.

Rennert, T. (2019). Wet-chemical extractions to characterise
pedogenic Al and Fe species—A critical review. Soil
Research, 57, 1-16.

Rupp, H., Meissner, R., & Leinweber, P. (2018). Plant available
phosphorus in soil as predictor for the leaching potential:
Insights from long-term lysimeter studies. Ambio, 47,
103-113.

Schwertmann, U. (1964). Differenzierung der Eisenoxide des
Bodens durch Extraktion mit Ammoniumoxalat-Losung.
Journal of Plant Nutrition and Soil Science, 105, 104-202.

Seng, V., Bell, R., Willett, 1., & Nesbitt, H. (1999). Phosphorus
nutrition of rice in relation to flooding and temporary loss
of soil-water saturation in two lowland soils of Cambodia.
Plant and Soil, 207(2), 121-132.

Shaheen, S. M., & Tsadilas, C. D. (2013). Phosphorus sorption
and availability to canola grown on an Alfisol amended
with various soil amendments. Communications in Soil
Science and Plant Analalyses, 44, 89-103.

Shaheen, S. M., Tsadilas, C. D., & Eskridge, K. M. (2009).
Effect of common ions on phosphorus sorption and lability
in Greek alfisols with different pH. Soil Science, 174,
21-26.

Shaheen, S. M., Tsadilas, C. D., & Stamatiades, S. (2007).
Inorganic phosphorus forms in some entisols and aridisols
of Egypt. Geoderma, 142, 217-225.

Sims, J. T., Simard, R. R., & Joern, B. C. (1998). Phosphorus
loss in agricultural drainage: historical perspective and
current research. Journal of Environmental Quality, 27,
277-293.

@ Springer

Stone, W. W., & Wilson, J. T. (2006). Preferential flow esti-
mates to an agricultural tile drain with implications for
glyphosate transport. Journal of Environmental Quality,
35, 1825-1835.

Svoboda, N., Strer, M., & Hufnagel, J. (2015). Rainfed winter
wheat cultivation in the North German Plain will be water
limited under climate change until 2070. Environmental
Sciences Europe, 27, 29.

Tiemeyer, B., Kahle, P., & Lennartz, B. (2009). Phosphorus
losses from an artificially drained rural lowland catchment
in North-Eastern Germany. Agricultural Water Manage-
ment, 69, 677-690.

Tiessen, H., & Moir, J. O. (1993). Characterization of available
P by sequential extraction. In M. R. Carter (Ed.), Soil
sampling and methods of analysis (pp. 75-86). Boca Raton,
FL: Canadian Society of Soil Science Lewis Publishers.

Tolomino, M., & Borin, M. (2019). Controlled drainage and
crop production in a long-term experiment in North-East-
ern Italy. Agriculture Water Management, 222, 21-29.

Téth, G., Jones, A., & Montanarella, L. (eds.) (2013). LUCAS
topsoil survey. Methodology, data and results. JRC Tech-
nical Reports, Publications Office of the European Union,
EUR26102—Scientific and Technical Research Series,
Luxembourg.

Valero, C. S., Madramootoo, C. A., & Stampfi, N. (2007). Water
table management impacts on phosphorus loads in tile
drainage. Agricultural Water Management, 89, 71-80.

Wang, X., Liu, F., Tan, W., Li, W., Feng, X., & Sparks, D. L.
(2013). Characteristics of phosphate adsorption—desorp-
tion onto ferrihydrite: comparison with well-crystalline
Fe(hydr)oxides. Soil Science, 178, 1-11.

Wessolek, G., Kaupenjohann, M., & Renger, M. (Eds.) (2009).
Bodenokologie und Bodengenese. Bodenphysikalische
Kennwerte und Berechnungsverfahren fur die Praxis. Heft
40, TU-Berlin Selbstverlag.

Wesstrom, 1., & Messing, 1. (2007). Effects of controlled drai-
nage on N and P losses and N dynamics in a loamy sand
with spring crops. Agricultural Water Management, 87,
229-240.

Yan, J., Jiang, T., Yao, Y., Lu, S., Wang, Q., & Wie, S. (2016).
Preliminary investigation of phosphorus adsorption onto
two types of iron oxide-organic matter complexes. Journal
of Environmental Sciences, 42, 152-162.

Yang, X., Chen, X., & Yang, X. (2019). Effect of organic matter
on phosphorus adsorption and desorption in a black soil
from Northeast China. Soil Tillage Research, 187, 85-91.

Zhang, L., Ding, X., Peng, Y., George, T. S., & Gu, F. (2018).
Closing the loop on phosphorus loss from intensive agri-
cultural soil: A microbial immobilization solution? Fron-
tiers in Microbiology, 9, 104. https://doi.org/10.3389/
fmicb.2018.00104.

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


https://doi.org/10.3791/54360
https://doi.org/10.3791/54360
https://doi.org/10.3389/fmicb.2018.00104
https://doi.org/10.3389/fmicb.2018.00104

	Speciation and sorption of phosphorus in agricultural soil profiles of redoximorphic character
	Abstract
	Introduction
	Materials and methods
	Soil sampling
	Soil texture, pH and total element contents
	Extraction of pedogenic oxides
	Sequential P fractionation
	P K-edge XANES spectroscopy
	P adsorption isotherms
	Statistics

	Results
	Soil texture, pore volume and pH
	Total element contents
	Pedogenic oxides, PSC and DPS
	Sequential P fractionation
	P K-edge XANES
	P adsorption isotherms

	Discussion
	Potential availability and mobilization risk of P from the topsoil layer
	Potential P availability and P mobilization risk from the subsoil layers
	Potential P leaching risk from the profiles

	Conclusions
	Acknowledgements
	References




