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Abstract: Repeated manure additions containing phosphorus (P) in excess of crop needs have led
to many agricultural soils with high levels of soil P (i.e., legacy P), particularly in the Delmarva
region (USA). Due to the potential for P release, it is important to gain a better understanding of
the mechanisms of P desorption and solubilization. Agricultural soils with high legacy P were
collected from the Delmarva Peninsula, and soil P pools were determined using a suite of wet
chemical and spectroscopic techniques, including a modified Hedley sequential extraction and X-ray
absorption near-edge structure (XANES) spectroscopy. Five different desorption solutions were used
to investigate P removal efficiency to assess release mechanisms. The results indicate that sulfate
can have a stronger competition for P desorption than silicate, especially in the ditch sample with
21% labile P and 44% P adsorbed to iron and aluminum (via Hedley extraction). Additionally, linear
combination fitting results of the ditch sample indicate 10.5% organic P and 73.9% P associated with
iron and aluminum. This is an important finding because sulfate is a prevalent ion in sea water, and
many agricultural soils with high legacy P in the Delmarva coastal area are threatened by sea level
rise and inundation.

Keywords: phosphorus; legacy P; Hedley sequential extraction; poultry manure; desorption

1. Introduction

Phosphorus (P) can be applied to agricultural soils in the form of animal manure or
inorganic fertilizers [1]. A thriving poultry industry on the Delmarva Peninsula has led
to years of poultry manure application to agricultural fields to improve soil fertility and
manage poultry manure waste. Poultry manure application rates were historically based
on the nitrogen (N) requirement of the crop, which resulted in P application in excess
of crop needs [2–5]. The repeated addition of P above the agronomic need over many
decades caused excessive P application buildup in Delmarva agricultural soils; this buildup
is now termed as “legacy P” [2,6,7]. Many of these legacy P soils have high potential for
P transport off the field and have become sources of P for continuous transport into the
environment, resulting in eutrophication of nearby water bodies and the devastation of
aquatic ecosystems [2,8,9].

Instead of acting as a sink for P, many legacy P agricultural soils have become a P
source [2]. Soils with high legacy P may lead to a decrease in the soil’s ability to fix new P
additions because the available P sorption sites in the soil are already occupied, leading to
a larger P desorption potential [2,10–13]. The sorption sites that may be occupied within
the soil include active sites for chemisorption on iron (Fe) and aluminum (Al) oxides [14]
as well as binding to edge hydroxyls on aluminosilicate clays or bridging cations on
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organic matter [15]. Soils with excessive legacy P can release P long after the addition
ceases; current models predict that soils with high legacy P may continue to release P for
decades [6]. An improved understanding of the chemical sorption/desorption mechanisms
that occur within these soils, contributing to P release, is crucial to decrease P transport to
the environment.

Bulk wet chemical desorption experiments have been used to understand the chemical
mechanisms that may be occurring with P release from soils. Phosphorus desorption
solutions, such as chloride, have been shown to desorb labile and exchangeable P from
mineral surfaces [16]. The effects of acid rain were examined in desorption experiments
using a 0.1 M HNO3 adjusted to pH 4 [17]. Dissolved silicates compete with P for sorption
sites on Fe and Al oxides and can form inner-sphere complexes [18] similar to those formed
by P. This has sparked new research to consider and investigate the role of dissolved silicate
in the mobilization of P [2,19–22]. Sulfate has been shown to have a similar effect as that of
silicate on phosphate desorption, as it has been suggested that this sulfate also competes
with phosphate by forming inner-sphere complexes with charged minerals, such as Fe
oxides [23]. The amount of phosphate desorbed from soils has been found to be strongly
affected by the presence of sulfate [24].

While previous studies have investigated different desorption solutions for soil P, a
mechanistic understanding for how different P species are released, particularly in soils
with legacy P, is still unclear. Thus, the research described here is unique in that it examines
the effectiveness of many desorption solutions over a variety of soil physicochemical
compositions, management histories, and total P concentrations. The purpose of this
research is to characterize bulk P speciation in the soils and to assess potential mechanisms
of P solubilization caused by desorption solutions to identify the major P pools. We assessed
P solubilization by conducting desorption studies on a variety of legacy P agricultural soils
from throughout the Delmarva region, including a multi-field transect in the Pocomoke
Sound sub-watershed (Hydrologic Unit Code 02130201). We aim to address: (1) how bulk P
speciation varies in legacy P agricultural soils with different physicochemical properties and
management histories from throughout the Delmarva region; (2) how different extraction
solutions affect P desorption and what this can tell us about P solubility; (3) differences in
P speciation along a transect across fields, including into a ditch site connected directly to
the Chesapeake Bay.

The hypotheses for this work are: (1) higher amounts of P will be desorbed from
soils with high initial P concentrations using weak desorption solutions from soils with
comparatively lower total P due to the release of weakly bound P species; (2) legacy P in
agricultural fields with a history of poultry manure application management will likely be
bound to calcium (Ca) due to the addition of Ca in the manure itself; and (3) P speciation
will be different in the field transect than the ditch due to seasonal inundations in the ditch.

2. Materials and Methods
2.1. Sampling Site Descriptions

All samples were collected in 2016 from agricultural field sites located on the Delmarva
Peninsula in the mid-Atlantic region of the United States (Figure 1). Delaware has a
moderate climate throughout the year. The average monthly temperature in Delaware
ranges from 0 ◦C to 24.3 ◦C. The annual precipitation is 114.3 cm. Because Delaware is a
coastal state, its temperature is about 5.5 ◦C warmer in winter and cooler in summer [25].
In total, nine samples were collected at a variety of sites. The first five samples are labeled
as CGAp, MS, SLF2, T1, and T2. The last four samples (CFT, MFT, EFT, and Ditch) were
collected from the same field site along a transect. Below are the descriptions of each site.
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Figure 1. Modified satellite image of the Chesapeake Bay, image credit Jacques Descloitres, MODIS 
Land Science Team, NASA [26]. Stars indicate agricultural composite soil sampling locations on the 
Delmarva Peninsula. (1) Newark, Delaware: CGAp; (2) Parsonsburg, Maryland: T1 and T2; (3) Prin-
cess Anne, Maryland: Manure Shed (MS) and SLF2; (4) Crisfield, Maryland: CFT, MFT, EFT, and 
Ditch. 

A composite sample for sample “CGAp” was collected on the University of Delaware 
campus in Newark, DE. Since 2006, this soil has been used as a community garden, grow-
ing vegetables. During this time, no P was added to the soil. Like all soils in this study, 
the CGAp field site is P-limited due to the current high soil test P and is therefore not 
receiving P inputs under its nutrient management plan. Historically, this plot was used 
for dairy pasture. 

The Manure Shed (“MS”) sample was collected from an agricultural field managed 
under a corn/full-season soybean rotation. This soil was collected from a unique site adja-
cent to a manure storage shed where spillage of poultry litter onto soil was frequent dur-
ing cleanouts. The “SLF2” sample was collected from the same farm as MS but from a 
different location. This soil has a 50+ year history of poultry manure application, but ma-
nure has not been applied for several years. Like MS, SLF2 is an agricultural field with a 
corn/soybean rotation. 

At another farm in Parsonsburg, MD, we collected samples “T1” and “T2”, which are 
from the same farm, although the samples were collected from different fields. Both soils 
have a 50+ year history of poultry manure and commercial fertilizer application. Both soils 
are currently managed under a corn/winter wheat/double-cropped soybean rotation. 

The soils from Crisfield, MD were collected from the same farm along a transect span-
ning three fields and into a drainage ditch. All of the fields are cropped with a corn, winter 
wheat, double-cropped soybean rotation, and these soils have a long history of poultry 
litter application. The drainage ditch leads to a creek, which is in the Pocomoke Sound 
sub-watershed (Hydrologic Unit Code 02130201). The Crisfield, MD field site was chosen 
for the transect due to its proximity to Chesapeake Bay, high soil test P, and potential 
pathways for dissolved P export off the field. Samples from this site include center of the 
field (CFT), middle of the transect (MFT), edge of the field (EFT), and “Ditch”. 

Figure 1. Modified satellite image of the Chesapeake Bay, image credit Jacques Descloitres, MODIS
Land Science Team, NASA [26]. Stars indicate agricultural composite soil sampling locations on
the Delmarva Peninsula. (1) Newark, Delaware: CGAp; (2) Parsonsburg, Maryland: T1 and T2; (3)
Princess Anne, Maryland: Manure Shed (MS) and SLF2; (4) Crisfield, Maryland: CFT, MFT, EFT,
and Ditch.

A composite sample for sample “CGAp” was collected on the University of Delaware
campus in Newark, DE. Since 2006, this soil has been used as a community garden, growing
vegetables. During this time, no P was added to the soil. Like all soils in this study,
the CGAp field site is P-limited due to the current high soil test P and is therefore not
receiving P inputs under its nutrient management plan. Historically, this plot was used for
dairy pasture.

The Manure Shed (“MS”) sample was collected from an agricultural field managed
under a corn/full-season soybean rotation. This soil was collected from a unique site
adjacent to a manure storage shed where spillage of poultry litter onto soil was frequent
during cleanouts. The “SLF2” sample was collected from the same farm as MS but from
a different location. This soil has a 50+ year history of poultry manure application, but
manure has not been applied for several years. Like MS, SLF2 is an agricultural field with a
corn/soybean rotation.

At another farm in Parsonsburg, MD, we collected samples “T1” and “T2”, which are
from the same farm, although the samples were collected from different fields. Both soils
have a 50+ year history of poultry manure and commercial fertilizer application. Both soils
are currently managed under a corn/winter wheat/double-cropped soybean rotation.

The soils from Crisfield, MD were collected from the same farm along a transect
spanning three fields and into a drainage ditch. All of the fields are cropped with a corn,
winter wheat, double-cropped soybean rotation, and these soils have a long history of
poultry litter application. The drainage ditch leads to a creek, which is in the Pocomoke
Sound sub-watershed (Hydrologic Unit Code 02130201). The Crisfield, MD field site was
chosen for the transect due to its proximity to Chesapeake Bay, high soil test P, and potential
pathways for dissolved P export off the field. Samples from this site include center of the
field (CFT), middle of the transect (MFT), edge of the field (EFT), and “Ditch”.
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2.2. Sample Collection and Characterization
2.2.1. Delmarva Soil Samples

Five composite soil samples (10–15 subsamples per field) with a variety of physico-
chemical compositions and management histories were collected from agricultural fields
using a 2.5 cm diameter soil probe (Ap horizon, 0–20.3 cm depth) in the Delmarva region
(Figure 1). Due to a long history of poultry manure overapplication, all soils are considered
to have legacy P. The soil samples were air-dried, passed through a 2 mm sieve, and charac-
terized by the following methods at the University of Delaware Soil Testing Laboratory
(UDSTL). The sample pH was determined using a 1:1 by volume soil-to-deionized water
mixture and analyzed with an Accumet pH meter model: AB15 and a Thermo Scientific
Orion combination flat-end pH electrode (Fisher Scientific, Pittsburgh, PA, USA) [27]. Soil
organic matter was measured by loss on ignition (LOI) with a Blue-M high-temperature
furnace model CW6680F (SPX Thermal Product Solutions, White Deer, PA, USA) [28]. Soil
samples were subject to Mehlich III extraction and analyzed for plant available nutrients (P,
Fe, Al, Ca, Mn, S, and K) using inductively coupled plasma optical emission spectroscopy
(ICP-OES) with an ICAP 7600 Duo view inductively coupled plasma–optical emission
spectrometer (ICP-OES) (Thermo Elemental, Madison, WI, USA) [29]. Cation exchange
capacity (CEC) was completed at pH 7 by ammonium saturation with 1 N ammonium
acetate, and exchangeable cations (K, Ca, Mg, and Na) were determined with ICP-OES [30].
Total sorbed metals were determined by digesting the soil samples using the EPA method
3051A with a CEM MARS5 microwave digestion system (CEM, Matthews, NC, USA).
Digests were analyzed for P, Fe, Al, Ca, Mn, S, and K by ICP-OES [31]. Soil particle size was
determined using a hydrometer and a modified Bouyoucos method [32]. The P saturation
ratio (PSR) was also determined by the UDSTL using the Mehlich III extraction data to
predict the degree of P saturation and ability of the soil to hold P, as described in [33]
and [34]. The phosphorus saturation ratio involves a calculation of the ratios between
Mehlich-III available P, Al, and Fe. The amount of P saturation is compared against P
extracted using oxalate. This particular protocol was specifically developed for Delaware
soils to predict P saturation.

2.2.2. Transect Soils

To investigate P species distribution within a field, four composite soil samples were
collected from agricultural fields in Crisfield, MD. A transect was first drawn from the
interior of the series of fields to the main ditch that drains directly into a creek. Three
locations were chosen along the transect, and random sampling (15–20 subsamples using a
2.5 cm diameter probe, Ap horizon, 0–20.3 cm depth) was completed to obtain a composite
sample within a 10 m × 10 m area for each sampling location. Sampling locations were
named center of the field (CFT), middle of the transect (MFT), and edge of the field (EFT)
for their locations along the transect. At the end of the field transect, one composite
(15–20 subsamples) soil sample was collected from the bottom of the ditch adjacent to EFT
to a depth of 2.5 cm.

2.3. Hedley Sequential Extraction

Soils were subject to a modified Hedley sequential extraction procedure [35] to identify
different P pools. In brief, 0.5 g portions of each soil were weighed in triplicate into
50 mL centrifuge tubes, to which 30 mL of deionized water was added; tubes were placed
on an end-over-end shaker for 16 h at 22 rpm, then placed in the centrifuge at 10,000 g for
10 min. The supernatant was immediately decanted into a clean centrifuge tube, filtered
through a 0.45 µm syringe filter, and placed in a cold room at 4 ◦C for storage until analysis.
The soil residue was kept in the original centrifuge tube, to which 30 mL of 0.5 M NaHCO3
solution was added, followed by the same shaking, centrifugation, and decanting steps.
This process was repeated two more times using 0.1 M NaOH and 1.0 M HCl as extractants.
After the final HCl extraction, the samples were oven-dried at 25 ◦C and sent to the UDSTL
for microwave-assisted acid digestion using the methods outlined for EPA 3051. The
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digestates and all the extraction supernatants were analyzed for total P using ICP-OES.
Bioavailable P was removed using deionized water (DI) extraction [35], whereas labile P
sorbed to soil surfaces was targeted using NaHCO3 extraction [36]. Next, the tightly bound
P chemisorbed to Fe and Al was removed using NaOH extraction; this was followed by
HCl extraction to remove apatite-like calcium phosphates [36]. Lastly, the most chemically
stable P forms were removed during the acid digestion step.

2.4. Desorption Studies

Desorption experiments with different desorption solutions were completed for all
soils to investigate P desorption rates. The desorption solutions consisted of 10 mM KCl
background electrolyte [17], 0.1 M HNO3 to mimic acid rain [17], 0.1 mM and 1 mM of
Na2SiO3 [19], and 1 mM K2SO4 to investigate ligand exchange (desorption) mechanisms.
For each experiment, 0.2 g of soil was placed into a 15 mL centrifuge tube, to which
10 mL of extracting solution was added. The experimental pH was maintained at the pH of
the soil for all desorption experiments, except for the nitric acid experiments, for which
pH was maintained at 4 [17]. All pH levels were adjusted using NaOH or HCl. The tubes
were placed on a rotary shaker at 200 rpm, and samples were destructively sampled in
triplicate at 0.5, 1, 2, 3, 6, 12, 24, 48, and 72 h. Samples were then filtered with 0.22 µm
syringe filters, and the supernatant was placed in a cold room at 4 ◦C for storage until
analysis. Supernatants were analyzed for P at the UDSTL using ICP-OES.

2.5. Bulk P K-Edge XANES and Linear Combination Fitting

The air-dried composite soil samples were ground to a fine powder in a mortar and
pestle to homogenize the sample for X-ray absorption spectroscopy (XAS). The samples
were mounted in Al sample holders by placing P-free tape along the back of the holder
and then dusting a very thin, even layer of sample on the tape in the sample-holder well.
Excess sample was tapped off, and sample wells were covered during sample mounting
to prevent cross contamination. The bulk P K-edge XANES of samples and standards
were collected on beamline 14–3 at the Stanford Synchrotron Radiation Lightsource (SSRL)
in Menlo Park, CA and at beamline SXRMB at the Canadian Light Source in Saskatoon,
Canada. At 14–3, bulk P K-edge XANES were collected in fluorescence mode in a helium
environment with a beam size of 2.5 mm × 1 mm at a 45-degree angle to the sample
using a four-element Vortex detector. Standards were diluted with boron nitride to avoid
self-absorption. Four to twelve scans of each sample were completed and were plotted in
Demeter software program (Version0.9.26, USA) [37], then averaged together to increase the
signal-to-noise ratio.

Two of the P compounds used in the linear combination fitting (LCF) analysis were
purchased from Sigma-Aldrich: sodium phytate to represent Po and hydroxyapatite (HAP)
to represent Ca-P. The Fe-P and Al-P reference materials were prepared by conducting
phosphate adsorption experiments on ferrihydrite and amorphous Al oxides, respectively,
which can likely represent the P compounds formed on the surfaces of pedogenic Fe and
Al hydroxides in soils, including adsorbed and precipitated P [38]. The Fe-P standard
was prepared by shaking 0.4 g ferrihydrite with 40 mL of 250 mg P L−1 as KH2PO4 at pH
4.5 for 24 h at 200 rpm. The Fe-P was then rinsed in a 10 mM KCl solution, freeze-dried,
and ground for XAS analysis. The Al-P reference spectrum was reported in [39]. Athena
was used for the whole analysis, including background subtraction, normalization, and
LCF, as described by Gu et al. [39]. LCF analyses were conducted over an energy range
of 2130–2182 eV, with energy floating not allowed. The use of certain reference spectra,
as well as goodness-of-fit, was evaluated by the R factor, with uncertainties and reduced
chi-square values reported. The use of ≤4 P compounds during LCF were able to reduce
LCF uncertainties. The four P reference spectra were able to represent well the major P
species in our soil samples.
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3. Results and Discussion
3.1. MS: Silt Loam

The proximity of this soil sample to a manure storage shed resulted in the highest
Mehlich III P (1122 mg kg −1) and total P (2004 mg kg −1) values among all soil samples
examined during this study (Table 1). This soil also had the highest PSR of all the soils
studied, with a value of 254 (Table 1). PSR is a unitless value. For comparison, a soil
considered at low–medium risk of P loss will have a PSR of <25; high risk, from 25 to 50;
and very high risk, >50 [33]. Thus, the MS sample is well over “very high risk” for P, and if
transport pathways off the field exist, this soil represents an extreme risk of P transport to
the environment. The pH of MS was 6.7, with a CEC of 15.8 cmolc kg−1, which is higher
than the other samples (Table 2). MS had the highest percentage of P extracted using HCl
via Hedley sequential extraction, which suggests that it has a high amount of apatite-like P,
as this extractant is known to dissolve calcium phosphates (Figure 2). The LCF results also
indicate that MS has a high amount of apatite-like P, at 41.4%, the highest percentage of any
of the soils (Table 3). During the desorption studies for MS, HNO3 desorbed the most P
when compared with other desorption solutions (Figure 3a). This is in agreement with the
Hedley extraction and LCF results, as HNO3 is known to dissolve calcium phosphate [17].
In addition to the Hedley extraction and LCF results, MS also had the highest amount of
Ca (2061 mg kg−1) extracted via Mehlich III extraction (Table 1). This further supports the
results from the desorption experiments, Hedley sequential extraction, and LCF, which
suggest that MS is dominated by calcium phosphate.
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Figure 2. Phosphorus values from modified Hedley sequential extraction for composite soil samples
collected throughout the Delmarva Peninsula. Hedley sequential extraction solution contributions
from the different extractions (different colors) are shown as a percentage of the total P in the sample
(each complete column). CGAp is a community garden soil; MS had a manure storage shed on it;
SLF2 is an agricultural field on the same farm as MS; T1 and T2 are agricultural fields from a second
farm; and CFT (center field transect), MFT (middle field transect), EFT (edge field transect), and Ditch
are agricultural soil samples from a third farm along a transect.
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Table 1. Elemental concentrations of extractions and digestions.

Mehlich III Extractible EPA3051

Soil P Fe Al Ca Mn S K P Sat. % P P Fe Al Ca Mn S K

mg kg−1 Ratio Removed mg kg−1

CGAp 199 272 982 774 79 9 257 41.5 21.2 937 16430 14342 1099 390 165 918
MS 1122 407 737 2061 25 17 517 253.8 56.0 2004 4501 12544 3381 112 325 1751

SLF2 634 292 1112 1279 12 15 212 109.5 57.2 1109 4037 15913 1692 51 214 1522
T1 607 156 1117 646 16 15 100 110.1 59.3 1023 1117 4758 944 39 184 436
T2 357 273 1321 820 8 18 100 55.5 36.7 974 2061 5655 1264 32 195 359

CFT 256 195 578 808 9 14 140 83.5 53.1 482 1920 7538 985 29 148 876
MFT 331 302 482 699 14 13 123 114 60.0 552 1835 5134 885 35 140 684
EFT 303 410 670 1063 10 18 152 76.9 41.7 727 4841 8807 1299 51 192 699
Ditch 181 576 360 578 10 33 63 63.4 56.6 320 1922 3528 589 19 238 336

Note: CGAp is a community garden soil; MS had a manure storage shed on it; SLF2 is an agricultural field on
the same farm as MS; T1 and T2 are agricultural fields from a second farm; and CFT (center field transect), MFT
(middle field transect), EFT (edge field transect), and Ditch are agricultural soil samples from a third farm along a
transect.

Table 2. Soil texture, soil pH, organic matter (OM), and cation exchange capacity (CEC) of composite
agricultural soil samples collected throughout the Delmarva Peninsula.

Soil Sand Silt Clay Texture pH OM CEC
% % cmolc kg soil−1

CGAp 13 65 22 Silt loam 6.1 2.6 7.1
MS 29 53 18 Silt loam 6.7 3.1 15.8

SLF2 17 63 20 Silt loam 6.1 3.0 10.4
T1 86 10 4 Loamy sand 5.4 3.4 7.2
T2 81 13 6 Loamy sand 5.7 3.6 7.7

CFT 43 33 24 Loam 5.2 1.7 7.3
MFT 52 28 20 Loam 5.1 1.6 6.2
EFT 51 25 24 Loam 5.4 1.7 10.4
D1 86 8 6 Loamy sand 6.2 1.4 4.2

CGAp is a community garden soil; MS had a manure storage shed on it; SLF2 is an agricultural field on the same
farm as MS; T1 and T2 are agricultural fields from a second farm; and CFT (center field transect), MFT (middle
field transect), EFT (edge field transect), and Ditch are agricultural soil samples from a third farm along a transect.

Table 3. Linear combination fitting (LCF) results as percentage of total P and the associated uncer-
tainties, with the R-factor and reduced chi-square values indicating the goodness of the LCF results.
The symbols on the left indicate phytic acid P (Po), P adsorbed to ferrihydrite (Fe-P), P adsorbed to
amorphous aluminum hydroxides (Al-P), and hydroxyapatite (Ca-P).

P Speciation (%) CGAP± MS ± SLF2 ± T1 ± T2 ± CFT ± MFT ± EFT ± Ditch ±
Po 0.0 1.6 1.7 0.9 7.9 1.5 7.8 1.4 0.0 1.6 0.5 0.6 19.8 2.0 0.0 1.2 10.5 1.5

Fe-P 28.9 3.8 9.7 2.1 10.8 3.5 0.0 3.2 3.3 3.7 21.6 3.3 27.3 4.6 21.2 3.0 26.8 3.6
Al-P 58.3 2.9 47.2 1.6 65.9 2.6 80.4 2.4 82.8 2.8 56.5 2.5 36.9 3.5 53.6 2.3 47.1 2.8
Ca-P 12.8 1.6 41.4 0.8 15.5 1.3 11.7 1.2 13.8 1.4 21.4 4.2 15.9 1.8 25.2 1.2 15.5 1.4

R factor 0.0021 0.0008 0.0020 0.0016 0.0019 0.0017 0.0042 0.0014 0.0022
Reduced chi-square 0.0053 0.0013 0.0035 0.0029 0.0040 0.0033 0.0065 0.0029 0.0038
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Figure 3. Desorption experimental results for agricultural composite soil samples collected through-
out the Delmarva Peninsula. Desorbing solutions were potassium chloride (KCl), nitric acid (HNO3),
0.1 mM sodium silicate (Na2SiO3), 1.0 mM sodium silicate (Na2SiO3), and 1.0mM potassium sul-
fate (K2SO4). CGAp is a community garden soil; MS had a manure storage shed on it; SLF2 is an
agricultural field on the same farm as MS; T1 and T2 are agricultural fields from a second farm;
and CFT (center field transect), MFT (middle field transect), EFT (edge field transect), and Ditch
are agricultural soil samples from a third farm along a transect. (a) Desorption curves for soil MS;
(b) Desorption curves for soil SLF2; (c) Desorption curves for soil CGAp; (d) Desorption curves for
soil T1; (e) Desorption curves for soil T2; (f) Desorption curves for soil CFT; (g) Desorption curves for
soil MFT; (h) Desorption curves for soil EFT; (i): Desorption curves for soil Ditch.
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Although MS had the highest total P of all the soils, it also had the highest percentage
of extractable P during Mehlich III extraction. Mehlich III extractable P can be considered
to represent the agronomically or plant-available P during the growing season [28,40].
Using the weakest desorption solution (10 mM KCl), approximately 160 mg P kg−1 soil
was desorbed from MS, which is higher than the amount of P desorbed from any other
soil using KCl (Figure 3). This indicates that MS has a much higher amount of highly
soluble P than the other soil samples. The high amount of soluble P is likely due to the site
history of manure input. Using bulk K-edge X-ray absorption near-edge structure (XANES)
spectroscopy, Toor et al. found that broiler litter contained 65–76% P as dicalcium phosphate,
13–18% aqueous phosphate, and 7–20% phytic acid [41]. Given the site history of MS, the
amount of P removed from the soil during the Hedley HCl extraction step, the LCF, and the
HNO3 desorption treatment, in addition to the high amount of Ca in this soil sample, the
major P species in MS is dominated by calcium phosphate. MS has received large manure
inputs, so this finding is in line with findings from others because poultry manure can
contain calcium phosphates, especially highly soluble dicalcium phosphate [41].

The fits of each soil sample, including MS, are provided in Figure 4. In addition to
the soil samples, the standards used in LCF are also plotted. The vertical dashed lines
plotted on the standards at 2149, 2153.5, 2156, and 2163.5 eV indicate the energy values of
significant features in the data: pre-edge peak, white line, post-edge shoulder, and a peak
in the HAP standard, respectively. LCF results are provided in Table 3 and are also plotted
in Figure 5. In Figure 5, it can be noted that Al-P (gold) was often the dominant standard
found in the soils through LCF. However, in the MS sample in particular, there is more
Ca-P (green); this is likely due to the site history of this sample as a location for manure
storage for at least 50 years.
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Figure 4. Phosphorus (P) reference spectra used for linear combination fittings (LCF) (a) and P X-ray
absorption near-edge structure (XANES) spectra and their linear combination fits for the soils (b).
Standards are P adsorbed onto amorphous aluminum hydroxides (P on AAH), phytic acid (phytate),
hydroxyapatite (HAP), and P adsorbed onto ferrihydrite (P on Fhy). CGAp is a community garden
soil; MS had a manure storage shed on it; SLF2 is an agricultural field on the same farm as MS; T1
and T2 are agricultural fields from a second farm; and CFT (center field transect), MFT (middle field
transect), EFT (edge field transect), and Ditch are agricultural soil samples from a third farm along
a transect.
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Figure 5. Graphical representation of the linear combination fitting of the soils with phytic acid P
(Po), P adsorbed to ferrihydrite (Fe-P), P adsorbed to amorphous aluminum hydroxides (Al-P), and
hydroxyapatite (Ca-P). CGAp is a community garden soil; MS had a manure storage shed on it; SLF2
is an agricultural field on the same farm as MS; T1 and T2 are agricultural fields from a second farm;
and CFT (center field transect), MFT (middle field transect), EFT (edge field transect), and Ditch are
agricultural soil samples from a third farm along a transect.

3.2. SLF2: Silt Loam

SLF2 has half the Mehlich III P, total P, and P saturation ratio of MS (Table 1). Although
the PSR is half that of MS at 110, it is still well over the “very high risk” category for P
transport off the field. Compared to MS, the lower percentage of P extracted during Hedley
HCl extraction suggests that there is a lower contribution of P associated with Ca for SLF2
(Figure 2). The LCF results support the Hedley finding that there is a lower contribution of
Ca-P in SLF2, with only 15.5% (Table 3, Figure 5). Additionally, the LCF results indicate
that this soil has a high percentage of Al-P at 65.9%. For SLF2, like MS, HNO3 desorbed the
most P relative to the other desorption solutions (Figure 3). The KCl desorption solution
desorbed the least P (Figure 3b). The Ca disparity between these two soils is likely due
to the amount of poultry manure MS received over time, as the manure is high in Ca-
P (Table 1) [41]. Interestingly, the K2SO4 and both of the Na2SiO3 desorption solutions
removed about three times as much P as the KCl solution. This is an indication that a
significant amount of P in SLF2 may be chemisorbed to Fe or Al. The LCF results indicating
a high amount of Al-P further support that much of the P in this soil may be chemisorbed
by Na2SiO3. Additionally, SLF2 had about 60% total P removed during NaOH extraction
in the Hedley sequential extraction. With NaOH presumed to remove P chemisorbed to Fe
and Al, this is further evidence that the P species are dominated by Fe and Al. SLF2 also
had the highest amount of total Al out of all the soils. These data suggest that the P species
found in SLF2 are primarily Fe- and Al-P.

3.3. CGAp: Silt Loam

CGAp has the highest total Fe—four times higher than the content of any other soil
investigated in this study. The high Fe content contributes to low PSR (42)—the lowest of
the soils studied (Table 1). A PSR value of 42 places this soil in the “high risk” category of
P loss. Unlike most of the other soils, CGAp had a higher desorption of P in desorption
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solutions linked to possible ligand exchange reactions, such as K2SO4 and both 1.0 mM
Na2SiO3 and 0.1 mM Na2SiO3 (Figure 3c). The Hedley method assumes that P chemisorbed
to Fe and Al is removed during the NaOH portion of the extraction, i.e., P is removed via
ligand exchange from those minerals. Thus, CGAp’s relatively large percentage (50%) of
NaOH P supports possible ligand exchange mechanisms occurring during NaOH extraction
(Figure 2). Additionally, the LCF coincides with these results, as they indicate primarily
Fe-P (28.9%) and Al-P (58.3%) (Table 3). Furthermore, the LCF results indicate that CGAp
has the highest percentage of phosphate adsorbed onto Fe among all examined soils. This
is further supported by CGAp having the highest amount of Fe among all other samples,
as well as elevated amounts of Al (Table 1).

Based on the HCl Hedley sequential extraction and the desorption kinetics data,
comparatively, CGAp does not have much P in the form of calcium phosphates (e.g., apatite
and monetite). The LCF supports this result, with Ca-P at 12.8% (Table 3, Figure 5). In
terms of the desorption data, HNO3 is known to dissolve calcium phosphates, and CGAp
did not have a large amount of P desorbed via HNO3. The Hedley HCl step is also known
to extract calcium phosphates, and CGAp had a small amount of P (6%) extracted during
this step. Of all the soil samples, CGAp had the highest percent of P removed during
the digestion portion of the Hedley extraction, providing evidence that it contains a large
amount of tightly bound and mineral P (residual). This is supported by the fact that CGAp
had the lowest percent of P extracted (21%) from Mehlich III compared to total P (Table 1).
These data collectively indicate that that the primary P-containing pools in CGAp are
oxide surfaces (i.e., Fe and Al oxides), from which P can be removed via ligand exchange.
After Fe and Al oxides, the next most abundant pools of P include calcium phosphate and
residual P.

3.4. T1 and T2: Loamy Sand Soils

T1 and T2 were the sandiest soils investigated during this study, with 86% and
81% sand, respectively, (Table 2). Although both soils have a similar total P amount
(ca. 1000 mg kg−1), both the T1 Mehlich III P content and the P saturation ratio are double
those of T2 (Table 1). The first, most notable difference in P desorption between the two
soils is the magnitude of desorption on the y-axis (Figure 3d,e). For both T1 and T2, HNO3
desorbed the most P among the desorption solutions, at about 140 mg P kg −1 soil and
34 mg P kg −1 soil, respectively (Figure 3d,e). Like the other soils in this study, KCl
desorption was also the lowest for both soils.

Among all soils in this study, T1 had the second highest percentage of DI-extractible
and NaHCO3-extractible P during Hedley sequential extraction, which suggests that it has
a higher amount of labile P than most of the other soils, as these extractants are known
to remove soluble and labile P (Figure 2) [35]. Although KCl removed the less P from T1
than the other desorption solutions, it still desorbed about 60 mg P kg−1 soil, offering more
evidence that this soil has considerable amounts of labile P. The LCF of T1 indicates about
7.8% of the P species in this soil are organic P, whereas the LCF of T2 shows 0% organic P
(Table 3, Figure 5). Therefore, some of the labile P removed from T1 may be in the form of
loosely adsorbed Po. According to the Hedley sequential extraction, T1 has a low amount of
P associated with Ca, whereas the HCl extraction only removed about 9% of the total P; this
is low when compared to the other soils. HCl dissolves calcium phosphates [35,36]. This is
supported by the low total Ca (944 mg kg−1) compared to other soils in this study (Table 1).
Furthermore, the LCF of T1 had the lowest percentage of Ca-P among all examined soils, at
11.7%, which is in line with the Hedley sequential extraction. T1 and T2 have the lowest %
residual P of all soils examined in this study, at 4%, which indicates that T1 and T2 have
very little residual P. Thus, this field is at high risk of P loss.

T2 had the highest percentage of P extracted from the soil during the NaOH step (68%)
versus any of the other Hedley sequential extraction steps or other soils, suggesting that the
majority of the P in this soil is associated with Fe and Al through inner-sphere complexation
(Figure 2). Furthermore, the LCF shows T1 and T2 have the highest percentages of Al-P of
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all soils in this study, with 80.4% and 82.8% Al-P, respectively (Table 3, Figure 5). This is
further evidence that these soils are dominated by P chemisorbed to Al. For T2 in particular,
both Na2SiO3 solutions and the K2SO4 desorption solution removed significantly more P
than the KCl solution, which further indicates that this soil may be dominated by inner-
sphere P complexes associated with Al and Fe. Interestingly, K2SO4 desorption removed
slightly more P than both Na2SiO3 solutions, which may be an indication that for T2,
sulfate has more of an effect on phosphate desorption. The Hedley sequential extraction
also showed that T2 has one of the lowest percentages of P extracted in DI water and
NaHCO3, indicating that it has low amounts of labile P (Figure 2). This is supported by
the low amount of P that was extracted using Mehlich III when compared to the total P
(Table 1), as well as the low P desorption in KCl compared to the other desorption agents.
According to these results, T1 and T2 likely have a majority of P adsorbed to Fe and Al
through inner-sphere complexation.

3.5. Transect (CFT, MFT, EFT, and Ditch): Loam and Loamy Sand

The three soils collected along the transect (CFT, MFT, and EFT) are all classified as
loam, with approximately 50% sand, and the Ditch sample is a loamy sand, with 86% sand
(Table 2). The difference in soil texture between the field and the ditch is expected because
the ditch has been anthropogenically altered, removing most of the topsoil, and may reflect
the soil conditions at that depth within the field. With the exception of the Ditch pH (6.2),
the three field soils share a similar pH of about 5.3 and organic matter content of about 1.7%.
Of the examined soils, the Crisfield transect field soils have the lowest pH and organic
matter content.

Of the transect soils, the total P was highest for the EFT sample, at 727 mg P kg−1 soil,
with the Mehlich III-extractable P removing 42% of the total P (Table 1). The percentage
of total P extracted during Mehlich III extraction was 53% and 60% for CFT and MFT,
respectively. The Ditch sample had a similarly high percentage of total P removed by the
Mehlich III extraction, at 57%; therefore, although this sample had lower total P, most of
it was easily mobilized. This is problematic, as the ditch drains into a creek that empties
into Chesapeake Bay. Although EFT sample had more total P than the other soils along the
transect, it had the lowest PSR of the three field soils. EFT also had the highest total Fe and
Al of the samples collected at this site, which may help explain the lower P saturation ratio.

For all three field transect soils (CFT, MFT, and EFT), the HNO3 desorption solution
removed the most P, indicating these soils contain calcium phosphates. Slightly more
phosphorus was removed from MFT using HNO3 than CFT and EFT, at approximately
140 mg P kg−1 soil, indicating that a large portion of the P present in this soil is calcium
phosphate. This is further supported by the higher percentage of total P removed during
the HCl Hedley sequential extraction of MFT. This is because both acidic (HNO3 and HCl)
extractions can remove Ca phosphate minerals. Additionally, the LCFs of CFT, MFT, and
EFT indicate a large percentage of the P species are Ca-P, with 21.4%, 15.5%, and 25.2%,
respectively. The values for EFT, MFT, and CFT determined from LCF are similar (Figure 5)
except for the % contribution allocated to Po. The increase in Po in MFT is likely due to a
small shoulder feature at 2161.2 eV, which pulls the LCF to a lower energy and increases
the contribution of the Po standard. This shoulder feature is perhaps due to noise in the
MFT spectrum.

For the three transect field soils, the desorption solutions that removed the least
amounts of P were either K2SO4 or KCl (Figure 3f–h). Interestingly and unlike any other
soil in this study, it appears that the 1.0 mM K2SO4 desorbed the least P for CFT. This is
interesting because for all other soils in this study, the KCl desorption solution removed the
least P when compared to the other desorption solutions. The difference between K2SO4
and KCl as desorption agents is that K2SO4 may remove chemisorbed P (i.e., inner-sphere
bound P; [23]), whereas KCl tends to remove outer-sphere bound P. For the transect field
soils, both KCl and K2SO4 desorption solutions appear to have a similarly low P-removal
effectiveness. According to the Hedley sequential extraction, all three field transect soils
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appear to have a similar percentage of easily extractable P (DI + NaHNO3), at about 25%.
However, among the three transect field soils, EFT has the lowest DI-extractable P (5%),
indicating the P from this location is slightly less labile. Additionally, among all four
transect soils, EFT had the highest percentage of P found in the digest (14%) during Hedley
sequential extraction, which suggests that this soil has more residual P than the soil from
the three other transect locations. This difference between EFT, CFT, and MFT may be due
to their locations within the field; for example, EFT is located at the edge of the field site
and is therefore impacted more by leaching into the ditch; thus, more labile P is removed
from EFT than from the samples taken from the center portions of the field (CFT and MFT).
Considering the four transect soil samples, the lowest percentage of P removed during the
Mehlich III extraction in EFT is more evidence that EFT has higher residual P.

The desorption trends for both Na2SiO3 treatments appear to be similar for the three
field soils in the transect. Both desorption curves for Na2SiO3 are above the KCl and K2SO4
desorption curves for all soils, meaning that Na2SiO3 is more effective at desorbing P
than KCl and K2SO4. EFT had the lowest amount of P removed with Na2SiO3 among the
three field transect soils, with an equilibrium concentration of about 65 mg P kg−1 soil,
whereas CFT and MFT had approximately 80 and 110 mg P kg−1 soil removed, respectively
(Figure 3). Because CFT and MFT have more labile P than EFT, the lower amount of P
desorbed by the silicate solutions in EFT reflects that silicate may remove the labile P and
P associated with Fe oxides as inner-sphere complexes. Furthermore, the LCF indicates
high percentages of Fe-P for CFT, MFT, and EFT, at 21.6%, 27.3%, and 21.2%, respectively
(Table 3, Figure 5). These results are further evidence of chemisorbed Fe-P that may be
desorbed by silicate.

Conversely, the Ditch sample had a much different desorption trend compared to all
other soils in this study. According to the Hedley sequential extraction, the Ditch had the
greatest amount of soluble and labile P, which are accounted for with by DI + NaHCO3
extractions: over 40% of total P. The Ditch also had one of the lowest percentages of P
removed during the Hedley HCl extraction compared to the other soils, suggesting that
there is a lower amount of P in this soil associated with calcium phosphates (Figure 2). The
LCF of Ditch indicates 15.5% of the P species in this soil are Ca-P, which is mid-range among
the other soils in this study (Table 3). The kinetic desorption experiment also indicates
that the Ditch sample has a low amount of P as calcium phosphate because the HNO3
desorption solution was not very effective (Figure 3i). Interestingly, 1.0 mM K2SO4 was
the most effective desorption solution for the Ditch sample. This is evidence that sulfate
may effectively compete with and replace loosely held phosphate anions. The LCF of
Ditch indicates high oxide content, with Fe-P at 26.8% and Al-P at 47.1%, providing more
evidence that this soil is dominated by chemisorbed P (Table 3). It seems that there may be
some difference in selection for P removal, as the desorption curve for 1.0 mM K2SO4 is
much higher than that of both Na2SiO3 treatments, whereas in the CGAp soil with similar
Fe-P content, the desorption curves removed similar amounts of P. The key differences
between these two soils are in labile P (Hedley) and Po, with the LCF Po contribution higher
for Ditch, at 10.5% (Table 3).

4. Conclusions

The high amounts of P desorption from the MS sample support our first hypothesis
that soils with high initial P will release higher amounts of P using weak desorption agents.
The MS sample had the highest levels of P and illustrates the problems of legacy P in soils
of this region. Based on the Hedley extraction results and LCF of the bulk P XANES, the
presence of P bound to Ca was also identified as the primary species, which is in line
with our second hypothesis that Ca would be an important contributor to P speciation.
Poultry manure itself can be high in Ca-phosphate [41]. However, not all samples contained
high Ca-phosphate. Furthermore, Fe-/Al-oxides continue to play an important role in P
sorption. Lastly, the Ditch sample, which is exposed to more water fluctuations, also had
very different P speciation than the transect samples, which confirmed our third hypothesis
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that P species would vary in the Ditch. It appears that the frequent inundations in the
Ditch prevent the formation of tightly bound P species or recalcitrant P species. This could
perhaps be due to rapidly changing redox conditions in the Ditch. Further research on
this site is merited to better understand any potential temporal changes in P species with
water content.

The MS sample had the highest total P and the highest PSR and is dominated by
calcium phosphates. The CGAp soil had the lowest PSR and the highest residual P of all
the soils in this study. There were several differences in the solubility, availability, and bulk
speciation of P in the soils along the transect, for example, with the EFT sample adjacent to
the ditch having the least available P. The increased P desorbed from soils using sulfate or
silicate as desorbing solution indicates that P is likely less soluble, and ligand exchange
may be occurring during desorption. Importantly, a comparison of the different desorption
solutions indicates that in some cases, sulfate has stronger competition for phosphate
desorption than sodium silicate (e.g., CGAp, T2, and Ditch samples). Most notably, the soil
sample with the highest amount of labile P and P removed with sulfate was found in the
Ditch sample, which is a direct pathway to the Chesapeake Bay. The finding that the Ditch
sample had the most labile and highest amount of P removed with sulfate is significant
because this site is directly connected to a creek that feeds into the Chesapeake Bay.

The implications for the high amounts of labile P in the Ditch sediment are important
with respect to both legacy P loss into the environment and enhanced P loss due to climate
change. The problem with high-legacy-P soils is that many adsorption sites are occupied
by P, and therefore, they represent a significant source of P over time, even as the input of P
fertilizer stops. Additionally, because there is more P in the soil, more P is released to the soil
solution. This is particularly problematic for coastal soils, such as those on the Delmarva
Peninsula, where poultry production and land application of poultry waste has been a
common practice for decades. However, now that sea level rise is evident, particularly in
the mid-Atlantic, the risk [42] the risk of P release is even greater. As sea levels rise and
inundation of these soils with seawater containing sulfate continues, large initial losses of P
will likely occur. Therefore, future experiments should include several variables. Firstly,
higher concentrations of K2SO4 and Na2SiO3 should be used to further investigate the
potential role that high anion concentration will play in P desorption. Specifically, higher
levels of sulfate are important to investigate for their impact on P release with sea level rise.
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