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Abstract

The persistent environmental relevance of phosphorus (P) and P sorption capacity
(PSC) on P loss to surface waters has led to proposals for its inclusion in soil fertility
and environmental management programs. As fertility and environmental manage-
ment decisions are made on a routine basis, the use of laborious P sorption isotherms
to quantify PSC is not feasible. Alternatively, pedotransfer functions (pedoTFs) esti-
mate PSC from routinely assessed soil chemical properties. Our objective was to
examine the possibility of developing a suitable pedoTF for estimating PSC and to
evaluate subsequent PSC-based indices (P saturation ratio [PSR] and soil P stor-
age capacity [SPSC]) using data from an in-field laboratory where tile drain efflu-
ent is monitored daily. Phosphorus sorption capacity was well predicted by a pedoTF
derived from soil aluminum and organic matter (R”> = .60). Segmented-line relation-
ships between PSR and soluble P were observed in both desorption assays (R> = .69)
and drainflows (R? = .66) with apparent PSR thresholds in close agreement at 0.21 and
0.24, respectively. Negative SPSC values exhibited linear relationships with increas-
ing soluble P concentrations in both desorption assays and drainflows (R* = .52 and
R? = .53 respectively), whereas positive SPSC values were associated with low SP
concentrations. Therefore, PSC-based indices determined using pedoTFs could esti-
mate the potential for subsurface soluble P losses. Also, we determined that both index
thresholds coincided with the critical soil-test P level for agronomic P sufficiency
(22 mg kg~! Mehlich-3 P) suggesting that the agronomic threshold could serve as an

environmental P threshold.

Abbreviations: CEC, cation exchange capacity; DRP, dissolved reactive phosphorus; fDRP, annual flow-weighted dissolved reactive phosphorus; ICP,

inductively coupled plasma; OM, organic matter; PAC, Purdue Agricultural Center; PPAC, Pinney Purdue Agricultural Center; pedoTF, pedotransfer function;
PSC, phosphorus sorption capacity; PSCg, estimated phosphorus sorption capacity; PSI, phosphorus sorption index; PSR, phosphorus saturation ratio; SPSC,
soil phosphorus storage capacity; TPAC, Throckmorton Purdue Agricultural Center; WQFS, Water Quality Field Station; WSP, water-soluble phosphorus.
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1  INTRODUCTION

Over the last decade, persistent failure of intensive con-
servation programs to curb the eutrophication of fresh and
coastal waters has led to increased debate and scrutiny of
possible causes. One suggested cause is legacy phosphorus
(P) (i.e., P that is present from past land use activities or
after changes in land use and management; Jarvie et al.,
2013; Kleinman et al., 2011; Mulla, Birr, Kitchen, & David,
2008; Sharpley et al., 2013) In many watersheds, agricul-
tural land use is mainly responsible for these elevated P levels
(Sharpley, 2016). Historically, to increase agricultural pro-
duction, P fertility strategies were centered on the concept
of nutrient “quantity” (soil solid phase) and “intensity” (soil
solution phase) and sought to overcome limited diffusion of P
in soils through an intentional buildup of P quantity (Frossard,
Brossard, Hedley, & Metherell, 1995; Kleinman, 2017; Olsen
& Khasawneh, 1980). Breeuwsma and Silva (1992) postulated
that fertilizer management to increase solid-phase P eventu-
ally saturated P sorption sites, allowing more recently applied
P to remain in the soluble P phase, increasing its susceptibility
to leaching.

Although P leaching losses from agricultural soils were
originally thought to be negligible (Logan, Randall, &
Timmons, 1980), recent studies have established leaching
(especially in tile-drained fields with long-term, repeated
P applications) as a significant pathway for P loss to sur-
face waters (Gentry, David, Royer, Mitchell, & Starks, 2007;
Kinley, Gordon, Stratton, Patterson, & Hoyle, 2007; Sims,
Simard, & Joern, 1998). Subsurface tile drainage modifies soil
hydrologic regimes and increases infiltration but creates direct
conduits for transport of soil solutes to surface waters (King,
Williams, Macrae, et al., 2015). Also, in coarse-textured and
cracking clay soils, the presence of significant preferential
flow pathways exacerbates P loss through tile drains (Rad-
cliffe et al., 2015). In consequence, knowing a soil’s P sorp-
tion capacity (PSC) is crucial for the identification of poten-
tial, major P source areas.

Several measures of P sorption saturation have been devel-
oped and include the P saturation ratio (PSR) and the soil
P storage capacity (SPSC) (Nair & Harris, 2004, 2014;
Renneson et al., 2015; Wang et al., 2012). Phosphorus sat-
uration ratio indicates the potential of a soil to desorb P as
it is estimated as the fraction of PSC occupied by sorbed P
(i.e., P/PSC) (Beauchemin & Simard, 1999; Breeuwsma &
Silva, 1992). Alternately, as a metric of remaining PSC before
a soil crosses a P saturation threshold, SPSC directly estimates
the remaining capacity of a soil to retain additional P (sink
strength) (Nair & Harris, 2014). Information in Table 1 pro-
vides brief details on P measures and indices.

To derive these indicators, sorbed P and PSC need to be
determined. Recommended protocols for agronomic STPs
(Mehlich-3 STP, Bray-1 STP, Olsen STP, etc.) are well

Core Ideas

e Soil P sorption capacity (PSC) is important in esti-
mating soluble P loss.

o A simple method for estimating PSC could allow
for its routine determination.

e Soluble P loss increased once environmental index
thresholds were surpassed.

e Soil test P values are similar for environmental and
agronomic thresholds.

e Recommendations for P applications to soils
exceeding thresholds require updating.

correlated with total sorbed P in soils (Sims, Edwards,
Schoumans, & Simard, 2000) and have been used as approxi-
mations of sorbed P in environmental studies (Hooda et al.,
2000; Houben, Meunier, Pereira, & Sonnet, 2011; Nair,
Portier, Graetz, & Walker, 2004; Renneson et al., 2015). Olsen
and Watanabe (1957) suggested that PSC could be estimated
as the P sorption maximum (Q,,,,) determined from mul-
tipoint P sorption isotherm data fit to an empirical Lang-
muir model. Later, Bache and Williams (1971) proposed
the use of the P sorption index (PSI), a single-point sorp-
tion isotherm to estimate PSC based on its strong correla-
tions with Q.. (r = .974). A PSI determination involves
PSC estimation at one P concentration (corresponding to the
upper end of a multipoint isotherm) after a fixed equilibration
period (Bache & Williams, 1971). Numerous studies reported
similar, strong and significant correlations between Q. and
PSI determined as a single-point measure of PSC (Brock,
Ketterings, & Kleinman, 2007; Mozaffari & Sims, 1994;
Zhou & Li, 2001). However, since sorption isotherms are
uneconomical, the proposed alternative is to predict PSC
based on its relationships with soil physical and chemical
properties (Casson, Bennett, Nolan, Olson, & Ontkean, 2006;
Tisdale & Nelson, 1993). Previous research has estimated
PSC using proxies such as extractions of aluminum (Al) and
iron (Fe) alone or in combination from neutral and acidic
(pH < 8) soils (Kleinman & Sharpley, 2002; Maguire, Foy,
Bailey, & Sims, 2001; Nair et al., 2004; Renneson et al., 2015;
van der Zee & van Riemsdijk, 1988) or of calcium (Ca) either
alone or in combination with routine estimates of clay content
and magnesium (Mg) in alkaline soils (Kleinman & Sharpley,
2002). Borling, Otabbong, and Barberis (2001) and Maguire
et al. (2001) showed that pedotransfer functions (pedoTFs)
developed by treating the PSC proxies as separate variables
in linear regression models better defined their relationship
with directly measured PSC.

Regardless of the estimation method used during the deter-
mination of PSC-based indices, these indices have been
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TABLE 1 Brief descriptions of P measures (indices) examined in this study

Measure or index
(abbreviation)

Soil-test P (STP)

Dissolved reactive P
(DRP)

Water-soluble P
(WSP)

Phosphorus sorption
capacity (PSC)

Phosphorus sorption
index (PSI)

Phosphorus
saturation ratio
(PSR)

Degree of P
saturation (DPS)

Soil P storage
capacity (SPSC)

Intended purpose

Assessing soil P fertility for crop
growth and determining fertilizer
recommendations

Direct measures of soluble P in soil
solution and soil leachates

Predicting desorption of P from the
soil to runoff water.

Soil P fixation potential or total
quantity of sorbed P in a P
saturated soil.

A single-point sorption isotherm
approach to directly estimate PSC
where a fixed P concentration from
the upper end of the multipoint
isotherm is selected.

Estimate of P sorption saturation
intended to reflect a soil’s ability to
retain newly introduced P and/or
desorb solid-phase P

Purpose similar to PSR

Direct estimate of a soil’s capacity to
retain additional P (soil sink
strength)

Details

Routine extractions of labile P
approximating quantities in soil
expected to be available to a crop;
common extractants are Morgan,
Mehlich-1 and -3, Olsens, Bray,
etc.

Direct analysis of a water samples for
PO,*~—P~ after filtration through a
0.45-pm filter.

Extraction assessing solid-phase P
that may readily desorb as soil
solution P, and is removed by crop
uptake, leaching, etc.; distilled
water may be used as the
extracting solution.

Originally estimated as Q,,,,.
(sorption maximum) from
multipoint P sorption isotherm fit

with an empirical Langmuir model.

Estimated as the ratio of P added to
the log of P concentration
remaining in solution following a
fixed equilibration period (e.g., 18
h); close correlations between
Oonax and PSI have been observed.

Calculated as the fraction of PSC
occupied by sorbed P (P/PSC),
with sorbed P estimated by
common STP protocols, explored
for routine use with PSC estimated
(PSCygy,) from proxy variables;
e.g., when based on Mehlich-1
(M1) extraction,

PSR = M1P/(M1Al + M1Fe) or
Mehlich-3 and Equation 7.

Calculated like PSR but with a
scaling factor, a, applied to the
proxy measures of Al and Fe in the
determination of PSC. Also, unlike
PSR, it is expressed as a
percentage.

Requires identification of a threshold
PSR value (d,)) above which
soluble P starts to increase rapidly.
Estimated as the product of PSCp
and the difference between d, and
a soil-specific PSR (Equation 4).

Key reference(s)

Bray & Kurtz, 1945; Mehlich, 1953,
1984; Morgan, 1941; Olsen, Cole,
Watanabe, & Dean, 1954

Pote & Daniel, 2000

Bortolon et al., 2016; Davis et al.,

2005; Sharpley, McDowell, Weld,
& Kleinman, 2001

Olsen & Watanabe, 1957

Bache & Williams, 1971

Nair, 2014

Beauchemin & Simard, 1999;
Breeuwsma & Silva, 1992

Nair & Harris, 2014

used to define threshold values above (or below) which the
risk of soluble P loss from soil to water strongly increases
(Breeuwsma & Silva, 1992; McDowell, Sharpley, Kleinman,
& Gburek, 2001; Nair & Harris, 2014; Nair et al., 2004). How-
ever, few studies have evaluated the field-scale performance

of pedoI'Fs estimating PSC using data commonly available
from commercial laboratories. In intensively drained agri-
cultural regions such as the U.S. Midwest, there is a criti-
cal need for routine, economical indices to assess environ-
mental risks from historical fertilizer regimes and legacy P.
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Our objectives were (a) to examine the possibility of develop-
ing a suitable pedoTF for estimating PSC using readily avail-
able soil test data, and (b) to evaluate the applicability and
accuracy of laboratory-determined PSR and SPSC threshold
values in fields with subsurface tile drains.

2 | MATERIALS AND METHODS
2.1 | Laboratory study
2.1.1 | Soil selection and analysis

Archived soil samples (n = 154) were obtained from Purdue
Agricultural Centers (PACs) (Davis [DPAC], Pinney [PPAC],
Northeast [NEPAC], Southeast [SEPAC], Throckmorton
[TPAC], and the Water Quality Field Station [WQFS]). The
soils included 2016 and 2011 fall samples from the WQFS and
the PACs, respectively. These soils provide broad represen-
tation of cropland soil types in Indiana (Supplemental Table
S1).

The WQFS samples were obtained in the 0- to 20-cm
layer (increment used for Indiana recommendations; Vitosh,
Johnson, & Mengel, 1995). Other samples were obtained from
both the 0- to 10- and 10- to 20-cm layers as part of a nutri-
ent stratification study. Routine chemical characterizations of
samples were completed by A&L Great Lakes Soil Testing
Laboratory, Fort Wayne IN (https://algreatlakes.com/) where
P, potassium (K), magnesium (Mg), Ca, Al, and Fe were
extracted using the Mehlich-3 method (Mehlich, 1984) and
analyzed by inductively coupled plasma (ICP) spectrometry
(Vonderheide, Sadi, Sutton, Shann, & Caruso, 2007), cation
exchange capacity (CEC) was determined by summation of
exchangeable K, Mg, Ca, and neutralizable acidity (Warnecke
& Brown, 1998), 501l pH,y,(cr) Was determined by the McLean
(1982) procedure, and organic carbon (OC) was measured by
the Walkley — Black procedure (Walkley, 1947; Walkley &
Black, 1934) followed by percentage organic matter (OM)
determination (OM% = OC% X 1.72) (Combs & Nathan,
1998).

A representative subset of 73 samples was selected for
PSI determination. The PSI was determined following Bache
and Williams (1971) as described by Sims (2009). Filtrate P
concentrations were analyzed colorimetricaly by the Murphy
and Riley (1962) procedure using a SEAL AQ?2 autoanalyzer,
Method EPA-118-A Rev.5 (SEAL Analytical, 2004). The PSI
was calculated as

PSI (Lkg™!) = logx(c) )

where x is the amount (mg kg~!) of added P adsorbed in the
soil sample and c is the P concentration (mg L™!) in the fil-
tered equilibrium solution.

Water-soluble P (WSP) was determined in all 154 soils as
described for PSI and following the method of Self-Davis,
Moore, and Joern (2009).

2.1.2 | Data analysis

In order to estimate PSC (PSCgy) as a function of rou-
tinely measured proxy variables, principle component analy-
sis (Webster, 2001) was used to evaluate correlations between
soil PSI (Equation 1) and corresponding soil chemical prop-
erties (OM, STP, K, Mg, Ca, pH, CEC, Fe, and Al) of the
73-sample subset. A correlation matrix was used to eliminate
the effects of different measurement units (James & McCul-
loch, 1990). Chemical properties closely correlated with PSI
(r > .50) were selected as possible predictor variables. Step-
wise regression analysis was conducted with PSI as the depen-
dent variable and the selected chemical properties as indepen-
dent variables. Variables that did not contribute significantly
(p > .05) to model fit were eliminated. Least squares regres-
sion was used to build a pedoTF from selected independent
variables (Neter, Kutner, Wasserman, & Nachtsheim, 1996).
The fitness of the pedoTF was measured by the model’s coef-
ficient of determination. Once the pedoTF predicting PSCgy;
was determined, the first of the PSC-based indices, the soil-
specific PSR, was calculated directly as

2

with PSCp, individually calculated for all 154 soils using the
pedoTF equation applied to a given soil’s chemical proper-
ties. Shapiro—Wilk test (Thode, 2002), was used to test for
normality. Prior to the determination of PSCgg,, all data were
log transformed to conform to normality.

Pearson’s correlation coefficient was calculated to analyze
the relationship between PSR and WSP. To estimate the sec-
ond PSC-based index, the SPSC, the threshold PSR value or
threshold above which corresponding WSP starts to increase
markedly needed to be identified. This relationship was mod-
eled by a segmented-line model (Equation 3) that describes
the relationship between two lines whose slopes on either side
of the threshold are significantly different (P < .05):

_ Jayg+byPSR, PSR < d,
WP = {al + b,PSR, PSR > d,, )
where a( and a, are intercepts and b, and b, are slopes for the
two segments, and d,, is the PSR value at the threshold. The
d, in the fitted model was directly estimated based on the data
points (detailed description in the supplemental materials).
Once d,, was estimated, all other parameters (a, a;, by, and
b,) were estimated using nonlinear least squares. The slope to
the left of the threshold (b)) is estimated as a function of d,,
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and other model parameters (a, a,, and b;) to ensure that the
two lines are joined at d; (Equation 4):

(a1 — ap) +bydy
by = @)
0
A soil’s SPSC was then calculated using d, with soil-
specific PSCg and PSR (Equation 2) as

SPSC = (dy— PSR) PSCgy )

and Pearson’s correlation coefficient was calculated to ana-
lyze the relationship between SPSC and WSP. Soil SPSC val-
ues range from positive values to negative values. However,
unlike positive SPSC values, there exists strong, significant
linear relationships between negative SPSC values and solu-
ble P concentrations; thus, an SPSC value of 0 represents a
potential threshold value below which soluble P concentra-
tion rapidly increases in soil solution (Nair & Harris, 2004).
Therefore, to characterize the incremental risk to water qual-
ity once soils are P saturated, linear regression was used to
model the relationship between SPSC (independent variable)
and WSP (dependent variable) for SPSC < 0.

During the determination of PSR and SPSC, data were log
transformed to conform to normality, and Fisher information
matrix was used to estimate standard errors from which confi-
dence intervals were constructed. All statistical analyses were
performed in R 3.4.0. (R Core Team, 2017).

2.2 | Field study

2.2.1 | Experimental site, soil, and water
characterization

The WQFS was the only site equipped for direct monitoring
of tile drainage waters, creating a unique opportunity to inves-
tigate soluble P loss from long-term, artificially drained agri-
cultural soils that have received either no P or regular addi-
tions of inorganic or manure P. Forty-eight treatment plots
were monitored continuously with data loggers for drainflow
volumes; 24-h flow-proportional drainage samples were col-
lected whenever drainflow occurred. Soil samples (0-20 cm)
were collected from each plot every fall at the start of each
hydrologic year. Water samples were filtered and analyzed
for dissolved reactive P (DRP), the orthophosphate fraction
that passes through a 0.45-pm filter (Pote & Daniel, 2000),
after Murphy and Riley (1962). Chemical characterizations
of soil samples were conducted by a commercial laboratory
as described for the laboratory study. All data are archived
in the Purdue University Research Repository. A full descrip-
tion of the WQFS facility, equipment, cropping systems, tile
drainage water sampling, and routine analytical protocols is
presented in the supplemental material. All treatments were

considered in this study for the 2011-2013 water years (e.g.,
1 Oct. 2010-30 Sept. 2011 for water year 2011; note: WQFS
soils used in the laboratory study were from 2016).

2.2.2 | Data analysis

Archived flow and DRP data were reviewed and rectified for
drainage tile and data logger malfunctions (flow) and val-
ues below detection limits (DRP). Outliers were identified
and removed, and occasional missing values were estimated
(cleaning, rectification, and gap filling methodologies pre-
sented in the supplemental materials).

Annual flow-weighted DRP concentrations (fDRP) were
calculated as follows:

365
T (DRP; x V))

365
Z]:]I/]

fDRP =

(6)

where DRP; (j = 1, 2, ..., 365 or 366 in a leap year) repre-
sents the DRP concentrations of tile drainage water collected
on days with flow and V] G=1,2,...,365 or 366 in a leap
year) represents the volume of flow recorded daily. To test the
applicability and accuracy of the laboratory-derived pedoTF
and PSR threshold, the relationship between fDRP and PSR
was modeled by a segmented-line model as follows:

ag; + byPSR, PSR < dj,

7
aj;+ by PSR, PSR > dj ™

fDRP = {

where ay; and a;; are intercepts and by and b, are slopes for
the two segments, and djy is the PSR value at which the linear
relationship changes.

Linear regression was used to characterize the relationship
between SPSC (independent variable) and fDRP (dependent
variable) when SPSC values < 0, as described above for the
relationship between SPSC and WSP in the laboratory study.
All statistical analyses were done in R 3.4.0. (R Core Team,
2017).

3 | RESULTS AND DISCUSSION
3.1 | Laboratory study
3.1.1 | Soil characteristics

Mehlich-3 STP ranged from 1 to 104 mg kg~ with a mean
and median of 44 and 38 mg kg~! respectively. Regionally,
commercial P fertilizer is not recommended when STP
is >50 mg P kg‘] (Indiana NRCS FOTG, 2013; Vitosh et al.,
1995) for soils extracted with either Bray P1 or Mehlich-3 and
P measured colorimetricaly. Our studies measured P with ICP
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spectrometry; the Mehlich-3 ICP value for the upper threshold
for fertilizer applications is ~60 mg P kg~! (Mallarino, 2003).
Therefore, the presence of soils with STP >60 mg P kg~ sug-
gests these soils provide a suitable range of STP to study both
environmental P threshold values and potential risks of histor-
ical agronomic recommendations that predate current water
quality concerns. The soils were generally slightly acidic, sat-
urated with abundant quantities of basic cations (Ca?t, Mg2+,
and K*) and with OM values < 6%, as is typical of Mollisols
and Alfisols that originally supported grasslands or forests
(IDEM 2007). The calculated PSI ranged between 419 and
598 L Pkg~! (full analytical results, Supplemental Table S5).

3.1.2 | Relationship among variables

Significant correlations with r > .5 were observed between
PSI and OM, Mg, Ca, CEC, and Al (Table 2), which is
consistent with other studies (Borling et al., 2001; Indiati
& Diana, 2004; Kleinman & Sharpley, 2002; Kleinman,
Bryant, & Reid, 1999; Maguire et al., 2001; Nair et al.,
2004; Renneson et al., 2015; Zhang et al., 2005). Although
we hypothesized that there would be a relationship between
PSI and Fe, their association was not significant. Some stud-
ies have reported similar nonsignificant results (Brock et al.,
2007; Sato, Solomon, Hyland, Ketterings, & Lehmann, 2005).
These studies postulated that changing P chemistry (shift
from acidic to alkaline) within soils due to long-term manure
ammendments caused the lack of Fe significance in P sorp-
tion. One possible cause of this P chemistry shift is OM con-
tent whose effects on P sorption are documented as vari-
able. For example, Bhatti, Comerford, and Johnston (1998)
and Kang, Hesterberg, and Osmond (2009) reported that
OM decreases PSC (study OM values: 0.3-2.3% and >4.9%
respectively), whereas Ohno, Hoskins, and Erich (2007)

found that it increases PSC (1.8-18.1% OM) and Borggaard,
Jgrgensen, Mgberg, and Raben-Lange (1990) found that it
had no effect on PSC (0.16-3.4% OM). When it affects PSC,
OM outcompetes P for adsorption, complexing metal oxides
and inhibiting adsorption sites or by forming metal-OM com-
plexes with reactive sites for P adsorption (Jiao, Whalen, &
Hendershot, 2007; Kang et al., 2009; Weng, Van Riemsdijk,
& Hiemstra, 2012). In our study, the OM range was 0.9-6.1%,
and the low Fe concentrations compared with Al concentra-
tions may have made adsorption sites on Fe oxides more sus-
ceptible to OM inhibition effects (Supplemental Table S5).
The pH,,,, exhibited a significant negative correlation with
PSI (r = —.16, P < .05). This suggests that an increase in
pH would reduce PSC of the soils as observed in previous
PSC studies in acidic to near-neutral soils (Houben et al.,
2011; Maguire et al., 2001). Finally, no sigificant relation-
ship existed between Mehlich-3 P and PSI (Table 2), which
was consistent with previous studies (Laboski & Lamb, 2004;
Wang, O’Halloran, Zhang, Hu, & Tan, 2015).This observa-
tion is understandable considering a soil’s PSC is generally
linked to exchangeable Fe, Al, and Ca concentrations, OM
content, soil pH, clay content, and clay mineralogy (Laboski
& Lamb, 2004; Renneson et al., 2015; Wang et al., 2015).

3.1.3 | Sorption pedotransfer function

The presence of correlations among predictor variables was
evident between OM, CEC, and associated cations (K, Mg,
and Ca) (Table 2). However, orthogonal transformation by
principle component analysis (Johffe, 1986) converted them
into linearly uncorrelated variables allowing for the anal-
ysis of direct relationships between soil variables and PSI
(Supplemental Figure S3). Phosphorus sorption index plot-
ted close to K, OM, Mg, Ca, CEC, and Al (Supplemental

TABLE 2 Pearson’s correlation coefficients of P sorption index (PSI) and soil properties of 73 archived soils samples used in the P sorption

study

Variable® PSI OM P K
PSI 1.00
OM 0.57* 1.00
P -0.17 —-0.23* 1.00

0.43* 0.77 0.05 1.00
Mg 0.53* 0.89* —-0.32* 0.75*
Ca 0.54* 0.95* —0.33* 0.76*
pH —-0.16* —-0.03 —-0.08 0.08
CEC 0.59* 0.93* —0.36* 0.75*
Fe —-0.19 0.07 0.49* 0.10
Al 0.60* 0.57* —-0.15 0.60*

Mg Ca pH CEC Fe Al
1.00
0.96* 1.00
—0.08 0.01 1.00
0.94* 0.96* —0.04 1.00
0.02 0.05 —-0.14* 0.00 1.00
0.49* 0.51* 0.07* 0.63 —0.28%* 1.00

2Variable abbreviations and units: PSI, P sorption index (L kg~!); OM, organic matter (%); P, Mehlich-3 P (mg kg™!); K, Mehlich-3 K (mg kg~!); Mg, Mehlich-3 Mg (mg
kg™!); Ca, Mehlich-3 Ca (mg kg™'); CEC, cation exchange capacity (cmol, kg™'); Fe, Mehlich-3 Fe (mg kg™'); Al, Mehlich-3 Al (mg kg™").

*Significant relationships at a .05 probability level.
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TABLE 3 Mean and SD for organic matter (OM), P and Al, P saturation ratio (PSR), and soil P storage capacity (SPSC) for archived soil

samples from the six experimental sites (n = 154%)

OM P
SiteP n Statistics % mg kg~!
DPAC 12 Mean 3.13 42.75
SD 0.50 26.80
NEPAC 19 Mean 222 61.95
SD 0.37 24.20
PPAC 17 Mean 1.74 64.47
SD 0.21 14.96
SEPAC 16 Mean 2.86 29.00
SD 1.40 17.59
TPAC 42 Mean 3.16 11.23
SD 0.99 7.41
WQFS 48 Mean 4.76 29.30
SD 0.70 21.32

Al SPSC* WSP¢
mg kg~! PSR¢ Lkg! mg L~!
642.42 0.26 —33.20 0.10
70.68 0.04 24.24 0.05
723.00 0.30 -56.79 0.17
78.01 0.03 18.73 0.09
651.18 0.31 —64.33 0.11
33.75 0.02 12.47 0.04
629.13 0.23 —8.46 0.08
236.03 0.09 56.50 0.08
843.72 0.15 3941 0.01
180.85 0.06 44.59 0.01
787.30 0.22 -5.99 0.05
55.57 0.05 31.37 0.06

2Previously reported OM, P, and Al values for the 73 soils used in the P sorption study (Supplemental Table S5) are included here.
bSite abbreviations DPAC, NEPAC, PPAC, SEPAC, TPAC, and WQFS are for the Davis Purdue Agricultural Center (PAC), Northeast PAC, Pinney PAC, Southeast PAC,

Throckmorton PAC, and the Water Quality Field Station, respectively.

“Phosphorus saturation ratio (PSR) and soil P storage capacity (SPSC) are estimated by Equations 2 and 3, respectively; water-soluble P (WSP) is determined after

Self-Davis et al. (2009).

Figure S3), confirming the existence of direct relationships
between PSI and these variables. Stepwise regression identi-
fied OM and Al as important independent variables with a best
fit pedoTF model that accounted for 60% of PSCg,, variation
as follows:

PSCpy = 0.1 AI"™ + 12.5 OM** + 393.8"*  (8)

with standard errors for Al and OM of 0.03 and 2.87, respec-
tively. Both predictor variables (Al and OM) were highly sig-
nificant (P < .001). However, we note that the selection and
larger weighting of OM during stepwise regression may be
driven by its possible role as a dominant factor in CEC lev-
els in the soils studied. Also, most of the treatments included
in this study were under tilled corn (Zea mays L.)-soybean
[Glycine max (L.) Merr.] rotations with residue return, which
could mean that management is the actual driver of PSC and
OM is the measured covariable.

3.1.4 | Phosphorus release from soils

The PSR (Equation 2) ranged between 0 and 0.34, with low-
est and highest values in soils from TPAC and PPAC, respec-
tively (Table 3). The SPSC (Equation 3) ranged between —85
and 207 L kg~!, and means ranged from —56.79 to 39.41 L
kg~! with the most negative values, indicative of exceeded P
storage capacity, observed on soils receiving either occasional
inorganic fertilizer P applications or annual manure applica-
tions (treatment-specific data not shown).

The WSP ranged from 0 to 0.31 mg L~! and had strong
and significant correlations with PSR (r = .66, P < .001)
and SPSC (r = —.67, P < .001), similar to observations in
other studies (Bortolon et al., 2016; Chakraborty, Nair, Harris,
& Rhue, 2012; Nair et al., 2004; Wang, Zhang, O’Halloran,
Tan, & Hu, 2016). Relationship thresholds were observed
when the PSC-based indices were plotted against WSP
values. Once solid-phase P saturation has occurred, more sol-
uble P remains in solution, leading to a rapid increase in solu-
ble P (Breeuwsma & Silva, 1992). The segmented line model
(Equation 3) related desorbed WSP to PSR with an R? of .69
(P <.001) (Figure 1a). The model identified a threshold PSR
(dy) of 0.21, below which there was very little P desorption,
and above which the concentration of WSP increased 1.3 mg
PL-! for every unit increase in PSR (Figure 1a). The ratio of
the slopes of the two segments of the model (b,/b) suggests
that after d,), solid-phase saturation, there is a 16-fold greater
risk of solid-phase P release into the soil solution.

To test the robustness of d, the segmented line model
was iteratively fit to six subsets of the data, each with
one experimental site removed. The PSR thresholds from
analyses of the remaining five sites ranged from a d, of
0.19 to 0.23 (WQFS and PPAC data removed, respectively);
similar R”> values were observed for all analyses (Supple-
mental Table S6). Thus, d, identified using all sites (0.21;
95% confidence limits: 0.19-0.23) appears generally suit-
able for predicting P loss from various surface soils. Find-
ings supporting the use of a single d;, PSR across a range of
soils were reported by Dari et al. (2018), who observed that
based on the confidence intervals of the thresholds determined
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FIGURE 1 Relationship between (a) P saturation ratio (PSR) and water-soluble P (WSP) of archived soil samples (<20-cm depth) obtained
from the Purdue Agricultural Centers at Davies (DPAC), Pinney (PPAC), Northeast (NEPAC), Southeast (SEPAC), Throckmorton (TPAC), and the
Water Quality Field Station (WQFS) (n = 152). Parameter estimates (with standard errors in parentheses) and R” values for the fitted segmented line

models (*** significant at the .001 probability level), (b) P saturation ratio (PSR) and annual flow-weighted dissolved reactive P (fDRP) for soil

samples (20-cm depth) from the WQFS plots (n = 119). Parameter estimates (with standard errors in parentheses) and R? values for the fitted

segmented line models (*** significant at the .001 probability level)

for the soils analyzed (i.e., Alfisols, Entisols, Ultisols, Spo-
dosols, and Inceptisols), d,, values were essentially similar;
therefore, a threshold PSR of 0.1 was applicable. Accord-
ing to the authors, consistent threshold PSR values were
observed because the soils had similar P dynamics (i.e., acidic
soils), and a similar soil-test extractant (i.e. Mehlich-1 or
Mehlich-3) was used.

Previous work by Provin (1996) on similar soils in Indi-
ana reported the threshold PSR as 0.23. In their laboratory
study, P and PSC proxies (Al and Fe) used in PSR determi-
nation were extracted by the oxalate method (McKeague &
Day, 1966). Provin’s threshold is within the 95% confidence
limit of our d, value (0.19-0.23). However, WSP values cor-
responding to d,, in the two studies vary: 0.10 mg WSP L~!
(Provin, 1996) and 0.21 mg WSP L~! (current study). Koop-
mans, McDowell, Chardon, Oenema, and Dolfing (2002) and
Fuhrman, Zhang, Schroder, Davis, and Payton (2005) suggest
that these differences in WSP concentrations may reflect dif-
ferences in soil: extractant ratios, extraction times, and elec-
trolytes present. Provin (1996) determined WSP by extracting
soil with 0.01 M CaCl,-2H,0 (1:25 mixture, shaken for 24 h
at 1,200 rpm), whereas we extracted soil with distilled water.
Nevertheless, both WSP values at d;, exceeded the 0.05 mg P
L~! guideline established by the USEPA as the upper limit of
DRP concentrations suggested for protection of streams and
lakes (USEPA, 2017).

Likewise, our analysis of WSP as a function of SPSC
was generally in keeping with recent work. In previous stud-
ies, negative SPSC values were associated with significant
increases in soluble P release from soils (Andres & Sims,
2013; Chakraborty et al., 2012; Nair & Harris, 2014; Oladeji,

O’Connor, Sartain, & Nair, 2007). Similarly, in our study,
negative SPSC values were associated with a significant lin-
ear increase in WSP loss (R?> = 0.52) (Figure 2a). Sites with
no recent history of P management (i.e., TPAC [Table 2]) had
positive SPSC values with minimum P release to soil solution,
a result consistently observed in prior work (Andres & Sims,
2013; Nair & Harris, 2004, 2014; Olade;ji et al., 2007). Due
to the rapid rate of change between negative SPSC and WSP
compared with positive SPSC, zero SPSC has been suggested
as an environmental threshold (Nair & Harris, 2004); our
results support using a SPSC threshold value close or equal
to zero, as no significant linear relationship existed between
WSP values <0.01 and SPSC.

3.2 | Field study
3.2.1 | Soil characteristics

A wide range of STP values (8—104 mg kg~!) were observed
at the WQFS (analytical results by treatment plot, Supplemen-
tal Table S7). There were P-deficient soils where a response
to P fertilizer would be expected in many crops (STP < 22 mg
kg™! [critical STP level]), soils with adequate P for crop
growth (STP = 22-60 mg kg~'), and soils with more than ade-
quate P for crop growth (STP > 60 mg kg~!) (values converted
from colormetric analytical thesholds [Vitosh et al., 1995]
to comparable ICP values after Pittman, Zhang, Schroder,
& Payton, 2005). The OM and Al values were 3—6% and
699-995 mg kg™, respectively. These P, Al, and OM values
resulted in PSR and SPSC values ranging from 0.15 to 0.32
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FIGURE 2 Relationship between (a) water-soluble P (WSP) and soil P storage capacity (SPSC) of archived soil samples (<20-cm depth)
obtained from the Purdue Agricultural Centers at Davies (DPAC), Pinney (PPAC), Northeast (NEPAC), Southeast (SEPAC), Throckmorton (TPAC),
and the Water Quality Field Station (WQFS) (n = 152). The dashed line indicates zero SPSC values (proposed threshold). (b) Annual flow-weighted
dissolved reactive P (fDRP) and soil P storage capacity (SPSC) for soil samples (20-cm depth) from the WQEFS plots (n = 119). The dashed line

indicates zero SPSC values (proposed threshold)

and —77.34 to 41.81 L kg~!, respectively, representing both
P-unsaturated and -saturated soils.

Plots with ICP STP values >22 mg P kg~! (equivalent to
the 15-mg P kg~! colorimetric value above which crops are
not expected to respond to fertilizer P) had PSR and SPSC
values above and below their respective index thresholds,
with a general trend for PSR values to be higher and SPSC
values to be most negative for continuous maize soils that
received spring and fall manure applications (Supplemental
Table S7). Previous studies also reported very high PSR val-
ues (Nair & Graetz, 2002) and very negative SPSC values
(Nair & Harris, 2004) on soils with manure histories and very
high STP levels. These index values above (PSR) or below
(SPSC) threshold values suggest that soils in these plots are
more prone to release DRP to drainage waters. Conversely,
plots with STP values at or below 22 mg P kg~! mostly
had P unsaturated soils (Supplemental Table S7). Finally,
against expectations, two Prairie soils from the WQFS had
negative SPSC values with STP values slightly above 22 mg
P kg~! despite a complete absence of P application in the
preceding 18+ yr.

Our field-scale findings relating PSR and SPSC to STP
suggest that 22 mg kg~!, the critical STP level for agro-
nomic P sufficiency, could also serve as an environmental
STP threshold, with DRP loss in subsurface drainage expected
to greatly increase once a soil’s STP surpasses 22 mg P kg™ .
As previously mentioned, current agronomic guides recom-
mend inorganic P fertilizer be applied until STP 60 mg kg~ ';
for organic fertilizers, applications are permitted until STP >
230 mg kg_1 (Indiana NRCS FOTG, 2013; ICP STP thresh-
old estimated from colorimetric values after Pittman et al.,
2005). These recommendations are intended to allow farmers
to maintain optimal conditions for crop growth and/or per-
mit disposal of manure but may have adverse consequences

for environmental quality. Indeed, relationships between agro-
nomic critical STP levels and soluble P losses at concentra-
tions greater than USEPA water quality guidelines have previ-
ously been documented. Duncan et al. (2017) found that Ohio
soils with STP values above the regionally recommended
agronomic critical STP (Vitosh et al., 1995) were more likely
to lose DRP at annual concentrations above the 0.05-mg PL~!
USEPA-mandated threshold (USEPA, 2017). Therefore, this
study further highlights the urgent need identified by Dun-
can et al. (2017) to reanalyze the agronomic recommendations
where the buildup or maintenance approach to fertilizer appli-
cations may turn soils into P sources, exacerbating DRP losses
to surface waters.

3.2.2 | Phosphorus loss

The DRP concentrations in tile discharge ranged from 0.00
to 2.18 mg L~!. A few concentrations were identified as
outliers (Supplemental Figure S5). The fDRP concentrations
from study plots ranged from 0 to 0.216 mg L~!, similar to
those observed in other studies in the region (0.08-0.16 mg
L1 King, Williams, & Fausey, 2015). Detailed descrip-
tions of precipitation, tile discharge, and drain efficiencies
during the study period are provided in the supplemental
materials.

The segmented line model between PSR and fDRP iden-
tified a threshold (dy) at 0.24 (R* = .66; 95% confidence
limits: 0.22-0.25) (Figure 1b), slightly higher than the d,
of 0.21 (95% confidence limits: 0.19-0.23) identified in the
laboratory study (Figure la). Additionally, the ratio of seg-
ment slopes (by¢/by;) was half that in the PSR vs. WSP
model (b;/by), 8 and 16, respectively. These differences in
the models could be due to differences in soil-to-extractant
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ratios, extraction times, and electrolytes present, consider-
ing the field study was in a natural system (Fuhrman et al.,
2005; Koopmans et al., 2002). Also, Nelson, Parsons, and
Mikkelsen (2005) suggested that absent data points at the
extremes might affect the slope after the threshold. In this
respect, our in-field study lacked data points between 0 and
0.14 PSR (Figure 1b).

The fDRP concentration at dy was 0.02 mg P L~!
(Figure 1b), well below USEPA’s 0.05-mg P L~! acceptable
limit (USEPA, 2017). However, 0.02 mg P L~! has been iden-
tified as the P concentration above which lake water eutroph-
ication is accelerated (Correll, 1999; Sharpley et al., 2003).
This fDRP concentration was 10 times lower than the proxy
WSP concentration observed at d, in the laboratory study
(0.21 mg P L~!, Figure 1a). Numerous laboratory studies
(Heckrath, Brookes, Poulton, & Goulding, 1995; Hesketh &
Brookes, 2000; Maguire & Sims, 2002; McDowell & Con-
drom, 1999; McDowell et al., 2001; Nair et al., 2004; Provin,
1996) have also reported WSP concentrations at PSR thresh-
olds that were often above the USEPA mandates on accept-
able soluble P concentrations, yet our study and others (e.g.,
Hesketh & Brookes, 2000; McDowell & Condrom, 1999;
McDowell et al., 2001) also consistently show that when P
indices are modeled with fDRP in drainage water, the DRP
concentrations at the PSR thresholds are often much lower
than in laboratory desorption assays. Interestingly, results pre-
sented in this study and elsewhere (Hesketh & Brookes, 2000;
McDowell & Condrom, 1999; McDowell et al., 2001) show
that the laboratory-determined PSR thresholds (d;) are in
close agreement with that identified in the field (d;). How-
ever, for PSR to be an efficient management tool, the soluble
P concentrations associated with dy; and d;, should also be
comparable. Therefore, further work is required to determine
the best laboratory WSP assay that mimics DRP in drainage.
We also note that other factors—varying rainfall intensities,
subsoil interactions, presence of both surface and subsurface
(matrix and preferential) flows, etc.—may affect the eventual
P concentrations in drainflow. Additionally, cumulative error
in water sample handling, analysis, and gap filling of flow
and concentration data contribute to overall uncertainty in
load and subsequent fDRP estimates (Harmel & Smith, 2007;
Harmel, Cooper, Slade, Haney, & Arnold, 2006).

Like the laboratory study (Figure 2a), soluble P represented
by fDRP increased linearly (R? = .53) with decreasing SPSC
values (Figure 2b). However, positive soil SPSC values were
associated with minimal fDRP release (fDRP < 0.009 mg
P L_l). Thus, SPSC of 0 was also identified as the thresh-
old SPSC value in the field study. The slope of the regres-
sion between SPSC and fDRP (i.e., —0.0017; 95% confidence
limits: —0.0021 to —0.0013; Figure 2b) was slightly lower
than the —0.0021 slope (95% confidence limits: —0.0026 to
—0.0016) between SPSC and WSP (Figure 2a). These slopes

were in close agreement, suggesting that SPSC could accu-
rately predict soluble P losses in tile drains.

4 | CONCLUSIONS

Soil PSC is clearly an important parameter to consider when
predicting soluble P concentrations in drainage waters. As
data used in its estimation are not readily available from soil
testing laboratories and national databases, its routine use in
P loss risk assessment is greatly limited. The pedotransfer
approach to estimate PSC using data from routine soil analysis
and the subsequent determination of PSC-based indices was
found suitable for midwestern U.S. soils and is recommended
for a simple and fast risk assessment of soluble P losses from
agricultural fields. Current P fertility strategies focused on
buildup and maintenance of STP provide for the conversion of
soils into P sources as shown in this study, where even soils
with STP levels considered optimal for crop growth were P
saturated. Implementation of PSC-based indices or the sug-
gested environmental STP threshold in soil fertility and envi-
ronmental management programs could help avoid future soil
P buildup to levels that increase the risk of soluble P losses.
Given the limited range of values examined, we recommend
exploring a wider range of soils to develop a robust pedoTF
for use in determining regional index thresholds that may be
adopted as a dual-purpose P management tool.
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