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Phosphorus fertilization, soil stratification,
and potential water quality impacts

D.R. Smith, C. Huang, and R.L. Haney

Abstract: Water quality experts have suggested that no-till induces phosphorus (P) stratifi-
cation, which may exacerbate soluble P (SP) runoft from agricultural fields, contributing to
eutrophication. Conservationists have been concerned about increased SP loading to Lake
Erie, which has been partially blamed on adoption of no-till and the concomitant P stratifi-
cation of no-till soils. This study was conducted to provide better insight into the potential
link between P stratification from no-till soils and P losses via runoft with the objective of
exploring P fertilization strategies on P stratification and P runoff from a corn (Zea mays
L.)—soybean (Glycine max L.) rotation. Plots were established with nine treatments, includ-
ing unfertilized, diammonium phosphate (DAP) applications, monoammonium phosphate
(MAP) applications, surface applied, injecting fertilizer or tilling fertilizer in, and the use of
cover crops. Fertilizer applications were made at 24.4 kg P ha™ (21.8 Ib P ac™) every other
year or at 9.6 kg P ha™ (8.7 Ib P ac™") every year. Disking, which was intended to minimize
P stratification, resulted in the greatest stratification, with significantly higher water SP and
Mehlich 3 P in the 0 to 5 cm (0 to 2 in) soil layer compared to the other treatments. There
were no differences in SP or total P (TP) runoff from rainfall simulations between fertilizer
source (MAP versus DAP) or fertilizer rate (annual versus biennial). The highest SP concen-
trations observed were from DAP applied to cover crops at the high application rate (24.4
kg P ha™' applied every other year). This may suggest cover crops are not the ideal prac-
tice to decrease SP losses from agricultural fields. Incorporation of fertilizer reduced SP but
increased erosion and could potentially increase TP loss. Injecting liquid fertilizer (polyphos-
phate [Poly]) at the time of planting resulted in lower SP and TP loads than surface applied
fertilizers. We encourage other researchers to confirm these results at the field-to-watershed
scale to ensure there are not unintended consequences of adopting this fertilization strategy.
Further, fertilizer dealers, crop consultants, and farmers should be encouraged to consider
liquid fertilizer applications as one option to minimize P losses.
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In the 1990s, Lake Erie was held up as
a success story for the Clean Water Act,
as the total phosphorus (TP) load had
declined below an 11,000 Mg (12,100
tn) loading target due in large part to P
reductions from point sources as well as
from nonpoint sources through improved
management of agricultural lands
(Richards and Baker 1993). However, in
recent years P losses from agricultural fields
in the Western Lake Erie Basin (WLEB)
have been identified as a primary contrib-
utor to resurgent harmful and nuisance algal
blooms (HNABs) in Lake Erie (Chaffin et
al. 2011). While there has not been any
significant change in TP loading since the

JOURNAL OF SOIL AND WATER CONSERVATION

mid-1990s, there has been an increase in sol-
uble P (SP) loading during this period (Joose
and Baker 2011).

This period coincides with “peak” adop-
tion of no-till in this watershed. Great efforts
were made to increase adoption of conser-
vation tillage, preferably no-till, to reduce
sediment losses to water bodies and thereby
induce a concomitant decrease in P loading.
Some water quality experts have suggested
that increases in SP loading that occurred
with simultaneous peak adoption of no-till
indicates a causal link between these two
events (Smith et al. 2015¢).

Indeed, no-till has been shown through
many studies to increase SP loading com-

pared to tilled fields (Gaynor and Findlay
1995; Zhao et al. 2001; Smith et al. 2015a).
Practices such as residue management (i.e.,
no-till and reduced tillage), buffer strips, and
cover crops have been suggested to reduce
P losses to water. However, analysis of these
practices have indicated that they are effec-
tive for reducing TP but not SP (Sharpley et
al. 2000). Cade-Menun et al. (2015) observed
stratification of orthophosphate and phytate
in no-till and tilled soils fertilized with poul-
try litter. The mechanism for P stratification
is likely two-fold: (1) the application of
largely immobile P fertilizers on the soil sur-
face that are not incorporated, and (2) surface
deposition of P that has been taken up from
lower soil profiles by crop residue without
incorporation (Scheiner and Lavado 1998).
Studies conducted in agricultural fields in
the WLEB have shown that no-till, as well
as other conservation practices intended
to reduce erosion (e.g., grassed waterways),
have been shown to increase SP loads (Smith
et al. 20152). In the WLEB, P stratification
resulting from no-till and other conservation
tillage practices is prevalent, and has been
identified as a potential contributor to the
return of HNABs in Lake Erie (Sharpley et
al. 2012; Smith et al. 2015c¢).

Between 1975 and 1995, no-till corn
(Zea mays L.) and soybean (Glycine max L.)
in the WLEB increased from 0% to 50% of
the WLEB, and the extent of continuous
no-till has essentially remained steady since
1995 (Richards et al. 2002). Fertilizer P use
decreased about 20% and manure P applica-
tions decreased about 25% during this same
period (Richards et al. 2002). Surplus P,
when calculating a mass balance in 1971, was
roughly 12 kg P ha™ (11 Ib P ac™'), which
decreased to 4.4 kg P ha™ (3.9 1b P ac™") by
1995 (Baker and Richards 2002).

Fertilizer recommendations were devel-
oped based on studies conducted at a time
when wholesale tillage was occurring.
Therefore, one would expect P fertilizers to
be incorporated into the plow-layer during
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tillage. Indeed, soil test fertilizer recommen-
dations are based on the “available” P in the
plow-layer (i.e., 0 to 20 c¢cm [8 in]| depth;
Vitosh et al. 1995). Currently, however, P
fertilizers are generally applied via surface
broadcast applications and very little con-
sideration is given to incorporating P into
the soil profile. Incorporation has long been
known to safeguard applied P from losses via
surface runoff (Sharpley et al. 1991; Smith
et al. 1991). The risk of P loss from surface
runoff’ processes when manures are applied
has been recognized (Mamo et al. 2005),
leading to recommendations to incorpo-
rate manures into the soil (Sharpley 2003).
Despite commercial fertilizers containing
greater concentrations of soluble P than
manures, this recommendation is not gen-
erally recognized for commercial P fertilizer
applications. Early work on the impact of
conservation tillage in agricultural soils led
to the conclusion that P stratification may
develop (Cruse et al. 1983). No-till induced
P stratification in cotton (Gossypium hirsu-
fum) has resulted in a recommendation to
update fertility recommendations for no-till
soils (Howard et al. 1999). Others have also
concluded that in highly P stratified soils, P
should be subsurface applied (Robbins and
Voss 1991; Schwab et al. 2006).

It is therefore important for conserva-
tionists and agronomists to understand the
potential role of no-till induced P stratifica-
tion on SP losses. Further, if these fields do
pose a potential risk, there is currently no
fertility management or conservation prac-
tice guidance to alleviate these potential risks.
Some agronomists and a few conservationists
in the WLEB have recommended targeted
tillage to reduce the potential impact of P
stratification in no-tilled soils to alleviate the
potential SP losses (Frankenberger 2012).
Other conservationists have promoted cover
crops as the most likely practice to alleviate
the SP loading to Lake Erie, while the USDA
Natural Resources Conservation Service
(NRCS) has invested heavily in cost-share
cover crops in the WLEB (Maxwell 2014).
Further, there is little guidance to farmers as
to the forms of P application or the timing of
P applications within the crop rotation that
may reduce P losses.

Potential practices to reduce P loss from
agricultural fields may include changing the
rate of fertilizer application, using other P
sources, incorporating P fertilizers, or using
cover crops. The objectives of this study were
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to assess the role of fertilizer management
on P stratification in soils and the resulting
impact on the potential for P loss via sur-
face runoft processes. Insofar as possible, the
concepts of fertilizer source, application tim-
ing, placement, and use of cover crops were
examined independently, while fertilizer
rates (i.e., applying smaller amounts every
year as opposed to applying enough for two
crops every other year) were used in coop-
eration with other treatments. In addition
to P runoft, ammonium-nitrogen (NH,-
N), nitrate-N (NO,-N), total Kjehldahl N
(TKN), and sediment losses in runoff were
analyzed to examine any potential water
quality tradeoffs resulting from the treat-
ments used in this study. This is the first study
to combine these treatments to assess the
influence these agronomic practices have on
soil P stratification and runoff water quality.

Materials and Methods

Plots for this study were established in 2012
at the Throckmorton Purdue Agricultural
Center near West Lafayette, Indiana. Plots
measured 9.1 X 18.2 m (30 X 60 ft), and
treatments were applied in a randomized
complete block design with four replica-
tions of each treatment. Prior to this study,
the area where the plots were located was a
bulk production area for corn and soybean in
rotation. Grassed alleys were used to divide
main plot areas.

The nine treatments used in this study are
listed in table 1. Briefly, treatments included
three commercial fertilizer P sources, two
application rates/timings (9.6 kg ha™ [8.7 Ib
ac™'] applied every year versus 24.4 kg ha™
[21.8 b ac™'] applied every other year), and
three application methods. Disking resulted
in soil disturbance to roughly 10 ¢cm (4 in)
deep. Knifed in fertilizer applications were
made 5 cm below and 5 c¢cm to the side (2
X 2 in) of the seed row. Nitrogen fertilizers
were applied to all plots, including the control,
which received no P fertilizer, at a rate of 202
kg N ha™' (180 Ib N ac™'). Phosphorus appli-
cations and incorporation/tillage (if any) were
conducted 24 hours prior to soil sampling.

One subplot with a 3% to 6% slope was
placed in each main plot to perform rainfall
simulations. Rainfall simulation subplots (2
X 1 m [6.6 X 3.3 ft]) were used each year
and marked with GPS coordinates. Subplots
for rainfall simulations were hydrologically
isolated from the surrounding soil using 15
cm (6 in) wide galvanized edging. The edg-

ing was installed 10 cm (4 in) deep into the
soil immediately after fertilizer treatments
were applied. Composited soil samples (six
to eight cores) were collected from the area
immediately around the subplots at 0 to 5 cm
(0 to 2 in) and 5 to 20 cm (2 to 8 in) depths
prior to the initiation of rainfall simulations.
Soils were dried, ground, and sieved to pass a
#10 sieve. Soils were extracted with deion-
ized water (Self-Davis and Moore 2000),
Mehlich 3 (Mehlich 1984), and H3A (Haney
Soil Test; Haney et al. 2010), followed by anal-
ysis of extracts with ICP-OES.The P sorption
ratio for soils was calculated from Mehlich 3
and H3A extractions as the molar ration of
P to aluminum (Al) plus iron (Fe) (Maguire
and Sims 2002). Phosphorus stratification was
calculated from each of the three extractions
as the P concentration in the surface soil layer
divided by the P concentration in the 5 to 20
cm (2 to 8 in) soil layer.

Deionized water was used for rainfall
simulations, which occurred at a rate of 70
mm h™' (2.8 in hr') based on National P
Runoff” Project (NPRP; SERA-17 2015),
with rainfall initiation occurring approxi-
mately 24 hours after fertilizer applications
were made. All rainfall simulations occurred
within a one week period in May, prior to
planting the crop. Simulated rainfall was
applied on each plot for a period sufficient
to produce 30 minutes of continuous runoft.
Discrete runoff samples were collected every
five minutes during the rainfall simulations.
In brief, runoff water was collected in a 500
mL (1.1 pt) bottle for one to two minutes,
with the water volume and collection period
recorded to subsequently determine the flow
rate for each period and sample. A 60 mL (2
0z) aliquot of each discrete runoft sample was
used in digestions for TKN and TP. A 20
mL (0.68 oz) aliquot from each discrete run-
off sample was filtered (0.45 pm; 0.000018
in) and acidified to pH < 2 for analysis of
soluble nutrients. Both aliquots were frozen
until analysis could be performed.

Soluble P, NO,-N, and NH,-N were ana-
lyzed using US Environmental Protection
Agency (USEPA) methods 365.2,353.1, and
350.1, respectively (USEPA 1983). USEPA
methods 351.2 and 365.4 were used for
TKN and TP after mercuric sulfate digestion
of an unfiltered sample. All analyses were
performed colorimetrically with a Konelab
Aqua 20 (EST Analytical, Medina, Ohio).

Nutrient loads used for statistical analysis
were the sum of both years. Nutrient loads
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Table 1

Fertilizer source, rate, timing, and placement for treatments used in this study.

Treatment Source Rate (kg ha™) Time Placement
1 Unfertilized 0.0

2 DAP 9.6 Annually Surface

3 DAP 24.4 Every other year Surface

4 MAP 9.6 Annually Surface

5 MAP 24.4 Every other year Surface

6 Poly 9.6 Annually Knifed in

7 DAP 24.4 Every other year Disked in
8 DAP + cover crop 9.6 Annually Surface

9 DAP + cover crop 24.4 Every other year Surface
Notes: DAP = diammonium phosphate. MAP = monoammonium phosphate. Poly = polyphosphate.

transported from the rainfall simulations
were calculated as the concentration of the
discrete samples collected multiplied by the
estimated runoft’ volume for each discrete
period. The flow weighted mean concentra-
tions (FWMC) were calculated as the sum of
the mass lost from each plot divided by the
sum of the volume of runoft water from both
rainfall simulations that occurred in 2013
and 2014. Data presented here represent
water quality from rainfall simulations for the
entire crop rotation. The decision was made
to combine data from the 2013 soybean year
with the data from the 2014 corn year. Thus,
the data are presented for the rotation, not
for individual crops. As the fertilizer treat-
ments are intended to fertilize for both crops
in the corn—soybean rotation, nutrient losses
from the complete rotation were deemed
more important than individual years.

Data were statistically analyzed using JMP
version 10.0.0 (SAS Institute, Cary, North
Carolina). Nutrient runoft data (loads and
concentrations) were lognormally distrib-
uted and were transformed accordingly prior
to statistical analysis and back-transformed
for presentation here. Analysis of variance
(ANOVA) was used for statistical analysis
and Student’s f-test was used to compare
means when ANOVA indicated a significant
treatment effect. In addition to the mean
separation, contrasts were made among
treatments to determine the treatment main
eftects. For all contrast comparisons except
rate, DAP applied to the surface at 9.6 and
24.4kgPha' (8.7 and 21.8 Ib P ac™!, respec-
tively) were used as the base comparison. For
the P source contrast comparisons, the DAP
treatments were compared to the MAP treat-
ments. The DAP treatments were compared
to the polyphosphate (Poly) and DAP disked
treatments for a placement contrast compar-
ison. The cover crop contrast compared the
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DAP surface applied to the DAP applied to
cover crops. MAP and DAP applied at 24.4
kg P ha™ were compared to MAP and DAP
applied at 9.6 kg P ha™' for the rate contrast.

Results and Discussion

Soil Test. The DAP treatment that was
disked resulted in the greatest WSP, M3P,
and H3A P at the 0 to 5 cm (0 to 2 in) layer
(table 2). WSP in the surface layer was sig-
nificantly higher from the Poly treatment
that was knifed in compared to the surface
applied MAP that was applied at the same
rate. The contrasts were significant for place-
ment, with greater WSP, M3P, and H3A P
in the surface layer for incorporated fertil-
izers. Additionally, the contrast comparison
showed significantly greater H3A P sorption
ratio (PSR) for the incorporated fertilizers
compared to surface applications in the 0 to
5 c¢m soil profile.

In the 5 to 20 ¢cm (2 to 8 in) layer, WSP
for the low rate of DAP applied to a cover
crop (1.55 mg P kg™ [1.55 ppm]) was sig-
nificantly greater than all other treatments
except the knifed in Poly treatment (1.35
mg kg'; table 2). There was no significant
difference for any of the contrast compari-
sons tested for the primary treatment main
effects (source, rate, placement, or cover
crop). H3A P at the 5 to 20 c¢m soil layer was
greater for the cover crop treatments than
the surface applied DAP treatments.

Phosphorus stratification for WSP was
significantly greater in the disked DAP
treatment than the other treatments (table
2). This is a critical result for conservation
practitioners, as tillage has been identified in
the region as a practice to target critical acres
with severe P stratification issues. Light till-
age, such as the disking practices represented
in this study, may exacerbate the P stratifica-
tion problem. More intense inversion tillage

practices (e.g., moldboard plow) may hypo-
thetically alleviate P stratification; however,
intensive management would be required to
protect the soil immediately after tillage.

There was a trend (p = 0.11) of slightly
more stratification in the high P rate (2.62)
compared to the low P rate (1.75; table 2).
WSP stratification was significantly greater
for treatments in which P was placed in the
subsurface compared to surface applied DAP
treatments. Similarly, H3A P stratification
tended to be greater (p = 0.058) from the
subsurface applied P compared to surface
applied P.

Stratification of P on a nearby farm was
observed for both the long-term native no-till
condition, as well as following vertical till-
age (Smith and Warnamuende-Pappas 2015).
Costa et al. (2010) observed stratification of P
near the surface in long-term (1990 to 2007)
plots in which tillage and no-till were pri-
mary treatments. Surface (0 to 5 cm [0 to 2
in]) P concentrations were markedly greater
in no-till soils with broadcast P applications
than tilled soils with the same fertilizer treat-
ment during the first 10 years of their study
(increase from about 20 mg kg™ [20 ppm)]
to about 28 mg kg [28 ppm]; Costa et al.
2010). Further, after 17 years in no-till soils
with banded P applications, elevated P con-
centrations were observed in the 0 to 5 cm
(0 to 2 in) and the 5 to 10 ¢m (2 to 4 in) soil
depths (Costa et al. 2010). In a study of tilling
no-till soils in Nebraska, the only treatment
that was shown to significantly decrease
surface soil P concentrations and minimize
P stratification was the moldboard plow
(Garcia et al. 2007). A corn—soybean rotation
that was tilled resulted in lower P concen-
trations in the O to 5 cm soil depth than the
no-till treatment, whereas there were greater
P concentrations in the 5 to 10 ¢cm soil depth
from the tilled soil than the no-till (Houx
et al. 2011). In a four-year study of band-
ing P fertilizers at 13 to 18 ¢cm (5 to 7 in)
below the surface, P stratification occurred
in tilled and no-tilled soils near the surface
(Mallarino and Borges 2006). Phosphorus
was stratified in all treatments in this study
(table 2), including the unfertilized control
plots, independent of the extractant used.
The greatest P concentrations were observed
in the surface layer, and thus the greatest
stratification occurred in the disked plots. It
is possible this occurred because the tillage
operation was not inversion tillage, such as
what was used in the studies that have min-
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Table 2
Soil phosphorus (P) response to fertilization treatments used to study the impact of fertilizer source, placement, rate, and the use of cover crops as
potential methods to minimize P loss from corn—soybean rotation.

0to5cm 5t0 20 cm P stratification

WSP M3P H3AP H3A WSsP M3P H3AP
Source Rate Placement (mgPkg?') (mgPkg?') (mgPkg?) M3PSR PSR (mgPkg?) (mgPkg') (mgPkg?) WSP M3P  H3AP
Unfertilized 0.0 2.20bc 26.2b 194 0.018 0.089 0.89¢c 20.4 12.7 2.47bc 1.58 1.56
DAP 9.6 Surface 2.21bc 26.6b 19.6 0.013 0.092 1.19bc 13.8 10.5 1.88bc 2.28 1.88
DAP 24.4  Surface 2.06bc 30.2b 211 0.012 0.094  1.10bc 13.9 10.0 1.89%bc 232 219
MAP 9.6 Surface 1.82¢c 31.1b 21.0 0.016 0.092 1.17bc 16.7 10.9 1.62c 231 1.93
MAP 24.4  Surface 3.20bc 27.3b 211 0.012 0.091 0.97c 13.8 9.7 335b 205 210
Poly 9.6 Knifed 3.88b 40.2b 26.5 0.026 0.153  1.35ab 26.7 12.0 2.89bc 149 220
DAP 24.4  Disked 6.02a 62.0a 389 0.014 0.123  1.09bc 16.0 119 537a 5.26  3.50
DAP 9.6  Cover crop 2.64bc 38.2b 239 0.021 0.104 1.55a 21.9 14.3 1.70c 1.86 1.69
DAP 24.4  Cover crop 1.96bc 26.3b 24.4 0.018 0.089 0.98¢c 19.6 12.5 2.0lbc 258  2.09
P ANOVA <0.010 <0.010 0.099 0.186 0.244 <0.010 0.226 0.077 <0.001 0.097 0.149
P contrast source 0.594 0.901 0.869 0.767 0.936 0.520 0.747 0.975 0.267 0.878 0.959
P contrast rate 0.383 0.987 0.856 0.560 0.972 0.204 0.736 0.491 0.113 0.889 0.569
P contrast placement <0.001 <0.001 <0.010 0.091  <0.050 0.495 0.092 0.152 <0.001 0.183 0.058
P contrast cover crop 0.812 0.161 0.385 0.104 0.849 0.281 0.118 <0.050 0.954 0.693 0.729
Notes: WSP = water soluble phosphorus. M3P = Mehlich-3 phosphorus. H3A P = Haney Soil Test phosphorus. M3PSR = Mehlich-3 phosphorus sorption
ratio. H3A PSR = Haney Soil Test phosphorus sorption ratio. DAP = diammonium phosphate. MAP = monoammonium phosphate. Poly = polyphosphate.
Values within a column followed by different letters are significantly different at p < 0.05.

imized P stratification (Garcia et al. 2007).
Further, since soil sampling occurred 24
hours after tillage, the increased P concentra-
tions at the surface were the result of organic
matter mineralization. Release of CO, is
often observed after tillage (Omonode et
al. 2007). Concomitant with mineralization
of organic matter would be the release of P
to the soil solution. In a study of P mineral-
ization over a 60 hour period, more carbon
(C) was incorporated into microbial biomass
than P, resulting in net mineralization of P
(Spohn and Kuzyakov 2013).

Cropping Systems Management and
Hydrology. There were no significant differ-
ences in the hydrology parameters measured
as a part of this study (table 3).Time to runoft
ranged from 420 to 868 seconds. Mean mea-
sured precipitation intensity was 67 mm h™'
(2.6 in hr"). Discharge from plots ranged from
19.3 to 34.5 L (5.1 to 9.1 gal), with an aver-
age across all treatments of 26.8 L (7.1 gal). As
with the other hydrology variables, there was
no significant difference for the discharge to
precipitation ratio between treatments.

Fertilizer Source and Runoff Water
Quality. MAP and DAP treatments sig-
nificantly loads
concentrations compared to the unfertilized
treatments (table 4). Contrasts indicated no
significant trend in SP loads or concentra-
tions when comparing MAP to DAP. There
was a trend (p < 0.15) for higher TP, NH,-

increased nutrient and
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N, and TKN loads from DAP than MAP.
For FWMC, there were no significant dif-
ferences between fertilizer sources in SP or
TP; however, TKN and NH,-N FWMC
were generally greater from DAP compared
to MAP.

Contrasts to compare the low rate of fer-
tilizer application and the high rate suggests
decreasing application rates alone would not
have any impact on runoff water quality
nor on the water quality of receiving waters
(table 4). With regard to surface applications,
the only significant differences between
rates was for MAP when comparing TP and
NH,-N FWMC. MAP applied at the high
rate resulted in TP and NH-N FWMC
concentrations (10.4 and 2.3 mg L") that
were twice those of MAP applied at the low
rate (5.7 and 1.2 mg L™).

It is not unexpected that there would
be little difference in P loss between MAP
and DAP since they are both >90% soluble.
One method to reduce P runoft might be
to use less SP sources, such as single super
phosphate (SSP). Others researchers have
found that the solubility of the P source had
a tremendous impact on SP loss (Hart et al.
2004). When P sources with varying P sol-
ubility were applied at 35 kg P ha' (31.2
Ib P ac™), SP loads were 0.01 to 0.75 kg
P ha (0.01 to 0.67 b P ac™') greater than
unfertilized plots, predominately due to the
solubility of the P fertilizer source (Nguyen

et al. 2002). Applying four times as much
commercial fertilizer to plots resulted in a 6.7
fold increase in P loss (Rechcigl et al. 1992).
No consistent trend was observed with fer-
tilizer rate in this study, potentially because
the range in rates was not great enough.

Fertilizer Placement and Runoff Water
Quality. Contrast comparison for nutrient
loads and FWM concentrations indicated
significant differences between treatments
and that there may be beneficial, or in some
instances detrimental water quality impacts
to incorporating P fertilizers (table 4).
Soluble P loads and FWM concentrations
were significantly lower from the knifed Poly
treatment and the disked DAP treatment
compared to the surface applied DAP treat-
ments. Total P was significantly lower (128
mg 0.005 oz) from knifed Poly compared to
surface applied DAP (456 to 555 mg [0.016
to 0.02 oz]) or DAP that had been disked
into the soil (654 mg [0.023 oz]). While
sediment loads were numerically the great-
est from the disked DAP treatment, this
comparison was not significant at p < 0.05.
However, this treatment did result in signifi-
cantly greater sediment concentrations than
the other treatments. Similarly, the disked
DAP treatment resulted in the greatest TKIN
load and FWMC.

No-till has often been shown to decrease
TP and sediment losses compared to tillage
(Andraski et al. 1985; Mclsaac et al. 1995;
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Table 3
Hydrologic response to fertilizer source, placement, rate, and cover crop treatments.
Runoff Intensity Discharge Discharge/
Source Rate Placement time (s) (mmh-?) (L) precipitation
Unfertilized 0.0 696 63.9 221 0.282
DAP 9.6 Surface 420 70.5 30.1 0.372
DAP 24.4 Surface 641 72.2 34.9 0.368
MAP 9.6 Surface 611 66.8 29.3 0.381
MAP 24.4 Surface 868 63.9 19.3 0.219
Poly 9.6 Knifed in 582 65.5 20.7 0.233
DAP 24.4 Disked in 779 62.8 345 0.395
DAP + CC 9.6 Surface 641 66.8 23.4 0.267
DAP + CC 24.4 Surface 426 724 26.5 0.318
P 0.3552 0.8757 0.7833 0.8899
Notes: DAP = diammonium phosphate. MAP = monoammonium phosphate. Poly = polyphosphate.
CC = cover crop.

Smith et al. 2015a). Previous studies also
found that no-till generally increased SP
losses compared to tillage. Sharpley (2003)
observed that after chisel plowing and estab-
lishing cover on the bare soil, there was a
90% decrease in SP and 47% decrease in TP
compared to untilled soil. Tillage decreased
SP without impacting particulate P com-
pared to no-till from cotton fields in Alabama
(Soileau et al. 1994). Incorporating chemical
fertilizers has been shown to decrease SP,
TP, and NH,-N losses compared to surface
broadcast applications (Pote et al. 2000).
Liquid fertilizers have been shown to
decrease nutrient losses compared to gran-
ular fertilizers. In a study where solid SSP or
liquid SSP was applied at the same rate, liquid
application reduced SP loss by 54% com-
pared to the dry granular fertilizer (Sharpley
and Syers 1983). As a follow-up to the cur-
rent study, Smith et al. (2016) observed that
surface applied Poly could reduce SP by 98%
compared to surface applied MAP or DAP.
Further, placing MAP 1 c¢cm (0.4 in) below
the surface resulted in a 98% decrease in SP
loss compared to surface applied MAP. There
was a 28% reduction in SP loads when com-
paring the subsurface application of Poly to
the surface Poly application, but this difter-
ence was not significant (Smith et al. 2016).
Results from the current study and others
may indicate that liquid fertilizers may pose a
lower risk of P loss to surface water than dry
fertilizers. Before this recommendation can
be fully supported, field studies that moni-
tor surface runoft and tile discharge from
fields should be used to confirm that there
is no negative impact on drainage water
quality. This is especially poignant, since the
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vast majority of soils in the WLEB are tile
drained (Smith et al. 2008, 2015b).

Fertilizers, Cover Crops, and Runoff
Water Quality. Soluble P loads from the
cover crop treatments were statistically sim-
ilar to that of the surface DAP applications
without cover crops (table 4). This is an
important finding for conservation in the
WLEB, as many believe that since cover
crops work so well at reducing N loss that
they will also result in decreased SP losses.
The statistical contrast comparisons for cover
crops suggested a trend of lower TP and
TKN loads compared to the standard surface
applications with no cover crops, but this was
not significant.

There was a significant increase in the SP
FWMC from the high P rate cover crop
treatment (6.9 mg L™') compared to the low
P rate cover crop treatment (3.4 mg L7;
table 4). However, neither of the cover crop
treatments could be statistically separated
by ANOVA or contrast tests from the sur-
face DAP applications without cover crops.
Further, there were no significant trends
among the cover crop treatments compared
to the surface DAP applications without
cover crops to result in a significant contrast
for any form of runoff P or sediment. The
contrast comparisons indicated a significant
increase in NH,-N from the cover crop
treatments relative to the DAP treatments.

Other studies have shown increased SP
loss when cover crops are used, potentially
due to senescence or cell lysis in cover crops.
Freeze-thaw cycles were shown to increase
SP from 0.1 to 10 mg L' and TP from 0.5
to 18 mg L' (Bechmann et al. 2005). Cover
crops are known to concentrate P in abo-
veground biomass prior to cell lysis (Ulen

1997). Radish (Raphanus sativus) cover crops
have been shown to concentrate surface soil
P within 3 cm (1.2 in) of the senesced rad-
ish plants (White and Weil 2011). Winter
cover has been shown to increase SP loads
more than 200% and TP 160% compared
to no winter cover (Liu et al. 2014). While
our data were inconclusive on the impact
of cover crops on P loss, they are consistent
with the literature in that cover crops do not
appear to be the solution to decrease P loss
to runoff, particularly in areas where soluble
P losses are the primary concern.

Relative Soluble Phosphorus and Total
Phosphorus Losses. Data from the 2014
rainfall simulations were used to compare
the relative amount of P lost to the amount
of P that was applied as fertilizer. Figure 1
shows the results of this when regressing the
SP/P applied to the TP/P applied ratios.
When fertilizers were surface applied, a
strong correlation occurred between these
two variables. Over the rotation in the cur-
rent study, there was 3,840 mg P (0.135 oz)
applied to plots with the low rate of P and
4,880 mg P (0.172 oz) applied to plots fertil-
ized at the high rate. The subsurface banded
Poly treatment only lost 0.8% of the P
applied (table 4).The remainder of the treat-
ments lost between 5.6% and 12% of the P
applied over the crop rotation during rainfall
simulations. Roughly 79% of the TP lost via
runoff from the surface applied treatments
was as SP (figure 1), while banding or incor-
porating fertilizer resulted in roughly 11% of
the TP lost in the soluble form. Based on
results from the current study, a follow-up
study was conducted to evaluate the role of
various P forms (including MAP and Poly)
that were applied at isophosphoric rates
(22.7 kg P ha™' [20.2 1b P ac™"]) either surface
broadcast or banded 1 c¢m (0.39 in) below
the surface (Smith et al. 2016) to runoft
boxes measuring 1 X 0.2 m (3.28 X 0.66 ft).
Rainfall simulations were conducted at 64
mm h™' (2.5 in hr'"). Between 17% and 19%
of surface applied dry fertilizers were lost as
soluble P in the follow-up study (Smith et
al. 2016). In that study, Poly that was sur-
face applied only lost 0.2% of the applied
P. In watersheds such as the WLEB, where
increased eutrophication has coincided with
increases in SP losses, it is imperative that
decision makers manage P fertilizers for both
TP and SP losses. While disking the fertilizer
in can reduce the SP, this cannot be done in
a no-till context, and the relative TP losses
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Table
Nutrien:'and sediment loads and concentrations in runoff from fertilization treatments used to study the impact of fertilizer source, placement, rate,
and the use of cover crops as potential methods to minimize phosphorus (P) loss from corn—soybean rotation.

Load Flow weighted mean concentration

TP NH,-N TKN Sediment SP TP NH,-N TKN Sediment

Source Rate Placement SP(mg) (mg) (mg) (mg) () (mglL?) (mgL? (mgL? (mglL?) (gL
Unfertilized 0.0 4.07d 95.7b 6.9d 252cd 192 0.079f  2.18c 0.14g 5.40cd  4.31b
DAP 9.6 Surface 328a 555a 171a 649b 202 4.68ab  7.89ab  2.44b 9.39bc  3.19b
DAP 24.4  Surface 238a 456a 112abc 494bc 155 3.83abc 7.37ab  1.81bcd  7.89bcd 2.58b
MAP 9.6 Surface 201ab 312a 62.2bc  281bcd 79.9 3.71bc  5.70b 1.15def 5.18d 1.54b
MAP 24.4  Surface 231ab 476a  103abc 357bcd 189 5.20ab  10.4a 2.28bc 7.86bcd  4.28b
Poly 9.6 Knifed 18.2¢ 128b  17.0d 210d 75.9 0.523ef 3.16¢ 0.495fg  5.23cd  1.87b
DAP 24.4 Disked 76.3b 654a 51.7c 1,740a 756 1.02de 8.46ab  0.67%efg 22.2a 9.76a
DAP 9.6 Covercrop 153ab 340a 87.0abc 275bcd 103 3.39bc  7.18ab 1.93bcd 5.78cd  2.15b
DAP 24.4 Covercrop 313a 425a  259a 466bcd 98.9 6.89a 9.27a 5.73a 10.2b 2.22b
P ANOVA <0.001 <0.01 <0.001 <0.01 0.107 <0.001 <0.001 <0.001 <0.01 <0.05
P contrast source 0.199 0.115 0.060 0.055 0.338 0.801 0.735 0.078 0.043 0.730
P contrast rate 0.440 0.511 0.947 0.902 0.441 0.775 0.188 0.353 0.471 0.228
P contrast placement <0.001 0.080 0.003 0.052 0.239 <0.001 0.027 <0.001 0.081 0.098
P contrast cover crop 0.413 0.147 0.385 0.144 0.233 0.840 0.705 0.044 0.733 0.704
Notes: SP = soluble phosphorus. TP = total phosphorus. NH,-N = ammonium. TKN = total Kjehldahl nitrogen. DAP = diammonium phosphate. MAP =
monoammonium phosphate. Poly = polyphosphate. Values within a column followed by different letters are significantly different at p < 0.05.

were greater from this treatment than the
knifed-in Poly treatment. Knifing Poly in at
planting may be the most effective method
to provide the emerging crop with P while
minimizing both TP and SP losses. Further
study should focus on whether banding dry
fertilizers (i.e., MAP or DAP) can effectively
decrease P loads. While tile drainage was
not a component of this study, we implore
future researchers to study systems where tile
drainage is monitored. Previous research in
the WLEB has shown that as much as 50%
of the P lost from fields occurs via tile drains.
While these studies suggested that this was
predominately occurring via a surface con-
nection, it may be premature to conclude
that knifing Poly in to decrease surface loads
would necessarily decrease all P losses from

fields in the WLEB.

Summary and Conclusions

We examined four potential strategies to
minimize P loss from a corn—soybean rota-
tion: (1) applying fertilizers annually versus
once during the rotation, (2) using alter-
nate P sources commercially available in
the region, (3) incorporating versus sur-
face applying fertilizers, and (4) using cover
crops to retain P. This is the first study to
evaluate all of the practices simultaneously,
which is critical to conservation manage-
ment in the WLEB, as these are some of the
primary practices that have been identified

Figure 1

Soluble phosphorus (P) lost relative to the amount of P applied as a function of the fraction of
the total P lost relative to the amount of P applied during the 2014 rainfall simulation studies.
The solid line represents treatments with surface applied P fertilizer while the dashed line
represents treatments where the fertilizer was incorporated.

0.25
=}
2
=
Q
N 0.20 1 y=-0.0012 + 0.790x
T r=0.88
)
»w o
= 0.15 +
o § =
L9
o <
2 € o010-
N Z
t S
2
] 0.05 y=0.0014 + 0.107x
< r’=0.71 _
3 & ——————"T 7T
N —6 —————
0.00 - ‘ ‘ \ \ \
0.00 0.05 0.10 0.15 0.20 0.25 0.30
2014 runoff total P lost +~ P applied
(dimensionless)

Legend

@ Disked in < Cover crop

V¥ Knifed in Surface

M Surface ——— Incorporated

SEPT/OCT 2017—VOL. 72, NO. 5

JOURNAL OF SOIL AND WATER CONSERVATION

Biosovs mmm vzx-uv (G)z. uoleAIBsUOD JoTe pUe |10S JO [eunor
"PAIEs. SIYB1 |V AR 100S LIOITeASSLI0D) JSTeM pUe [10S /102 @ WBLIAdoD


http://www.swcs.org

as the potential solutions for P stratification
and P runoft. Three years into this study,
none of the fertilization strategies apprecia-
bly diminished P stratification. While rainfall
simulation data are easily misinterpreted by
over-simplifying the results and upscaling
them to field or watershed scale estimates,
they can provide valuable side-by-side com-
parisons of the acute nutrient losses from
treatments. Cover crops did not decrease
SP loading in this study. While cover crops
are likely to solve some resource concerns,
results from this study combined with others
are inconclusive as to whether or not cover
crops will be an appropriate solution where
soluble P is a primary resource concern. Of
the practices investigated, incorporation of
fertilizer or subsurface injection of liquid P
fertilizer are the practices that had the lowest
SP loss. Incorporation of P fertilizers with
tillage will likely result in greater erosion
and TP losses, which must be taken into
account with the relevant resource con-
cerns by land managers and policy makers.
We encourage the fertilizer industry to give
strong consideration to use of alternative P
fertilizers that will reduce SP losses in sensi-
tive watersheds, such as the WLEB. Further,
before firm recommendations can be made,
other researchers are encouraged to perform
field-scale experiments on the use of liquid
fertilizers or less soluble fertilizers to ensure
they do not decrease surface runoft SP load-
ing while increasing SP discharge through
subsurface tile. With water quality in Lake
Erie now recognized as a public health issue,
it is vital that more studies such as this be
conducted to examine specific practices or
combinations of practices to limit P losses
from the landscape.
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