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ABSTRACT

This study evaluated the effects of different organic fertilization strategies on soil P
pools across two sites in Ohio. Treatments included two manure-amended sites, one
receiving dairy manure (Northwest) and the other receiving swine manure (Western),
with a history of a hog farm at the site. Soil samples were collected from the 0-20 cm
depth in summer 2024. Samples were analyzed for inorganic P pools using a
sequential extraction procedure. Phosphorus saturation (P-sat), determined using
acid ammonium oxalate extraction, remained below the environmental risk threshold
(11.8%) under dairy manure, while swine manure increased P-sat above the
threshold, indicating enhanced risk of P loss. Total phosphorus (TP), measured using
EPA 3051A acid digestion, varied with treatments. Swine manure increased TP by 3
to 4 times as compared to controls, whereas dairy manure showed no significant
effect on P pools. Inorganic P pool analysis revealed calcium (Ca-P) and iron-bound
P (Fe-P) as dominant fractions. The results underscore that manure type, rate, and
historical management could influence soil P dynamics differently. Understanding
these interactions is key to balancing agronomic and environmental goals in nutrient
management planning.

INTRODUCTION

Phosphorus (P) is vital for crop production, but also contributes to water quality
issues when it enters water bodies through leaching or runoff. In Ohio, runoff and
subsurface leaching of P from agricultural soils are major causes of nutrient
enrichment in Lake Erie (Watson et al., 2016). While manure applications can
improve soil fertility, repeated use may lead to P buildup and greater loss risk,
depending on the manure source and management history. Understanding how
different manure types affect soil P pools is essential for balancing productivity with
environmental protection. This study evaluated the effects of dairy and swine manure
on soil P distribution and P saturation across two field sites in Ohio to identify how
manure source and site history influence soil P dynamics.

MATERIALS AND METHODS

Soil samples were collected from two locations in Ohio, USA: Northwest (Hoytville;
41°12'46"N, 83°45'50"W) and Western (Clark County; 39°51'39"N, 83°40'45"W),
which had a history of hog farming. At the Northwest site, treatments included two
dairy manure applications: 8,000 gallons acre™! and 12,000 gallons acre™’, and a
control treatment receiving urea ammonium nitrate solution (UAN 28%) at 67 gallons
acre™. At the Western site, two primary treatments were imposed: swine manure
application and no-manure control. Each treatment was further subdivided into two
nitrogen (N) rate levels. Plots receiving swine manure were fertilized at high (200 Ib
N acre™) and medium (150 Ib N acre™) nitrogen rates, while no-manure plots
received high (200 Ib N acre™) and low (100 Ib N acre™) nitrogen rates. UAN 28%



served as the N source for all treatments. Treatments started in 2013 and 2023 at
Northwest and Western sites, respectively, with corn-soybean rotations.

Laboratory Analysis
Fractionation of inorganic soil phosphorus pools

Inorganic P sequential fractionation was performed according to Zhang & Kovar
(2002). The procedure identified five P fractions: (i) soluble or loosely bound P (Sol-
P), extracted with 1 mol L-1 NH,CI; (ii) Al-P associated with aluminum (hydr)oxide
surfaces, extracted using 0.5 mol L-1 NH,F; (iii) Fe-P associated with iron
(hydr)oxide surfaces, extracted with 0.1 mol L-1 NaOH; (iv) Reductant or occluded P
defined as P trapped within mineral matrices, extracted using a solution of 0.3 mol L-
1 sodium citrate, 1 mol L-1 sodium bicarbonate, and sodium dithionite, and (v) Ca-P,
extracted using 0.25 mol L-1 H,SO,. Between each extraction step, samples were
washed and centrifuged twice with saturated NaCl to remove residual P from the
previous fraction. The NaCl wash solutions were combined with their corresponding
extracts to ensure complete recovery of P associated with each phase. All extracts
were diluted 10 times using 3% HCI, except Sol-P, and analyzed for P using
inductively coupled plasma-atomic emission spectrometry (ICP-OES; Agilent
Technologies 700 Series, Santa Clara, CA, USA).

Oxalate Extractable Phosphorus

The soil samples were analyzed for oxalate phosphorus saturation (P-sat) as
outlined by McKeague and Day (1966). The samples were extracted with 0.2 M
ammonium oxalate solutions. The oxalate [(NH4)2C204] extractable fraction
identifies P adsorbed to amorphous, non-crystalline, or poorly ordered Al and Fe
oxides, unlike the inorganic P sequential fractionation method, which is assumed to
primarily extract P bound to crystalline Al (hydr)oxide surfaces (Bayley et al., 2008).
Following extraction, all solutions were centrifuged, decanted, diluted 10x using 3%
HCI, and analyzed for P using ICP-OES. Phosphorus saturation was calculated
using extractable P, Al, and Fe concentrations obtained from acid ammonium oxalate
extraction (Equation 1):

[Ox-P (mol)/ (Ox(Al(mol) + Fe(mol))] x100 = P-sat% (1)
Total phosphorus

Total phosphorus (TP) was determined using the microwave-assisted acid digestion
procedure outlined in U.S. EPA Method 3051A (U.S. EPA, 2007). In this procedure,
soils were digested using concentrated hydrochloric and nitric acids. The digestion
process was conducted under controlled temperature conditions of 175 °C using a
MARS 1600-watt microwave to complete the dissolution of phosphorus-bound
mineral and organic matrices. After digestion, the resulting extracts were diluted to
appropriate concentrations using deionized water. These liquid extracts containing
the released phosphorus were then analyzed for TP content using ICP-OES.

Statistical Analysis



Statistical analyses were performed using R version 4.4.2 (R Core Team, 2024).
Assumptions of parametric testing were evaluated using the Shapiro-Wilk test for
normality and Levene’s test for homogeneity of variance. When these assumptions
were violated, non-parametric Kruskal-Wallis tests were used. Significant treatment
effects were followed by pairwise Wilcoxon rank-sum tests, with adjusted p-values
using the Benjamini-Hochberg method.

RESULTS
Dairy manure

Dairy manure amendments did not affect TP concentrations. Despite the application
of 12,000 gal acre™ (D1) and 8,000 gal acre™ (D2) of dairy manure, TP remained
statistically similar to the inorganic fertilizer treatment of UAN 28% at 67 gal acre™
(D3), which received no manure-derived P. Mean TP concentrations in D1 (711.05
mg kg™') and D2 (710.20 mg kg™") were statistically similar (p > 0.05) to those in the
control treatment (D3; 741.50 mg kg™) (Figure 1A). Across all soil inorganic P pools,
dairy manure treatment effects were not statistically significant, suggesting that
manure inputs at the applied rates did not alter the distribution of soil P. Phosphorus
saturation levels ranged from 6.5% to 11.15% across all treatments (Figure 1B), with
all values remaining below the Ohio environmental threshold of 11.8%. This suggests
a low potential risk of P loss via runoff or leaching under the dairy manure
management evaluated in this study.

Swine Manure

Swine manure treatments resulted in significantly higher TP concentrations
compared to the no-manure control plots at Western (Figure 1C). Mean TP values
were 1161 mg kg™" and 1411 mg kg™" under swine manure with high and medium
nitrogen application, respectively, while no-manure plots averaged 370 mg kg™ (high
N) and 379 mg kg™ (low N). TP concentrations under swine manure treatments were
approximately 3 to 4 times greater than those under no-manure treatments.

Similarly, P-sat levels were elevated with swine manure. Phosphorus saturation
levels ranged from 16.64% up to 29.89% under both swine manure treatments; in
contrast, no-manure treatments remained below the Ohio environmental threshold,
ranging from 6.2% to 9.31% (Figure 1D).

Swine manure treatments significantly affected all soil P fractions (Figure 2). All P
fractions showed higher concentrations under swine manure treatments compared to
no-manure controls. The observed differences were primarily between the manure
treatments (swine vs. no manure), while nitrogen rate within each major treatment
had no significant effect.

DISCUSSION

The effects of dairy and swine manure on soil P dynamics were evaluated at two
sites that differed in soil type and management conditions. As these sites contrasted
in manure type, application history, rate, and intrinsic soil properties, the results were
interpreted within each site. Therefore, no direct statistical comparisons were made



between these two experiments or sites. Two different rates of dairy manure
compared with control manure plots did not affect any of the soil P pools. Among all
pools, Ca-P was the dominant fraction at the dairy manure site. As the dominant soil
series at NW was Hoytville clay soils, these soils commonly contain residual
limestone fragments that might create Ca-rich conditions within the 0-20 cm soil
depth, favoring Ca-P accumulation (USDA-NRCS, 2025a).

In swine manure-treated plots, TP concentrations were approximately 3 to 4 times
greater than those in control plots (Figure 1A). Moreover, P-sat percentages at the
swine site exceeded the Ohio environmental threshold, whereas values at the dairy
site remained below this limit (Figure 1B). The higher P content in swine treatments
could be from the legacy effect of swine manure, as the area was used for raising
hogs about 2 decades ago (J. Davlin, personal communication, 2025). The higher P
accumulation under swine manure can be attributed primarily to the larger
application rates used in the swine manure treatments and the inherently greater P
content of swine manure (Rayne & Aula, 2020). Li et al. (2014) reported that P
content in swine manure is approximately 4.4 times higher than in dairy manure. The
primary factor responsible for this difference in P content is how P is supplied in their
feed. In cereal grains, P occurs predominantly as phytic acid (Leytem et al., 2004),
and swine generally have lower phytase activity than cattle, thus limiting their ability
to hydrolyze phytic acid (Rayne & Aula, 2020). Thus, swine are often fed with
supplemental phytase to improve the breakdown of phytate and increase P
digestibility. Without adequate phytase, more phytate-bound P is excreted,
contributing to higher manure-P loads.

Excessive P buildup in soils receiving manure applications is also linked to the
inherently narrow nitrogen-to-phosphorus (N:P) ratio in manure compared with the
N:P ratio in crop demand. To meet crop N requirements, manure is often applied at
rates that far exceed the crop’s P needs, resulting in P accumulation over time
(Sharpley et al., 1993). Further, the timing of manure application might have
influenced these outcomes. Soil samples at the swine manure site were collected
roughly six months after the most recent application, whereas at the dairy manure
site, samples were collected nearly twelve months after application. According to
Kleinman and Sharpley (2003), P loss to runoff is greatest immediately after
application and declines over time as applied P becomes more stabilized in the soil,
suggesting that the shorter interval since application at the swine manure site could
have contributed to the elevated P saturation observed. Overall, these findings
highlight that manure type, nutrient composition, application rate, and timing interact
to shape soil P dynamics. Future work should compare swine and dairy manures
side by side at the same site, using matched application rates under both N-based
and P-based regimes to minimize site effects.



A Total Phosphorus by Fertilizer Treatment B Oxalate P Saturation by Fertilizer Treatment
800
il
~ =10 T S
iy 150 . Treatment £ Treatment
2 L Manure 5 anure
g a aliac E 9 IMa
o ° . 5 llac 2 8
= U 3
e 700 a
’ .
650 { o 7
Manure Manur UAN 28%
Manure Manure UAN 28%
12,000 gal/ac 8,000 gallac 67 gallac 12,000 galiac 8,000 gal/ac 67 gallac
Treatment Treatment
C Total Phosphorus D loxalate P Saturation by Manure Treatment and N levels
1600 20
E 2
__ 1200
2 g8
= N Manure Treatment 5 20 Manure Treatment
f E3 NoManure 3 E3 No Manure
Swi 2 wine
g w0 3 sune 3 s
& a1
o _ ohiotheshol (%)
10
° = o =3 E‘lﬁ
5
NoManure NoManure  Swine Swine NoManure NoManure ~Swine  Swine
High Low High Medium High Low High  Medium
Treatment Treatment

Figure 1. Effect of different manure amendments on total phosphorus (TP) and
oxalate phosphorus saturation across the two sites in Ohio: Western (Clark County)
and Northwest (Wood County). (A) and (B) represent the TP and P saturation under
two dairy manure treatments and one no-manure treatment at the Wood County site.
(C) and (D) shows TP and P saturation under swine manure and no-manure
treatments with different nitrogen levels at the Clark County site. The red dashed
lines in (B) and (D) represent the Ohio environmental threshold for P saturation
(11.8%).
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Figure 2. Five different soil phosphorus (P) fractions under different swine manure
and no manure treatments. The distribution of inorganic P pools (Soluble-P,
Reductant-P, Fe-P, Ca-P, and Al-P) under swine manure and no-manure treatments
with varying N rates at the Clark County site. Different letters above bars indicate
statistically significant differences among treatments (Tukey HSD, p < 0.05).



CONCLUSION

This study demonstrated that manure source plays a critical role in shaping soil P
dynamics. Dairy manure applications did not significantly alter total or inorganic P
pools and maintained P saturation below the environmental risk threshold,
suggesting low potential for P loss. In contrast, higher P accumulation and saturation
were observed under swine manure. However, these results should be interpreted
with caution, as site-specific factors such as past management history and time
since manure application may have contributed to the elevated P levels. Overall, the
findings emphasize that differences in manure composition, rate, and site legacy can
shape soil P behavior, underscoring the need for site-specific and P-based manure
management strategies to sustain productivity while minimizing environmental risk.

REFERENCES

Kleinman, P. J. A., & Sharpley, A. N. (2003). Effect of Broadcast Manure on Runoff
Phosphorus Concentrations over Successive Rainfall Events. Journal of
Environmental Quality, 32(3), 1072—-1081. https://doi.org/10.2134/jeq2003.1072

Leytem, A. B., Turner, B. L., & Thacker, P. A. (2004). Phosphorus Composition of
Manure from Swine Fed Low-Phytate Grains. Journal of Environmental Quality,
33(6), 2380-2383. https://doi.org/10.2134/jeq2004.2380

Li, G., Li, H., Leffelaar, P. A., Shen, J., & Zhang, F. (2014). Characterization of
Phosphorus in Animal Manures Collected from Three (Dairy, Swine, and Broiler)
Farms in China. PLOS ONE, 9(7), e102698.
https://doi.org/10.1371/journal.pone.0102698

McKeague, J. and J.H. Day. 1966. Dithionite-and oxalate-extractable Fe and Al as
aids in differentiating various classes of soils. Can. J. of Soil Sci. 46(1): 13-22.

Rayne, N., & Aula, L. (2020). Livestock Manure and the Impacts on Soil Health: A
Review. Soil Systems, 4(4), 64. hitps://doi.org/10.3390/soilsystems4040064

Sharpley, A. N., Daniel, T. C., & Edwards, D. R. (1993). Phosphorus Movement in the
Landscape. Journal of Production Agriculture, 6(4), 492-500.
https://doi.org/10.2134/jpa1993.0492

USDA-NRCS. 2025a. Official Soil Series Description: Hoytville Series. Natural
Resources Conservation Service, U.S. Department of Agriculture. Accessed August
28, 2025.

U.S. Environmental Protection Agency. (2007). Method 3051A: Microwave assisted
acid digestion of sediments, sludges, soils, and oils (Rev. 1). In Test methods for
evaluating solid waste, physical/chemical methods (SW-846), Update V. U.S. EPA.

Watson, S. B., Miller, C., Arhonditsis, G., Boyer, G. L., Carmichael, W., Charlton, M.
N., Confesor, R., Depew, D. C., Hook, T. O., Ludsin, S. A., Matisoff, G., McEImurry,
S. P, Murray, M. W., Richards, R. P., Rao, Y. R., Steffen, M. M., & Wilhelm, S. W.
(2016). The re-eutrophication of Lake Erie: Harmful algal blooms and hypoxia.
Harmful Algae, 56, 44-66. https://doi.org/10.1016/j.hal.2016.04.010



https://doi.org/10.2134/jeq2003.1072
https://doi.org/10.2134/jeq2004.2380
https://doi.org/10.1371/journal.pone.0102698
https://doi.org/10.3390/soilsystems4040064
https://doi.org/10.2134/jpa1993.0492
https://doi.org/10.1016/j.hal.2016.04.010

Zhang, H., and J.L. Kovar. 2002. Phosphorus fractionation. p. 50-59. In G.M.
Pierzynski (ed.) Methods of phosphorus analysis for soils, sediments, residuals, and
waters. Southern Coop. Ser. Bull. 396. North Carolina State Univ., Raleigh.



