SYNERGISM BETWEEN LIME AND PHOSPHATE FERTILIZER APPLICATION ENHANCES SOIL PHOSPHORUS AVAILABILITY 
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ABSTRACT

Phosphorus (P) is a non-renewable resource and an essential mineral element for plant development; therefore, a greater understanding of factors that affect soil phosphorus bioavailability is crucial for sustainable food production. Soil organic P can account for a large fraction of the total soil P, and its mineralization can replenish the soil solution with plant-available P. Raising the soil pH with a liming agent can enhance soil biological activity and increase soil P availability in acidic soils, but it is not clear how adding lime or lime plus phosphate fertilizer affects P availability in neutral soils, which was the objective of this research. The research was conducted at Champaign, IL, on a soil with a pH of 7 and a Mehlich III soil P test of 28 ppm at the 0-6 in depth. Corn (Zea mays) was the tested crop and was planted following soybean (Glycine max (L.) Merr.) as the previous crop. The treatments were broadcast-applied in the fall of 2020 and consisted of pelletized lime (Lime) at a rate 800 lbs acre-1, and/or monoammonium phosphate (MAP; 11-52-0) at 80 lbs P2O5 acre-1 with an additional untreated control (UTC). The soils were sampled in the spring six days before planting (preplant) and at the VT corn growth stage. Soil samples were taken at the depths of 0-6 and 6-12 inches for both sampling timings, with additional samples at the 12-24 and 24-36 inch depths for the preplant sampling. At preplant, applying MAP+Lime resulted in 51% and 39% more P available than the MAP and Lime treatments, respectively. At VT, there was no change in P availability at either depth from MAP or Lime applications compared to the UTC, whereas MAP+Lime applications significantly increased P availability at both the 0-6 and 6-12 in layers. The application of MAP+Lime increased soil P availability, V8 aboveground biomass, P uptake and concentration, fertilizer P recovery, and corn grain yield. 

INTRODUCTION

Nutrient deficiencies in plants greatly impact food production globally, and limited world fertilizer reserves make food security a constant concern. While nitrogen is commonly seen as the main limiting nutrient for plant production (LeBauer and Treseder, 2008), phosphorus (P)-based yield limitation cases are surging in previously non-problematic areas (Hou et al., 2020). Research and development of improved P fertilizer management has significantly increased the efficiency and recovery of applied P fertilizer, raising the question of why P deficiency is starting to become a problem in areas where it previously was not prevalent. Consistant increases in crop yield, resulting in higher P removal without the appropriate soil replenishment, is likely the main reason for this emerging problem. 
Soil P is subject to several chemical processes that limit plant uptake. In highly weathered acidic soils, P availability is heavily restricted due to P fixation to iron and aluminum oxides. Whereas in alkaline soil, P can react with calcium (Ca), forming poorly soluble inorganic Ca phosphates. These abiotic processes depend highly on soil pH, with a near-neutral soil pH considered optimal for the greatest P availability. In acidic soils, lime (CaCO3) is commonly applied to increase soil pH and thus the availability of P.
However, not only abiotic processes govern soil P availability. Phosphorus is one of the seven plant nutrients found in soil organic matter (SOM). Phosphorus bound with carbon is known as organic P (OP), and typically accounts for 30 to 65% of the total soil P (Tabatabai, 1989). Thus, SOM transformations are essential in determining the availability of P for plant uptake. Soil OP transformations are dependent on a combination of chemical, biological, and physical factors, which in turn, depend on environmental conditions like temperature and moisture (Condron et al., 2005). Plants and microorganisms can absorb inorganic orthophosphates from the soil solution, converting inorganic P into OP, a process known as P immobilization. The reverse process (mineralization) can also occur, where a phosphate group is cleaved from the organic matter, transforming complex forms of OP into plant-available phosphates. Certain forms of OP are known to be more mobile in the soil, resulting in a higher infiltration rate through the soil profile (Chardon et al., 1997). Since P is known to increase root growth, increases in P levels deep in the soil might result in greater root development and soil mining capacity.
Organic P mineralization is highly controlled by the action of phosphatase enzymes, which plant roots, soil bacteria, and fungal mycorrhizae can produce. Phosphatase activity depends on soil properties like pH, moisture, microbial biomass and diversity, actively growing plants, soil composition, and nutrient supply (Dietrich et al., 2016). Three main phosphatase enzymes are known to catalyze the mineralization of OP, each with a distinct proposed optimal pH: acid phosphomonoesterase (pH 5-6), phosphodiesterase (pH 8), and alkaline phosphomonoesterase (pH 11) (Margenot et al., 2018). Not only will changes in the soil pH affect the enzymes' activities, but they will also have an increase in overall SOM cycling (Biasi et al., 2008), mainly attributed to greater microbial activity (Garbuio et al., 2011).
Cultural practices, like P fertilization, may also impact phosphatase activity, but there are uncertainties regarding a possible inhibition or promotion of microbial phosphatase production (Margenot et al., 2018). The increase in P availability in the soil solution after fertilization was found to decrease phosphatase enzyme activity by Olander and Vitousek (2000), whereas Margenot et al. (2018) found that P fertilization did not reduce phosphatase enzyme activity.
Since pH changes can greatly impact the abiotic and biological processes governing soil P availability, the application of lime can substantially impact the net plant-available P. It is still unknown the effect on P availability when applying lime and/or MAP to a pH-neutral soil, as an increase in pH can negatively affect soil P availability through the precipitation of calcium phosphates or positively through increased biological P cycling. The objective of this study was to assess the effects of lime and phosphorus fertilizer on plant-available P in neutral pH soils and the resulting corn growth, nutrient uptake, and grain yield.

MATERIALS AND METHODS

Site characteristics and cultural practices
	A field under corn-soybean rotation and conventional tillage at the Crop Sciences Research and Education Center at Champaign, IL (40° 3'8.85"N, 88°14'2.46"W), was used, which had an adequate soil test for P (28 ppm) and a pH of 7.0 at the 0-6 inch depth. The trial was established in November of 2020 when the fertilizer treatments were applied on soybean stubble. Corn hybrid DKC 62-52 was planted on April 25 of the following year to achieve a population of 36,000 plants acre-1. To ensure adequate soil fertility, 180 lbs acre-1 of nitrogen (N) as UAN was applied to all plots prior to planting. The field experienced average total rainfall and average temperatures during the entire experiment duration.

Treatments and soil sampling
	The treatments were broadcast-applied with light incorporation on 6 November 2020 and consisted of monoammonium phosphate (MAP; 11-52-0) at 80 lbs P2O5 acre-1, pelletized lime (Lime; 36 % calcium, <0.5 % magnesium, 94 % calcium carbonate equivalent) at 800 lbs acre-1, or a combination of the two (MAP+Lime). An untreated control (UTC) was also included with no P or lime application. 
The soils were sampled six days before planting (preplant) and at the VT corn growth stage using a soil testing probe. Soil samples were taken at the depths of 0-6 and 6-12 inches at both sample timings, with additional samples at the 12-24 and 24-36 inch depths at the preplant sampling. The soils were analyzed for P by A&L Great Lakes Laboratories (Fort Wayne, IN) using Mehlich III extraction.

Corn data collection
Total aboveground plant biomass sampling was conducted at the V8 growth stage by sampling two plants from each of the center two rows of each plot and then drying to 0% moisture. Dried stover samples were ground in a Wiley mill to pass through a 2 mm mesh screen, and a representative subsample was evaluated for P concentration by A&L Great Lakes Laboratories. Nutrient accumulation in the plant was determined using total plant biomass weight and stover P concentrations. 
The center two rows of each plot were mechanically harvested to determine grain yield and harvest moisture, and the yield was subsequently standardized to bushels per acre at 15.5 % moisture. Subsamples of the harvested grain were evaluated for kernel number and average kernel weight. Kernel weight is presented at 0 % moisture.

Experimental design and analysis
	Experimental units were plots four rows wide and 17.5 feet in length with 30-inch row spacing. Plots were arranged in a randomized complete block design with six replications. Statistical analysis was performed using a linear mixed model approach with PROC MIXED in SAS (version 9.4; SAS Institute, Cary, NC), and means were separated using Fisher's protected LSD test at the 0.10 level of significance. The normalities of residuals were assessed using PROC UNIVARIATE. 

	RESULTS AND DISCUSSION

Soil P Availability at Preplant 
[bookmark: _Hlk85913639]At the preplant sampling timing, all treatments, MAP, Lime, and MAP+Lime increased soil P availability compared to the UTC in the 0-6 in layer (Fig. 1). When MAP was applied with lime, there was a synergistic increase in P concentration in the 0-6 in layer, resulting in 51% and 39% more P available than MAP and Lime treatments, respectively (Fig. 1). Therefore, increasing the amount of P available for microbial uptake stimulated microbial production of phosphatase enzymes with a subsequent increase in plant-available P.
Fertilization with MAP+Lime also increased P availability at the 12-24 in and 24-36 in layers at the preplant sampling.  Increases in P availability in deeper soil layers were likely due to the infiltration of soluble organic P forms from surface depths, possibly derived from enhanced SOM mineralization when MAP+Lime was applied. The MAP and Lime treatments affected P availability similarly throughout the soil profile (Fig. 1).

[image: ]
Figure 1. Soil P availability at preplant by treatment (UTC, MAP, Lime, and MAP+Lime) and sampling depths (0-6, 6-12, 12-24, and 24-36 in). Horizontal error bars indicate LSD at p = 0.10 for each depth.

Soil P Availability at VT 
[bookmark: _Hlk85913672]Neither MAP nor Lime increased P availability, regardless of the soil layer that was sampled at VT (Table 1). There were larger reductions in P availability over time from both treatments containing Lime than for MAP, which indicates that the declines are not only coming from plant uptake, but also from organic P cycline that wa accelerated and led to P immobilization by the microbes (Fig.1 and Table 1).
Similar to the preplant sampling observation, MAP+Lime increased P availability at VT. There was an increase at both the 0-6 and 6-12 inch layers, further indicating that soluble organic P forms are being produced and are penetrating below 6 inches in the soil profile (Fig.1 and Table 1).



Table 1. Soil P availability at corn VT stage by treatment (UTC, MAP, Lime, and MAP+Lime) and sampling depths (0-6 and 6-12 in).
	Treatment
	Soil P Availability

	
	0-6 in
	6-12 in
	Average

	
	____________________________ppm____________________________

	UTC
	30.5
	13.5
	22.0

	MAP
	35.3
	12.5
	23.9

	Lime
	31.0
	13.3
	22.2

	MAP+Lime
	45.3
	17.7
	31.5

	LSD (.10)
	8.3
	3.3
	5.5



Corn V8 Sampling and Grain Yield
All fertilizer applications statistically increased V8 biomass accumulation and P uptake over the UTC. The application of Lime resulted in a higher P concentration in the plant than MAP, even though no fertilizer P was added to the soil. The application of MAP+Lime increased P uptake, P concentration, and fertilizer P recovery (FPRE). The FPRE of MAP+Lime doubled compared to MAP only, further indicating a synergistic effect of MAP+Lime (Table 2).
[bookmark: _Hlk86665615]Grain yield was unaffected by MAP or Lime treatments alone. However, there was a synergistic effect of combining MAP+Lime, resulting in a yield increase compared to either the UTC or MAP treatments. The grain yield increase from the MAP+Lime treatment was driven by an increase in kernel number, indicating better initial growth conditions or less kernel abortion (Table 3).

Table 2. Aboveground plant biomass, P2O5 uptake, P concentration and fertilizer P recovery as affected by fertilizer sources for corn grown at Champaign, IL in 2021. All parameters were measured at the V8 stage. 
	Treatment
	Biomass†
	P uptake††
	P Concentration 
	FPRE

	
	________ lbs acre-1 ________
	________ % ________

	UTC
	1788 
	16.4
	0.40
	-

	MAP
	2131
	18.8
	0.38
	3.0

	Lime
	2097
	19.1
	0.42
	-

	MAP+Lime
	2205
	21.4
	0.43
	6.2

	LSD (0.10)
	183
	2.1
	0.03
	2.4


†Biomass at 0% moisture. †† P uptake as P2O5.

Table 3. Corn grain yield and yield components as affected by different treatments for corn grown at Champaign, IL in 2021. Grain yield is reported at 15.5% moisture, and kernel weight is reported at 0% moisture.
	Treatment
	Grain Yield
	Kernel Number
	Kernel Weight

	
	bu acre-1
	kernels m-2
	mg kernel -1

	UTC
	234
	4978
	250

	MAP
	235
	5200
	240

	Lime
	236
	5177
	242

	MAP+Lime
	246
	5453
	240

	LSD (0.10)
	10
	260
	NS



CONCLUSIONS

There was a positive synergistic effect of MAP+Lime on all the parameters evaluated in the study (soil P availability, V8 biomass, P uptake, P concentration in the plant,  fertilizer P recovery, and corn grain yield). The data show that applying MAP+Lime has advantages over supplying either product alone. The application of lime, with or without MAP, increased soil P availability at preplant, which indicates that previously non-available P became more available, likely due to increased organic P mineralization. There was an increase in P availability deep in the soil profile when MAP was applied with lime, which may promote increased root growth, greater access to water and nutrients, and limit soil P run-off. Therefore, P fertilization with lime has great potential as an application for no-till production systems, where P stratification can limit crop yield potential.
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