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Introduction: The availability and mobility of phosphorus (P) in soils play a crucial role in effectively managing agricultural activities and maintaining healthy soils. Several parameters including soil texture, pH, elemental and mineralogical composition, moisture content, and soil organic matter (SOM) are crucial in controlling the movement of P in soils. This study focuses on assessing geochemical properties of soils from a pristine prairie grassland and an agriculturally dominated land, and their influence on soil P mobility.Methods: Surface soils were collected from two locations, Konza Prairie Biological Station (KBPS) located in Manhattan (Kansas) which is a native grassland ecosystem, and agricultural land in town of Hays (Kansas).Results: Results showed that the KPBS soils contained lower water-extractable phosphate (PO43—) concentrations (0.2 ± 0.7 mg/kg) than soils from Hays (1.3 ± 2.4 mg/kg). Bio-available P measured as Bray-P were also lower in KPBS (14.3 ± 7.0 mg/kg) relative to Hays (23.0 ± 23.7 mg/kg). Soils from both the sites contained water-extractable calcium, magnesium and potassium as a primary soluble component likely from carbonate minerals in these calcareous soils. The SOM concentrations measured as loss on ignition (LoI) were greater in KPBS (9.9% ± 1.8%) relative to Hays (5.3% ± 1.7%). Water extractable soil organic carbon (WE-SOC) concentrations were also greater for KPBS (651 ± 274 mg/kg) relative to Hays (288 ± 267 mg/kg). Optical spectroscopic analyses using absorbance and fluorescence properties revealed that the water-extractable SOM in these soils was mainly of terrestrial origin, plant-derived, aromatic, and contained humic-like substances. The intensities of fluorescence peaks A, C, and M, and specific UV absorbance at 254 nm (SUVA 254) of both soils correlate strongly with the Bray-P concentrations, indicating that the source of SOM plays a vital role in controlling soil P mobility.Conclusion: These findings indicate that natural prairie grassland soils contained lower P concentrations that are primarily insoluble in water and associated with humic and fulvic-like SOM.Keywords: phosphorus, soil organic matter (SOM), bio-availability, land use, grassland ecosystem, agriculture
INTRODUCTION
Availability of phosphorous (P) in soils is affected by biogeochemical processes. Geochemical processes control the movement and distribution of P in soils in the long term, while biological processes control soil P distribution in the short term by deriving plant available P from soil organic matter (Cross and Schlesinger, 1995). The weathering of primary minerals supplies the plant available pool of phosphate in soils. Dissolution–precipitation (mineral equilibria), adsorption–desorption (interactions between P in solution and solid phases), and mineralization–immobilization are the key processes of the soil P cycle (Filippelli, 2002; Filippelli, 2008; Föllmi, 1996; Haynes, 1982; Kruse et al., 2015; Smil, 2008). These processes influence the amount of P in the soil pore water and solid phases, as well as P available for uptake by plants and microbes and subsequently transfer to surface and groundwaters. Phosphorus is transferred primarily through diffusion from soil aggregates or particles to plant roots (Pierzynski, 2000) with little loss occurring due to erosion and surface runoff. Specific geochemical factors like pH, presence of competing ions and organic matter need to be better understood to have a complete understanding of the P cycle in soils. Depending on parent material, soil type, and soil management practices (e.g., fertilization, tillage) total soil P in topsoil horizons (0–15 cm) may range from 50 to 3,000 mg/kg (Foth and Ellis, 1997; Frossard et al., 2000). The majority of P in mineral soils (50%–75%) is inorganic, and it is mostly coupled with Al and Fe in acidic soils and calcium in alkaline, calcareous soils (Pierzynski, 1991a). Primary minerals (those created by precipitation of P with Al, Ca, and Fe) and secondary minerals (those formed by P adsorbed onto the surface of clay minerals, Fe, and Al oxyhydroxides or carbonates), and P physically occluded inside secondary minerals are all examples of inorganic P. The principal minerals that release P into the soil solution as they weather, vary with the soil type, mainly as a function of time and extent of soil development. Apatites [Ca10(X) (PO4)6, where X is either F, Cl, OH, or CO32-] are the principal mineral sources of P in moderately weathered soils (Pierzynski et al., 2005). Aluminum and iron phosphates, as well as organic forms of P, predominate with higher level of weathering. In grassland ecosystems, a rare decline is observed in the P concentrations where there are no external applications of P fertilizers, hence leading to negative P balance in some cases (McDowell et al., 2020). Organic P is found in two broad pools in mineral soils, one which is susceptible to microbial decomposition and thus biologically available (e.g., inositol phosphates, phospholipids, nucleic acids and their derivatives) and, the other which is stable and highly resistant to microbial activity (the humic acid fraction) (Stevenson, 1982). From 60% to 90% of total P can be present in organic forms in organic soils (>20–30% organic matter [OM] by weight) (Harrison, 1987). In most soils, inositol phosphates make up the majority of organic P, accounting for up to 80% of total organic P (Brookes et al., 1982; Brookes et al., 1984; Turner et al., 2001).
The inorganic and organic forms of soil P are in a constant state of equilibrium with dissolved P in the soil solution, which is mostly present as primary (PO43-) or secondary (HPO42−), (H2PO4−) orthophosphates, varying in concentrations as a function of time pH of the soil. The pH of most agricultural soils is between 4.0 and 9.0. At pH 4.0–5.5 H2PO4−, and HPO42− predominates at pH greater than 8.0. Ion pairs (e.g., CaHPO4, MgHPO4, or CaPO4) can also be found in the soils with pH > 7. However, chemical dissolution of these soluble complexes quickly transforms them to orthophosphate. Although little is known about the soluble organic P species found in soils or their contribution to soil P bioavailability, microbial hydrolysis of dissolved organic P to orthophosphate is thought to be one of the most common processes (Stevenson and Fitch, 1986). It is also dependent on the phosphatase activity in soils which can be controlled by various factors like SOM, pH, nitrogen availability too (Widdig et al., 2019). Soil water systems have a range of P concentrations ranging from 0.01 mg/L (infertile soils) to 7–8 mg/L in fertilized with 0.2 mg/L being the optimal concentration for plant growth (Pierzynski, 1991b; Correll, 1998).
Adsorption and precipitation are key processes involved in P retention in calcareous environments, reducing P availability following fertilizer application. The relative roles of carbonates and oxide clays in P retention in calcareous soils have yielded a variety of outcomes (Afif et al., 1993). Phosphorus accessible to plants is negatively connected to the amount of lime in soil at high application rates, but not to Fe, clay content, or cation exchange capacity (CEC) (Castro and Torrent, 1995). Non-carbonate clays supply most P adsorbing surfaces in many calcareous soils, according to the findings (Ryan et al., 1985; Zhou and Li, 2001), especially at low P concentrations.
Application of organic amendments have been seen to raise the level of bio-availability of P in calcareous soils (Khan et al., 2022). The presence of SOM diminishes the soil’s affinity to adsorb P. This could be owing to organic acids competing for P fixation sites, or the manure complexing exchangeable aluminum fluorides, both of which are potent complexing agents for Al and Fe. Humic and fulvic acids are macromolecular assemblages of diverse organic functional groups found in almost all agricultural soils. It was found that soil humic material increased Olsen P recovery in all soils except those with extremely high sodium (Na) levels (Delgado et al., 2002). According to another study, the presence of metal ions that act as cationic “anchors,” allowing anionic humates and phosphates to associate, which is required for robust interactions between P and humic materials. Humate-metal-P complexes have strong stability constants, with log K values in the range of 4.87–5.92 (Zn- and Mg-anchor, respectively) (Riggle and von Wandruszka, 2005).
Subsurface P retention is influenced by both introduced manure or litter and native organic matter (humic materials). Although humic materials, which are the breakdown products of the biota in the environment, are not a substantial source of P, they do mobilize it in the subsurface. In recent years, the application of extrinsic humates, particularly leonardite humic acid, for soil enhancement has increased. Despite the presence of substantial amounts of organic matter, recent research suggests that the presence of Al and Fe has a considerable impact on P sorption capability (Giesler et al., 2005). The P concentrations has previously been found to decrease organic C sorption to acid mineral soils, implying a ligand exchange mechanism at the surface (Kaiser and Zech, 1996; Delgado et al., 2002). In grasslands of North central America, increased chemical weathering has been observed from a steppe to mesic tallgrass prairies. The surface horizons (A horizon) had decreasing Ca-bound P and increasing amounts of occluded P with increase in precipitation levels. The Ca-bound P was observed to be associated with CaCO3, which showed the importance of carbonate presence controlling soil P levels in in these soils (Ippolito et al., 2010). On the other hand, in agricultural soils, P is often applied in excess through fertilizers, leading to high residual P levels. Particularly in clayey or calcareous soils, due to the immobile nature of P, once it is bound, a major part of the P supplied as fertilizers, remains unavailable for plant uptake (Sattari et al., 2012; Goossens et al., 2022).
In this study, we investigate the relationship between the different geochemical properties of the soils, such as the water and chemically extractable fractions for soil P, major ions and organic matter from soils, collected from Kansas. We hypothesize that, in addition to external fertilization in agriculturally-dominated soils, the P mobility would be influenced by presence of competing ions and soil organic matter in pristine prairie grassland soil.
MATERIALS AND METHODS
Study area
Surface soils were collected from two regions in Kansas (United States). Konza Prairie Biological Station (KPBS; 39.1069, −96.6091) is located (Figure 1) in northeastern Kansas that is mainly characterized by beds of Quaternary sediments, unconsolidated sand, gravel, silt, and clay. North-eastern Kansas consists of Pleistocene glacial deposits with thick accumulations of marine shale, limestone, and chalk, and non-marine deposits of sandstone and shale. The surface geology of KPBS has alternating layers of chert (flint) found in the limestone (Macpherson et al., 2019). The KPBS has been maintained since 1971 and uses a variety of grazing treatments (bison, cattle, non-grazing) and fire regimes (fire return intervals of 1, 2, 4, 10, and 20 years). With an average annual precipitation and air temperature of 835 mm and 13°C, respectively, KPBS is categorized as a mesic grassland (Hayden, 1998; Nippert and Knapp, 2007). The bedrock stratigraphy of Konza is made of limestone and mudstone units (Macpherson, 1996; Smith, 1991). Illite, chlorite, and mixed layer clays of chlorite-illite and chlorite-vermiculite, make up the majority of the minerals in mudstones. The main non-clay mineral found is quartz, with trace to large amounts of calcite. Dolomite and calcite are both present in small amounts in limestone units (Macpherson et al., 2008). The texture of soil found in KPBS mainly consisted of Loam and Silt loam (Web Soil Survey, 2024; Bidwell and McBee, 1973).
[image: Figure 1]FIGURE 1 | Sampling locations at KPBS Biological Station (KPBS; n = 15) and Hays (n = 12). The samples from KPBS were collected from watersheds that are demarcated by borders in the KPBS area. The samples from Hays were collected each from three distinct land use patterns (agricultural land, pastureland and rangeland).
Soil samples were also collected in Hays (Kansas, United States). The geological formations include the Carlile shale and the Niobrara formation, both of which are from the Cretaceous age. Additionally, there are terrace deposits from the Pleistocene period and recent alluvium. Hays has a sub-humid to semi-arid environment with an average yearly temperature of 11.6°C and average annual precipitation of 596.9 mm. The area of Hays is characterized by mixed grassland type vegetation. In Hays, agricultural practices primarily focus on the cultivation of wheat varieties developed at the Agricultural Research Center-Hays, Kansas State University, and released by the Kansas Agricultural Experiment Station. Specifically, hard white winter wheat cultivars like “Joe” (Zhang et al., 2016), “KS Big Bow” (Zhang et al., 2024), and “Oakley CL” Zhang et al. (2015) have been registered and promoted for cultivation in the region. These wheat varieties are crucial components of the agricultural landscape in Hays, reflecting the emphasis on wheat production in the area. The soil texture found in Hays broadly consists of silty clay loam and clayey loam soils (Web Soil Survey, 2024; Bidwell and McBee, 1973).
The parameters as in soil texture, were broadly derived from the information in the Web Soil Survey website and the “Soils of Kansas” Map by KAES Department of Bidwell and McBee (1973), from which we could identify that the soil texture in the two locations KPBS and Hays were of distinct types viz- clay loam (silty clay loam and clayey loam) and loam (loam and silt loam) type respectively.
Sample collection and storage
A total of 27 soil samples were collected from KPBS (n = 15) and Hays (n = 12) by clearing the surface debris and collecting soil cores at depths up to 15 cm (Figure 1) during August 2022. Surface soil samples were collected as grab samples by using a handheld auger and the loose soil was collected in airtight zip-lock bags. Approximately 700 g to 1 kg of soil was collected from each of the sampling locations. KPBS soils were collected from the following watersheds: AL, 1D, N1A, N2A, N4A, N4D, K1B, K2A, K20A, C1A, C1SB, C3SB, S4B. Hays samples were collected from 4 directional corners of town (North, South, East and West) with 3 individual samples collected at each corner, from three distinct land uses- agricultural, pastureland and rangeland. All soil samples were stored in airtight zip-lock bags, followed by storage in 4°C until laboratory analysis.
Samples processing and analyses
Soil pH was measured in 1:1 w/v slurry by mixing 4 g of wet soil in 4 mL of deionized water following Blair (2023), using a HACH PocketPro+ pH meter. Soil samples were dried for 24 h at 60°C, homogenized using a mortar and pestle and sieved using a 0.75 mm mesh. The water leaching experiment was performed by reacting 4 g of crushed soil with 40 mL (1:10 w/v) of ultrapure water (18.3 MΩ cm, pH = 7.11, specific conductance = 1.04 μS/cm) for 24 h. Specific conductance was measured to estimate the amounts of dissolved solids in the supernatant after the extraction experiment was completed. The supernatant filtered using 0.45 µm nylon syringe filter was used to measure cations (Na+, NH4+, K+, Mg2+ and Ca2+) and anions (F−, Cl−, NO2−, NO3−, SO42− and PO43−) using a Dionex Integrion/Aquion High Pressure Ion Chromatography system. Anions were eluted with potassium hydroxide using Dionex IonPac AS18 (4 × 50 mm) separator column, and cations were eluted isocratic with 20 mM methanosulfonic acid using Dionex IonPac C separator column. Ions were measured at The University of Texas at San Antonio (UTSA), department of Earth and Planetary Sciences, Institute for Water Research, Sustainability and Policy (UTSA-IWRSP).
To estimate the amount of assimilable soil P, Bray Phosphorus method (Kovar and Pierzynski, 2009) where soil was extracted using extractant in 1:10 w/v ratio. The extractant solution consists of ammonium fluoride (NH4F) and hydrochloric acid (HCl), and the concentration of extracted P is measured by colorimetry using HACH TNT845 total and reactive phosphorus kits at 610 nm. The Bray-P measurements enable to quantify bioavailable P associated with organic and inorganic fractions in the soil samples.
To quantify the soil organic matter (SOM), the soil samples were first dried at 105°C for 24 h and the differences in weights were calculated for moisture content. Further, the dried soil samples were combusted at 550°C for 4 h and the difference in weights was measured. Loss on ignition (LoI) was calculated as the normalized difference between dry soil mass and combusted soil mass. The WE-SOC concentrations in the soil-water extracts, measured as non-purgable organic carbon (NPOC) concentrations were measured by thermic oxidation using Shimadzu Total Organic Carbon (TOC)/Total Nitrogen (TN) Analyzer. Characterization of Dissolved Organic Matter (DOM) was done by measuring UV–Vis’s absorbance (240 nm–450 nm) and fluorescence (300 nm–600 nm) using Horiba Aqualog Benchtop fluorometer at UTSA-IWRSP. The detailed methods for spectroscopic characterizing DOM are described elsewhere (Kulkarni et al., 2017). Briefly, Absorbance was measured for excitation wavelengths of 240 nm–450 nm with an increment of 3 nm. The fluorescence was simultaneously measured for emission wavelengths of 300 nm–600 nm (instrument default increment of 3.28 nm). Inner filter effect corrections and Rayleigh scatter masking was applied to the raw fluorescence data, and corrected data was normalized to the Raman area of 18.3 MΩ cm Milli-Q ultrapure water (Bahram et al., 2006). Data correction and processing was done using dr-EEM 0.6.6 (Murphy et al., 2013). Absorbance at 254 nm (Abs254) was used to calculate specific ultraviolet absorbance (SUVA), a measure of aromaticity of the dissolved organic matter (Weishaar et al., 2003). Further, spectral slopes of log-transformed absorbance coefficients between 275 nm and 295 nm (S275-295) and between 350 nm and 400 nm (S350-400), and their ratio (Spectral Slope Ratio, SR) were calculated as a measure of molecular weight distribution of DOM (Vähätalo and Wetzel, 2004; Moran et al., 2000; Helms et al., 2008). From the fluorescence data, Fluorescence Index (FI) was calculated as a measure of terrestrially- vs. microbially-derived DOM (McKnight et al., 2001; Cory and McKnight, 2005). The freshness index (FrI), a measure of recent (β) vs. older DOM (α), was calculated as described in prior studies (Parlanti et al., 2000; Wilson and Xenopoulos, 2008; Fellman et al., 2010a). To estimate the extent of humification, humification index (HIX) is calculated (Ohno, 2002; Zsolnay, 2003). Intensities of humic-like peaks (Peaks A, M and C) and protein-like peaks (Peaks B and T) were also calculated from the data as previously described (Coble et al., 1990; Coble, 1996).
Statistical analysis
A Wilcoxon rank sum test was performed for all response variables soil moisture%, LOI%, pH, EC, WE-SOC, Bray-P, phosphate, fluoride, chloride, nitrate, nitrite, sulphate, sodium, ammonium, magnesium, calcium, peak A, peak B, peak C, peak M, SR, FI, FrI, HIX, BIX, SUVA254 as most variables were not normally distributed. This test was used to determine if variables differed between the KPBS and Hays sites. Next, Spearman’s correlation coefficients were determined for all variables within one site (KPBS versus Hays) to inform specific linear regression analyses to perform. Based on the correlations, linear regression models were performed Bray-P concentrations (response variable) with phosphate, specific conductance, and the DOM spectral signatures Peak A, C, M, and Abs254. Because of significant correlations found, linear regressions were also run with calcium, specific conductance, K+ and TOC. Separate linear regressions were run for site therefore KPBS and Hays have their own linear regression results for these variables. Wilcoxon rank sum tests were performed in the base R package and Spearman correlations with associated p-values were calculated using the function rcorr in the Hmisc package in R (version 4.3.3). The threshold significance level of P < 0.05 was used.
Principal Components Analysis (PCA) is a useful statistical representation that reduces the dimensionality of large datasets and transforms the sets of variables into the principal components (PC) which provides an inter-relationship between multiple variables (Jackson, 1991). Here, the PCA was performed (Figure 6) on the geochemical and organic constituent dataset of Hays and KPBS soil samples including the inorganic and organic parameters (n = 22 variables), using OriginPro 2024b software. The PCA was constructed from a correlation matrix (Supplementary Table S3) with z-score standardization to give a value between −1 and +1 (mean = 0 and SD = 1) for each variable. Two PCs were selected based on the highest eigenvalues. In PCA, ‘loadings’ provide the participation of variables in the PCs, and ‘scores’ are defined as the individual transformed observations. Supporting Data (Supplementary Tables S3, S4) provides the correlation matrix table of the variables included in the PCA.
RESULTS
Soil pH differed between KPBS and Hays (W = 151, p = 0.003) with KPBS having lower but slightly alkaline pH (7.09 ± 0.58) and Hays at 7.98 ± 0.57 (Figure 2A). Specific conductance differed between KPBS (80 ± 33 μS/cm) and Hays (106 ± 34 μS/cm; Figure 2B) with greater conductance in Hays (W = 159, p < 0.001). The moisture content of KPBS soils were on average 15% ± 4% whereas Hays was on average 6% ± 4% (Figure 2C) and were statistically different (W = 12, p < 0.001). Soil OM expressed as LoI% also differed between KPBS and Hays (W = 9, p < 0.001): KPBS had an average of 10% ± 2% whereas in Hays it was found to be 5% ± 2% (Figure 2C). Water extractable soil organic carbon (WE-SOC) also differed between KPBS and Hays (W = 19, p < 0.001): KPBS had greater WE-SOC with an average of 670 ± 259 mg/kg and Hays with average 300 ± 266 mg/kg (Figure 2D). Both water-extractable PO43- ion concentrations and Bray-P concentrations in KPBS soils were found to be (median PO₄³⁻: bdl mg/kg, 10%–90% range: bdl to 0.1 mg/kg; median Bray-P: 15.3 mg/kg, 10%–90% range: 3.9–17.1 mg/kg) and in Hays (median PO₄³⁻: bdl mg/kg, 10%–90% range: bdl to 3.1 mg/kg; median Bray-P: 17.1 mg/kg, 10%–90% range: 8.5–48.5 mg/kg) (Figure 3). Neither did the numbers seem to vary between the sites statistically (W > 107, p > 0.24). Water chemistry was dominated by the presence of calcium, magnesium and potassium cations and SO42−, Cl−, NO3− and NO2− anions. The majority of ions (Ca2+, K+, NH4+, Na+, SO42−, NO2−, NO3−, Cl−, F−) did not differ between sites (p > 0.10). However, Mg2+ weakly differed between KPBS (10 ± 9 mg/kg) and Hays (19.4 ± 10.5; W = 53, p = 0.07) (Figure 4; Supplementary Table S1). Results for Soil pH, Moisture, LoI, SC, WE-SOC, Bray-P, PO43-- are all mentioned in Table 1.
[image: Figure 2]FIGURE 2 | Comparison between the physicochemical parameters observed for soil samples collected from KPBS and Hays. (A) compares the pH of the two sites. (B) compares the specific conductance of the two sites. (C) compares the moisture content and LOI %. (D) the Water extractable soil organic carbon (WE-SOC) concentrations from the two sites.
[image: Figure 3]FIGURE 3 | Comparison between the observed forms of P for soil samples collected from KPBS and Hays. (A) compares the concentration of water leachable phosphate ions of the two sites. (B) compares the concentrations of labile forms of soil P (denoted as Bray-P).
[image: Figure 4]FIGURE 4 | Comparison between the concentration of water leachable ions for soil samples collected from KPBS and Hays. (A) compares the concentration of water leachable calcium ions of the two sites. (B) compares the concentrations of magnesium and potassium ions. (C) shows the concentrations of water leachable sulfate and chloride ions whereas (D) shows the concentrations of nitrate and nitrite ions.
TABLE 1 | Physical and chemical properties of the soil samples collected from KPBS (n = 15) and Hays (n = 12) at 15 cm below the surface. Moisture and loss on ignition (LoI) is reported as %, specific conductance (SC) as µS/cm, and water extractable soil organic carbon (WE-SOC) measured as dissolved organic carbon, Bray-P are expressed as mg/kg.
[image: Table 1]Soil organic carbon concentration differed between sites (W = 19; p < 0.001) with KPBS having an average 652 ± 275 mg/kg and Hays, on average, 289 ± 27 mg/kg. The specific ultraviolet absorbance (SUVA254) (Supplementary Table S2) also differed between KPBS (1.3 ± 0.9 L/mg.m) and Hays (2.8 ± 1.8 L/mg.m) with greater absorbance in this spectrum seen for Hays versus KPBS (W = 1,321, p = 0.05). At both locations, the soil samples primarily contained humic-like organic matter as characterized by up to 92% ± 3% (KPBS) and 95% ± 2% (Hays) humic-like fluorescence, represented as humification index (HIX) respectively. Fluorescence index (FI) ranged between 1.3 and 1.5 among all samples from both locations indicating terrestrially-derived soil organic matter. Freshness index varied between 0.4 and 0.7 in all samples from both sites indicating a mixture of recently-produced as well as older soil organic matter. The Peak A intensity for the KPBS soils was 7.4 ± 4.5 units and for Hays it was 7.0 ± 3.2 units. The Peak C intensity of KPBS soils was 4.3 ± 2.4 units and for Hays soils, the Peak C intensity was found to be 3.8 ± 1.8 units. The higher intensity of peaks A and C in these soils indicates that the SOM from both these regions have a high molecular weight humic nature that are found generally from terrestrial sources however, it shows that the peak A intensity of KPBS samples was higher than the samples from Hays. The Peak M intensities for soils from KPBS were 4.4 ± 2.6 units, as compared to Hays soils which had Peak M intensity of 3.6 ± 1.6 units. This indicates that The Peak T intensities were very contrasting in the sites, it was found to be 1.4 ± 1.2 units for the samples from KPBS and for Hays it was 0.8 ± 0.4 units, this indicated that the soils form KPBS had more influence of protein tryptophan like OM, indicating higher biological activity in the soils from KPBS as compared to the samples from Hays (Figure 5).
[image: Figure 5]FIGURE 5 | Characteristics of water leachable organic matter of the two sites have been shown in this figure. The excitation emission matrix (EEM plots) obtained from absorbance fluorescence spectroscopy, which depicts the spectroscopic properties of SOM found in KPBS soils and Hays.
The PCA analysis (Figure 6) revealed that in PC1 (23.28%) moisture, Na+, Mg2+, SO42-, TOC, TN, and SOM or LOI had high positive factors loading, and Abs254 had comparatively lower positive factors loading. Soil Ca2+, specific conductance, pH had high negative factors loading and NO3−, NH4+ had comparatively lower negative factors loading. In PC2 (19.45%), K+, Cl−, HIX (Humification Index) had high positive factor loadings, and NO2−, PO43-, Bray-P had comparatively lower positive factors loading, in contrast, FI (Fluorescence Index), BIX (Biological Index), FrI (Freshness Index) had high negative factor loadings. The Hays soil samples’ geochemical data and DOM characteristics were grouped along the negative PC1 axis, dominated by Ca2+, Bray-P, PO43-, HIX, FI, pH, specific conductance, NO3−, and NH4+. In contrast, the majority of the KPBS soil samples dataset was grouped along the positive and to some extent negative PC1 axes with comparative enrichment in LOI, TOC, TN, Ca2+, Abs254 and moisture (Figure 6).
[image: Figure 6]FIGURE 6 | Principal component analysis plot for all parameters and sampling locations combined.
DISCUSSION
Distribution of soil P in grassland and agriculturally-dominated sites
Our results showed that pristine grassland soil samples from KPBS contained lower Bray-P concentrations (∼14 mg/kg) compared to that in agriculturally-dominated sites from Hays (∼24 mg/kg). These results are consistent with the expected effect of external soil fertilization being done at the agriculturally-dominated sites (Robertson and Nash, 2008; Gypser et al., 2021). Blair (2023) provides a compilation of soil chemical properties at KPBS for the past 20 years including Bray-P data. It appears that historical data suggests that the soils in KPBS contain 5 ± 2 mg/kg of Bray-P, which is slightly lower than found in this study which could be attributed to different times and locations of sampling. In both sites, the water extractable PO43- was found to be negligible, suggesting that although a significant concentration of Bray-P was present in the soils, this P was especially soil-bound and did not solubilize with water easily.
Influence of soluble ions on soil P mobility
Calcium (Ca2+) was the most prominent water extractable ion in both KPBS and Hays soils during the soil-water leaching experiment, which is consistent with the calcareous nature of the soils in Kansas (Padbhushan and Kumar, 2015). Furthermore, the weathering profiles of the soils from both the sites shows a carbonate dissolution signature (Supplementary Figure S1) which shows that these soils are enriched with carbonate minerals and hence they are dominated by Ca2+. A moderate positive correlation (r2 = 0.64) between water extractable specific conductance and Ca2+ concentration in KPBS samples indicates that carbonate dissolution to be the dominant process during the soil-water interactions (Figure 7). However, such correlation was non-existent in Hays samples suggesting that other processes could be involved that our data does not identify. For instance, in highly buffered soils, there are diverging relationships between P sorption, supply potential, and availability, indicating stronger sorption properties in non-calcareous soils compared to calcareous soils (Daly et al., 2015). The presence of different soil parent materials and chemical properties can also influence the strength of the correlation between specific conductance and Ca2+ ions. In soils with contrasting properties, the organic carbon content and chemical composition can significantly impact the relationship between specific conductance and Ca2+ (Yang et al., 2021).
[image: Figure 7]FIGURE 7 | Correlations found in the different parameters which may be controlling P availability in soils from KPBS and Hays. Correlation between Bray-P and water leachable phosphate ions (A), Bray-P and specific conductance (EC) (B), Ca2+ ions and Specific Conductance (C), K+ ions and WE-SOC (D).
Potassium (K+) is one of the macro-nutrients along with P in soil. While our data does not show any correlations between Bray-P and K+ even in fertilized soils from Hays, a moderate positive correlation between K+ and WE-SOC (r2 = 0.52) was observed (Figure 7). Literature (Liao et al., 2020) suggests that calcareous alkaline soils are likely to have lower concentrations of K+ naturally which affects plant growth and nutrient uptake. Prior studies (Robbins and Mayland, 1993; Lund and Doss, 1980; Olatuyi et al., 2009) have suggested that in calcareous soils presence of K+ may enhance P bioavailability through cations exchange as well as through complexation reactions between K+ and WE-SOC, which may explain observed correlations in our dataset.
Soil pH often regulates geochemical processes including phosphorus availability. In our study, soil samples from KPBS showed near-neutral (∼7.09) pH while the Hays soils showed alkaline (∼7.98) pH. High pH in calcareous soils is a common observation that enhances the P mobility through ion exchange (Ige et al., 2005). The higher bray-P concentrations in alkaline Hays soils higher than the near-neutral KPBS soils, could be explained by the following phenomena. Phosphorus dynamics in soil is majorly controlled by the pH while partially by other soil properties. It is thought that P availability will be highest in soils with near neutral pH range of 6.5–7. P binds to Al and Fe in acidic soils while it binds complexes with Ca in alkaline soils. However, in calcareous soils, the P fixation dynamics can become complicated because of high Ca content and carbonate mineral dissolution. In calcareous soils, the equilibrium may favor adsorption-desorption processes (ion exchange: CEC and AEC), thereby overshadowing precipitation and dissolution processes. In calcareous soils, an increase in pH results in a decrease in anion exchange capacity, indicating that phosphate may desorb into the soil solution, thereby enhancing its bioavailability, as represented by the relationship (pH↑, AEC↓, P availability↑). In carbonate soils, the cation exchange capacity increases, and Ca is easily adsorbed by soil particles and does not form complexes with phosphates as described as (pH↑, СEC↑, Ca availability↓, P availability↑). The goal of this study was to understand geochemical interactions between soil P, pH, competing ions and organic matter. Therefore, higher P concentration in Hays soils is not the main result, but rather it’s the interrelationships between geochemical parameters and P, in two soil categories.
Although pH is considered one of the main factors controlling P availability, there are several other factors that come into interplay to demonstrate a combined manner of controlling the P solubility in soils. The equilibrium between the different fractions of soil P, that is the non-labile, Labile, the soluble P fractions also play a key role, which is not always directly controlled simply by pH. Also surface adsorption of P on Al and Fe oxides and the simultaneous precipitation of Al and Fe minerals with P works across a range of pHs. In CaCO3 rich soils, rising pH have also resulted in immobilization of P in forming Ca-P minerals, but when Ca-P minerals reach a state of equilibrium, rising pH does not have any further effect (Penn and Camberato, 2019; Barrow, 2017; von Tucher et al., 2018; Curtin and Syers, 2001). Further, the KPBS soils are also characterized by higher LoI and WE-SOC concentrations than that in Hays soils. Prior studies have reported that presence of SOC containing low molecular weight organic acids may lower the pH in originally alkaline soils limiting the phosphate mobility (Rose et al., 2009; Brindhavani et al., 2022).
Influence of soil organic matter (SOM) on P mobility
The water extractable SOM from both sites KPBS and Hays showed a strong humic-like absorbance fluorescence characteristic (Figure 5). In comparison, the Hays samples showed slightly higher SUVA254 values, a measure of aromaticity of SOM than that in KPBS samples. Further, a moderate positive correlation (r2 = 0.6) was found between Bray-P and absorbance at 254 nm, indicating the association between humic-like SOM and P in soils. Studies have shown that humic substances can enhance the availability and extractability of P in various types of soils, which includes P-fixing soils and acidic soils, where organic inputs have been reported to increase P availability, thereby influencing nutrient uptake by plants (Mehrizi Hejazi et al., 2015; Patidar et al., 2019). Research has indicated that humic substances can compete with P for adsorption sites in soil, leading to higher available P levels in humic OM amended soils (Tunesi et al., 1999). Another study found that the generation of organic acids or humic substances in biologically active compost amendments has been associated with an increase in water-extractable P, highlighting the role of humic substances in influencing P dynamics in soil (Fuentes et al., 2006; Yang et al., 2019). A few studies (Fellman et al., 2010b; Alori et al., 2017) have also reported some of the microbial processes that mobilize P in presence of SOM, which are plausible in our study sites, however additional investigation will be required to confirm those. In our data (Figure 8), fluorescence peaks C and M indicate presence of fulvic-like (or fulvic acid like) organic matter which is an acid-soluble fraction of humic substances. A few studies have indicated that fulvic acids also regulate the nutrients mobility and plant uptake by altering the pH and processes like podsolization (Al-Eezzi and Al-Alawy, 2022; Soares et al., 2023; Cabreira et al., 2024; Heil, 2005). In soils with amorphous Fe and Al oxyhydroxides, humic substances may compete for sorption sites and enhance P mobility (Hawkins et al., 2022), which is also a plausible process in our samples. Therefore, the findings from these prior studies are consistent with our observation in this study where Bray-P concentrations appear to be related to humic-like water extractable SOM.
[image: Figure 8]FIGURE 8 | Significant correlations between the spectral signatures of the SOM in both locations and Bray-P values. (A) demonstrates the linear correlations between the Peak A and Bray-P values while the (B) demonstrates correlation between the Peak M and the Bray-P values, (C) shows correlation between Peak M and Bray-P, and (D) shows correlation between the absorbance at 254 nm and the Bray-P values.
In our study, we should also state that the occurrence of SOM (including the quality and quantity) in KPBS creates a better condition for P bio-availability as compared to the conditions in Hays. On the contrary, we find higher levels of bio-available P in Hays, which may indicate the influence of agricultural land use in Hays, via application of higher P-fertilizers. This is in congruence with the recent studies (Meyer et al., 2023; 2021; Degryse and McLaughlin, 2014) which also emphasize land use being one of the contributing factors for determining P availability in soils.
CONCLUSION
This study provides important insights on P mobility in soils through a comparison between a pristine prairie grassland and agriculturally-influenced regularly fertilized land. The grassland soils were characterized by near-neutral pH, higher moisture content, higher amounts of soil organic matter (SOM), higher water extractable soil organic carbon (WE-SOC), and lower Bray-P concentrations, compared to samples from agriculturally-influenced site. Alkaline soils from the agriculturally influenced site of Hays demonstrates higher influence of ionic activity that may have increased the mobility of P compared to the near-neutral soils of KPBS. So, in this pristine Prairie grassland calcareous soils, the dynamic interaction amongst P retention mechanisms is more likely to be further complicated by the high Ca content due to dissolution of carbonate minerals. Water extractable PO43- concentrations in soils from both sites were negligible highlighting the strong affinity towards solid phase. Among water soluble ions, calcium (Ca2+) was the most dominant cation resulting from the dissolution of carbonate minerals which is common in calcareous soils such as in both sites in this study. Finally, associations between Bray-P and spectral parameters of humic-like water soluble SOM point towards role of humic substances in controlling P mobility through processes like competitive sorption and aqueous complexation. Overall, the findings of this study enhance our understanding of P mobility in natural prairie grassland and in externally fertilized agricultural soils and have broader implications in agricultural and environmental management.
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