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 Abstract
 
								
									Phosphorus (P) is an essential plant macronutrient that is commonly applied as a fertilizer for optimal crop production. As the global supply of fertilizer-P sources, mainly derived from mined rock phosphate (RP), is decreasing, alternative nutrient sources need to be developed and tested, such a wastewater-recovered struvite-P materials. The objective of this greenhouse study was to evaluate below- and aboveground rice (
									
										Oryza sativa
									
									) response to various fertilizer-P sources [i.e., mono- and diammonium phosphate (MAP and DAP, respectively), triple superphosphate (TSP), RP, electrochemically and chemically precipitated struvite (ECST and CPST, respectively), and an unamended control (UC)] under flood-irrigation in a P-deficient, silt-loam soil. Of the 17 belowground properties evaluated, eight differed (
									
										P
									
									 < 0.05) among fertilizer-P sources, while three were at least numerically largest from CPST. Of the 17 aboveground properties evaluated, six differed (
									
										P
									
									 < 0.05) among fertilizer-P sources and all six were at least numerically largest from MAP or DAP. For all 22 rice properties that differed (
									
										P
									
									 < 0.05) among fertilizer-P-sources, either ECST, CPST, or both had a similar response to TSP, DAP, and/or MAP, while belowground P and calcium (Ca) and grain potassium (K) concentrations from CPST were greater (
									
										P
									
									 < 0.05) than from TSP, DAP, or MAP. Results demonstrated that struvite-P sources (i.e., ECST and CPST) are a viable, alternative fertilizer-P source, as evidenced by the large frequency of similar rice responses to other commercially available fertilizer-P sources commonly used for flood-irrigated rice production on a silt-loam soil in Arkansas (i.e., TSP, DAP, or MAP).
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								Introduction
 
								
									Phosphorus (P) is an essential plant macronutrient, thus P is commonly applied as a fertilizer to sustain agricultural production. However, P is mostly unavailable in soils, as P is fixed by iron (Fe) and/or aluminum (Al) in acidic soil or by calcium (Ca) in alkaline soil or bound to organic compounds [1]. Therefore, low P availability is a major limitation to plant growth and development in many soils.
								

								
									The global supply of fertilizer-P sources is mainly derived from rock phosphate (RP), which is mined from only a few select locations and is generally considered non-renewable [2]. Rock phosphate reserves have been declining globally, where it is estimated that the amount of economically and feasibly mined RP will be exhausted within 100 to 250 years [3]. Over 900 million kg of RP are consumed annually as fertilizer for crop production [4]. Furthermore, fertilizer-P use for agricultural production has been recognized as one of the largest inefficiencies in the P cycle because the majority of P derived from food wastes is lost to the environment via sewer systems, wastewater treatment, and landfills without being returned to the soil from which the P was extracted by plants [5]. Consequently, alternatives to RP-derived, fertilizer-P sources need to be identified and tested in a variety of agricultural crops and in a variety of crop-production settings (i.e., climates and soil textures).
								

								
									As a nutrient-rich material, municipal and agricultural wastewaters offer an attractive option for nutrient recovery. Wastewaters are often composed of large concentrations of P, nitrogen (N), and organic matter, with an often a considerable quantity of magnesium (Mg), various macro- and micro-elements, and sometimes heavy metals [6-10]. Therefore, wastewaters are considered as one of the major polluting agents in the environment. However, wastewaters are increasingly being recognized as a valuable resource in terms of recoverable excess nutrients, water, and energy. Nutrient recovery from wastewaters would have two major benefits: i) Ease future RP scarcity, and ii) Decrease potential environmental water pollution. The discharge of excess nutrients, namely P and N, into surface receiving waters creates the environmental threat of potential eutrophication, which is a serious water quality issue in many surface water bodies world-wide and has major negative ecological consequences for the affected aquatic ecosystems. It has been estimated that only 20% of the globally produced wastewaters are treated to reduced nutrient concentrations before being discharged back into waterbodies across the world [11]. In addition, it has been estimated that 8 million Mg of P are lost from farms per year through soil erosion and leaching, in which much of the P ends up in nearby surface waters [2].
								

								
									In recent decades, the P- and N-containing mineral struvite (MgNH
									
										4
									
									PO
									
										4
									
									6H
									
										2
									
									O) has gained interest as a mechanism to recover both P and N from wastewaters [12]. Under the right aqueous conditions (i.e., pH, temperature, and P, N, Mg, and Ca concentrations), struvite will precipitate naturally in wastewater treatment plant (WWTP) pipes to create a major nuisance and economic problem for WWTPs [12,13]. Struvite precipitation requires equi-molar concentrations (1:1:1) of Mg
									
										2+
									
									, NH
									
										4
									
									
										+
									
									 and PO
									
										4
									
									
										3-
									
									 with an alkaline pH [14]. However, intentional struvite precipitation through biological [15], chemical [4,16,17], and electrochemical techniques [8,18-20] can yield a material that generally contains 11 to 26% total P [21] that has been described as an effective, alternative fertilizer-P source [22]. Struvite has also been characterized with only 4 to 6% water solubility in soil [23,24], while the remaining P is acid-soluble [25]. Reported chemical characteristics suggest struvite may be a slow-release P source, where the development and acidification of the plant rhizosphere stimulate struvite-P release to better match plant-P need throughout a growing season [26,27] compared to more water-soluble, fertilizer-P sources, such as monoammonium phosphate (MAP), diammonium phosphate (DAP), and triple superphosphate (TSP). Furthermore, struvite has been reported to contain 27 to 42% P
									
										2
									
									O
									
										5
									
									 compared to 48, 42, 42, and 17% P
									
										2
									
									O
									
										5
									
									 for MAP, DAP, TSP, and RP, respectively [28].
								

								
									Monoammonium phosphate, DAP, and TSP are widely applied, commercially available, fertilizer-P sources used for flood-irrigated rice (
									
										Oryza sativa
									
									) production in the mid-southern United States (US), particularly Arkansas, which produces nearly 50% of the total US rice production annually [29]. Consequently, flood-irrigated rice production in Arkansas offers the ideal setting to investigate plant response to struvite-P materials relative to other commonly used fertilizer-P sources.
								

								
									In a two-year, flood-irrigated, field study on a P-deficient, silt-loam soil in eastern Arkansas, Omidire, et al. [28] evaluated the response of a pure-line rice variety to six fertilizer-P sources, including MAP, DAP, and TSP, which are commonly used, commercially available materials for rice production, RP, and two struvite materials, electrochemically precipitated struvite (ECST) and chemically precipitated struvite (CPST), with an unamended control (UC). Results showed that many of the aboveground vegetative and grain tissue responses measured did not differ between the two struvite-P sources and most rice responses did not differ among one or both struvite-P sources and MAP, DAP, and/or TSP [28]. Omidire, et al. [28] concluded that struvite can be a viable, alternative fertilizer-P source for flood-irrigated rice. Furthermore, struvite was also concluded to be a viable, alternative fertilizer-P source for furrow-irrigated corn (
									
										Zea mays
									
									) [30] and furrow-irrigated soybean (
									
										Glycine max
									
									) [31] on silt-loam soils in eastern Arkansas.
								

								
									Though Omidire, et al. [28] evaluated fertilizer-P source effects on rice response under flood-irrigation in the field, belowground rice responses (i.e., root dry matter and nutrient uptakes) were not comprehensively, or qualitatively assessed. Thus, the objective of this greenhouse study was to evaluate below- and aboveground rice response to various fertilizer-P sources (i.e., MAP, DAP, TSP, RP, ECST, CPST, and a UC) under flood-irrigation in a P-deficient, silt-loam soil in the greenhouse. It was hypothesized that flood-irrigated rice will have similar below- and aboveground and grain response among all P-fertilized treatments, but will be greater than the UC.
								

								Materials and Methods

								Soil collection, processing, and analyses

								
									Soil was collected from the top 10 cm of a Calhoun silt loam (fine-silty, mixed, active, thermic Typic Glossaqualfs) [32] at the Pine Tree Research Station near Colt in St. Francis County, AR on 19 April, 2021 from an area that had been previously managed for several years in a rice-soybean rotation. Field-moist soil was sieved through a 6-mm mesh screen to remove coarse fragments and plant material and was air-dried in a greenhouse for ~7 days at ~24 C.
								

								
									Once air-dried, five sub-samples were collected, oven-dried in a forced-air dryer at 70 C for at least 48 hours, mechanically crushed, and sieved again through a 2-mm mesh screen for initial soil physical and chemical property determinations. A modified 12-hr hydrometer method was used for sand, silt, and clay concentrations [33]. Weight-loss-on-ignition after 2 hours of combustion at 360
									
										o
									
									C was used to determine soil organic matter (SOM) concentrations [34]. High-temperature combustion in a VarioMax carbon (C) and N analyzer (Elementar Americas Inc., Mt. Laurel, NJ) was used to determine total C (TC) and total N (TN) concentrations [35]. Inductively coupled, argon-plasma spectrophotometry was used to determine Mehlich-3 extractable soil nutrient (i.e., P, K, Ca, Mg, Fe, Mn, and Zn) concentrations after extraction in a 1:10 soil mass:extractant volume suspension [36]. Soil pH and electrical conductivity (EC) were determined potentiometrically in a 1:2 soil mass:water volume suspension. Table 1 summarizes initial soil property means.
								

								Treatments and experimental design

								
									This study was conducted in a greenhouse in Fayetteville, AR between May and September 2021. The six fertilizer-P sources evaluated in this study were ECST, CPST, MAP, DAP, TSP, RP, and a UC that received no fertilizer-P addition. Each of the seven fertilizer-P sources were replicated four times and arranged in soil-filled pots (described below) on a single greenhouse bench in a randomized complete block (RCB) design with four blocks.
								

								
									Researchers in the Chemical Engineering Department at the University of Arkansas created the ECST material from a synthetic wastewater material prepared with known concentrations of P and N. Electrochemical precipitation was used with a sacrificial Mg electrode to precipitate the ECST material [20,29]. The CPST material was created via chemical precipitation from municipal wastewater in Atlanta, GA, where the Mg was provided by addition of Mg salts. The specific CPST material in the study was commercially available as the trade name Crystal Green (Ostara Nutrient Recovery Technologies, Inc., Vancouver, Canada). The MAP, DAP, TSP, and RP materials were purchased commercially. The fertilizer-P sources original forms were pellets (i.e., for CPST, MAP, DAP, and TSP), powder (i.e., for RP), and crystalline flakes (i.e., ECST). Table 2 summarizes the N, P, and Mg concentrations, resulting fertilizer grades, and pH for the six fertilizer-P sources.
								

								Pot preparation and management

								
									On 10 May, 2021, approximately 6315 cm
									
										3
									
									 of air-dried, sieved soil were manually mixed in a large plastic bag (i.e., to simulate incorporation by tillage) with the appropriate mass of fertilizers to provide equivalent rates of 67.2 kg P
									
										2
									
									O
									
										5
									
									 ha
									
										-1
									
									 in the various fertilizer forms, 11.2 kg Zn ha
									
										-1
									
									 as zinc sulfate, 134.4 kg K
									
										2
									
									O ha
									
										-1
									
									 as muriate of potash, and 29.1 kg N ha
									
										-1
									
									 as N-(n-butyl) thiophosphoric triamide (NBPT)-coated urea (46% N). Due to the limited amount of soil per pot to supply nutrients (i.e., ~6315 cm
									
										3
									
									), fertilizer-P, -Zn, -K, and -N additions were increased by 20% [37,38]. Due to the differential N concentrations among the fertilizer-P sources, additional N was added to the other five fertilizer-P sources to match the N added in DAP, which had the largest N concentration among the fertilizer-P sources.
								

								
									Once fertilizers were mixed with soil in bags, the mixture was added to plastic buckets, with an inside height of 23 cm and inside diameter of 23 cm (i.e., 415.5 cm
									
										2
									
									 surface area), to a depth of approximately 15.2 cm inside the buckets. After soil-fertilizer mixtures were added to the buckets, 80% of the approximated volumetric field moisture capacity water content was added to each bucket to wet the air-dried soil. Field moisture capacity was estimated based on measured sand, clay, and SOM concentrations using multiple regression relationships [39], as part of the Soil Water Characteristics subroutine of the Soil-Plant-Atmosphere-Water (SPAW) model (version 6.02.75) [40]. The next day, on 11 May, 2021, three seeds of the pure-line rice variety Diamond, a short-season, high-yielding,long-grainricevariety developed by the University of Arkansas, Division of Agriculture at the Rice Research and Extension Center near Stuttgart, AR, were planted to a depth of 1.6 cm [41] in a triangular arrangement in the center of the bucket followed by the addition of 20% of the approximated volumetric field moisture capacity water content. Any emerged weeds were manually removed.
								

								
									On 24 May, 2021, rice seedlings were thinned to one rice plant per bucket by keeping the healthiest plant. On 9 June, 2021, at the 3- to 4-leaf stage, the equivalent rate of 145.6 kg ha
									
										-1
									
									 of NBPT-coated urea was surface-applied to each bucket as the pre-flood N application. The next day, on 10 June, 2021, a flood was applied to each bucket to an approximate depth of 10 cm and maintained until near harvest at the end of the growing season. Water was periodically added as needed to maintain the ~10-cm flood depth in each bucket. Filtered water from an adjacent greenhouse was used for all water additions. On 25 August, 2021, a fungicide (0.6 g L
									
										-1
									
									, Azoxystrobin, trade name Heritage, Syngenta Crop Protection AG, Basel, Switzerland) was sprayed on the foliage at a rate of 3 mL per pot to control an unidentified minor fungus outbreak. On 15 September, 2021, flood water was removed from each bucket to prepare for harvest. Weeds were manually removed as needed throughout the growing season. A daytime temperature of 31 C and nighttime temperature of 22 C were maintained in the greenhouse.
								

								Plant sampling and analyses

								
									On 22 September, 2021, rice plants were harvested from each bucket by cutting the aboveground vegetation at the soil surface and bagged. Distilled water was added to each bucket to soften the dry soil to facilitate root collection. Roots were carefully, thoroughly rinsed with distilled water to remove the soil and bagged. Aboveground biomass and root materials were oven-dried at 55 C for ~7 days and weighed for dry matter (DM) determinations. After drying and weighing, rice grains were manually stripped from the panicles and weighed to determine grain yield. For the purposes of this study, grain yields were reported on an oven-dried basis.
								

								
									A sub-sample of root, aboveground vegetative, and grain tissues were mechanically ground and sieved through a 1-mm mesh screen for chemical analyses. Total N concentration was determined by high-temperature combustion (Elementar VarioMax CN analyzer). After digestion in strong acid and heating [42], plant-tissue concentrations (i.e., P, K, Mg, Ca, Fe, Mn, and Zn) were measured by inductively coupled, argon-plasma, optical-emissions spectrometry with a Spectro Arcos ICP (SPECTRO Analytical Instruments, Inc., Mahwah, NJ) [43]. Nutrient uptakes for belowground, aboveground vegetative, and grain tissues were calculated from measured elemental tissue concentrations and tissue DMs. Total aboveground DM and nutrient uptakes were calculated as the sum of aboveground vegetative plus grain DMs and respective nutrient uptakes. In addition, total plant DM and nutrient uptakes were calculated as the sum of belowground plus aboveground vegetative plus grain DMs and respective nutrient uptakes.
								

								Statistical analyses

								
									Based on the RCB design, a one-factor analysis of variance (ANOVA) was conducted using the PROC GLIMMIX procedure in SAS (version 9.4, SAS Institute, Inc., Cary, NC) to evaluate the effects of fertilizer-P source on rice responses (i.e., below- and aboveground and grain DM and nutrient concentrations and uptakes, total aboveground DM and nutrient uptakes, and total plant DM and nutrient uptakes). Due to the skewed, but > 0 magnitudes, a gamma distribution was used to analyze all measured rice responses and significance was judged at
									
										P
									
									 < 0.05. Least-square means were reported and, when appropriate, were separated by least significant difference at the 0.05 level.
								

								Results and Discussion

								Initial soil properties

								
									Initial Mehlich-3 extractable soil concentration confirmed the P-deficient soil condition that was specifically targeted for this greenhouse study. Initial soil-test-P concentration fell in the low category (i.e., 9 to 16 mg kg
									
										-1
									
									) for optimal flood-irrigated rice production in Arkansas (Table 1) [44], for which a rice response to fertilizer-P addition was expected. Initial soil-test-K concentration fell in the very low (i.e., < 60 mg kg
									
										-1
									
									) category and soil-test-Zn concentration fell in the low (i.e., 1.6 to 2.5 mg kg
									
										-1
									
									) category for optimal flood-irrigated rice production in Arkansas (Table 1) [44]. In addition, initial soil pH (7.5) was slightly outside the desired range for optimal flood-irrigated rice production in Arkansas (Table 1) [45], but was not corrected with any soil amendment.
								

								Belowground rice response

								
									Once growing in fertilizer-amended soil, plant roots are the first to experience similarities or potential differences in fertilizer solubilities, interactions, and mobility in the soil. Contrary to expectations, numerous belowground rice properties differed (
									
										P
									
									 < 0.05) among P-fertilized treatments, including belowground DM, P, Mg, Ca, and Mn concentrations, and N, K, and Zn uptakes (Table 3). Belowground DM was numerically largest from MAP, which did not differ from TSP and DAP, and was numerically smallest from CPST, which did not differ from the UC, ECST, RP, or DAP (Table 3). Belowground DM was similar between the two struvite-P sources, but both were lower than from MAP and similar to DAP and RP (Table 3).
								

								
									In contrast to the results of this study, in a greenhouse tub study evaluating the effects of TSP, DAP, ECST, and CPST on flood-irrigated rice response in a silt-loam soil, Della Lunga, et al. [46] reported no effect of fertilizer-P source on belowground DM. However, similar to the results of this study, in a 79-day greenhouse potted-plant study using a silt-loam soil, Ylagan, et al. [47] reported that belowground corn DM differed among the same fertilizer-P sources as evaluated in the current study. In contrast, Ylagan, et al. [47] reported that belowground corn DM differed between the two struvite-P sources, with ECST greater than both CPST and MAP, which did not differ. Furthermore, in contrast to the results of this study, Ylagan, et al. [47] reported that belowground soybean DM was unaffected by the same fertilizer-P sources as evaluated in the current study.
								

								
									In contrast to DM, belowground P concentration was numerically largest from CPST, which did not differ from RP, and was numerically smallest from MAP, likely due to a dilution effect, which did not differ from RP, ECST, DAP, TSP, or the UC (Table 3). Belowground P concentration was 1.3 times greater from CPST than from ECST and both were similar to RP (Table 3). Unlike P, belowground Mg concentration was numerically largest from RP, which did not differ from the UC, and was numerically smallest from DAP, which did not differ from MAP or ECST (Table 3). Belowground Mg concentration was similar between the two struvite-P sources, but both were lower than from RP and similar to MAP and TSP (Table 3). Similar to P, belowground Ca concentration was largest from CPST and was numerically smallest from MAP, which did not differ from ECST or RP (Table 3). Belowground Ca concentration was 1.8 times greater from CPST than ECST, while ECST was similar to all other fertilizer-P sources (Table 3). Like P and Ca, belowground Mn concentration was numerically largest from CPST, which did not differ from TSP, RP, DAP, or the UC, and was numerically smallest from MAP, which did not differ from ECST (Table 3). Unlike DM and Mg, belowground Mn concentration was 1.4 times greater from CPST than from ECST, but both were similar to at least one other P-fertilized treatment (Table 3). Belowground N, K, Fe, and Zn concentrations did not differ (
									
										P
									
									 > 0.05) among fertilizer-P sources (Table 3).
								

								
									In a 2-year, flood-irrigated, field study with the pure-line rice variety Diamond, similar to the results of the current study, though belowground rice DM was not measured, Omidire, et al. [28] reported no effect of the same fertilizer-P sources as evaluated in the current study on belowground rice N concentration. However, in contrast to results of the current study, Omidire, et al. [28] reported belowground rice P and Mg concentrations did not differ among fertilizer-P sources.
								

								
									Comparable to results of this study, Della Lunga, et al. [46] reported belowground Mg concentration differed among fertilizer-P sources and was similar between the two struvite-P sources and belowground N and K concentrations did not differ among fertilizer-P sources. However, no effect of fertilizer-P source occurred for belowground P concentration [46], which differed from the results of this study.
								

								
									Similar to the results of this study, Ylagan, et al. [47] reported that belowground corn P and Ca and soybean P concentrations differed among the same fertilizer-P sources as evaluated in the current study, belowground corn P concentration was greater from CPST than ECST, and belowground soybean N and concentrations were unaffected by fertilizer-P source. However, unlike results of this study, Ylagan, et al. [47] reported that belowground corn N and K concentrations differed among fertilizer-P sources, both greater from CPST than ECST, and belowground soybean P concentration did not differ between the two struvite-P sources. Furthermore, Ylagan, et al. [47] reported that belowground corn and soybean Mg concentrations were unaffected by fertilizer-P source, which differed from the results of this study.
								

								
									Combining both DM and concentration, belowground nutrient uptake responses varied from those individually for DM and concentration. In contrast to N concentration, belowground N uptake was numerically largest from MAP, which did not differ from DAP or TSP, and was numerically smallest from the UC, which did not differ from RP, ECST, or CPST (Table 3). Belowground N concentration was similar between the two struvite-P sources, while CPST was similar to DAP, TSP, and RP, but ECST was only similar to RP (Table 3). In contrast to K concentration, belowground K uptake was numerically largest from MAP, which did not differ from RP, and was numerically smallest from CPST, which did not differ from ECST, DAP, TSP, or the UC (Table 3). Belowground K uptake was similar between the two struvite-P sources and both were similar DAP, TSP, and the UC (Table 3). Unlike K, belowground Zn uptake was numerically largest from TSP, which did not differ from MAP, DAP, RP, or ECST, and was numerically smallest from the UC, which did not differ from CPST, ECST, MAP, DAP, and RP (Table 3). Belowground Zn uptake was similar between the two struvite-P sources and both were similar to at least one other P-fertilized treatment (Table 3). In contrast to concentrations, belowground P, Mg, Ca, and Mn uptakes did not differ (
									
										P
									
									 > 0.05) among fertilizer-P sources, while, similar to concentrations, belowground Fe uptake was also unaffected (
									
										P
									
									 > 0.05) by fertilizer-P source (Table 3).
								

								
									In contrast to the results of this study, Della Lunga, et al. [46] reported no effect of fertilizer-P source on belowground N, P, K, or Zn uptake, while, similar to the results of this study, belowground Mg concentration was also unaffected fertilizer-P source. Neither Omidire, et al. [28] nor Ylagan, et al. [47] measured or reported belowground plant nutrient uptakes.
								

								
									Plant roots are the first to experience potentially differential behavior among fertilizers. Of the 17 belowground rice properties evaluated in the study, eight differed among fertilizer-P sources, while four of the eight were at least numerically largest from MAP or TSP, three were at least numerically largest from CPST, and one from RP (Table 3). Differential solubilities likely contributed to the measured differences in fertilizer-P source responses. The six fertilizer-P sources used in this study have reported water solubilities of ~87% for TSP, > 95% for DAP, ~92% for MAP [48], ~4 to 6% for CPST, ~5% for ECST, and < 2% for RP [48-50]. Thus, both MAP and TSP are documented to be moderately to highly water-soluble fertilizer-P sources, respectively.
								

								
									In five of the eight belowground rice properties that differed among fertilizer-P sources, the two struvite-P sources did not differ, while CPST was greater than ECST in the other three instances. In combination with solubility, the form of application likely contributed to belowground rice responses between the two struvite-P sources, where ECST was applied in crystalline form, with large surface area for reactions, while CPST was applied as pellets, with lower surface area [29-31,47,51]. The greater root DM under MAP and the lower DM under ECST and CPST were likely responsible for the significant differences in concentrations (Table 3) due to dilution [52,53]. When nutrient uptakes were calculated, the significant concentration differences were generally reversed, highlighting how nutrient concentrations alone can be misleading if dry matter production is not taken into account (Table 3).
								

								
									The distance that P from different fertilizers travels in a period of time is an inverse measure of the water solubility [54]. Struvite-derived P likely travels through the soil profile less than MAP-derived P, causing roots, when a rich-P soil zone is scavenged, to reallocate resources from root growth to different metabolic processes, like exudation of organic compounds to solubilize nutrients [54].
								

								Aboveground vegetative rice response

								
									Similar to belowground (Table 3), and contrary to expectation, numerous aboveground rice responses also differed (
									
										P
									
									 < 0.05) among fertilizer-P source, including DM, N concentration, and N, P, Fe, and Zn uptake (Table 4). Like belowground, aboveground DM was numerically largest from MAP, which did not differ from DAP, TSP, RP, ECST, or the UC, and was smallest from CPST (Table 4). Unlike belowground (Table 3), aboveground DM was 1.6 times greater from ECST than CPST and ECST was similar to, while CPST was lower than all other fertilizer-P sources (Table 4).
								

								
									Omidire, et al. [28] and Della Lunga, et al. [46] reported that aboveground rice DM and Ylagan, et al. [47] reported aboveground soybean DM were unaffected fertilizer-P source, which differed from the results of this study. However, comparable to results of the current study, Ylagan, et al. [47] reported aboveground corn DM differed among fertilizer-P sources, but, unlike results of the current study, aboveground corn DM did not differ between the two struvite-P sources.
								

								
									In contrast to belowground, aboveground N concentration was numerically largest from DAP, which did not differ from CPST, ECST, and TSP, and was numerically smallest from RP, which did not differ from MAP, ECST, TSP, and the UC (Table 4). Unlike DM, aboveground N concentration was similar between the two struvite-P sources and both were similar to more than one other fertilizer-P source (Table 4). Aboveground P, K, Mg, Ca, Fe, Mn, and Zn concentrations were all unaffected (
									
										P
									
									 > 0.05) by fertilizer-P source (Table 4).
								

								
									Similar to the results of this study, Omidire, et al. [28] reported that aboveground rice P and Mg concentrations were unaffected by fertilizer-P source. However, unlike results of this study, Omidire, et al. [28] reported that aboveground rice N concentration was also unaffected by fertilizer-P source. In addition, Della Lunga, et al. [46] reported aboveground N was unaffected by fertilizer-P source, but that aboveground P concentration differed among fertilizer-P sources, which also differed from results of this study. Comparable to results of this study, Ylagan, et al. [47] reported that aboveground soybean stem-plus-leaves tissue K, Ca, and Fe concentrations were unaffected by fertilizer-P source, but, in contrast to the results of the current study, soybean stem-plus-leaves tissue N concentration also did not differ among fertilizer-P sources. Furthermore, like results of this study, Ylagan, et al. [47] reported that aboveground corn stem-plus-leaves tissue N concentration differed among fertilizer-P sources and there was no difference between the two struvite-P sources. However, unlike results of this study, aboveground corn stem-plus-leaves tissue P, Mg, K, and Ca concentrations differed among fertilizer-P sources, with only aboveground corn stem-plus-leaves tissue P concentrations differing between the two struvite-P sources, where ECST was greater than CPST [47].
								

								
									Similar to belowground uptake and aboveground concentration, aboveground N uptake was numerically largest from DAP, which did not differ from MAP, and was smallest from CPST, which did not differ from RP and the UC (Table 4). Like with DM, aboveground N uptake was 1.5 times greater from ECST than CPST, while ECST was similar to all other fertilizer-P sources (Table 4). In contrast to belowground uptake and aboveground concentration, aboveground P uptake was numerically largest from MAP, which did not differ from ECST, DAP, TSP, RP, and the UC, and was smallest from CPST (Table 4). Aboveground P uptake was 1.6 times greater from ECST than CPST, while ECST was similar to all other fertilizer-P sources (Table 4). In contrast to belowground concentration and uptake and aboveground concentration, aboveground Fe uptake was numerically largest from MAP, which did not differ from RP, and was numerically smallest from CPST, which did not differ from ECST, DAP, TSP, RP, and the UC (Table 4). Aboveground Fe uptake was similar between the two struvite-P sources and both were similar to DAP, TSP, and RP (Table 4). In contrast to below- and aboveground concentration, but similar to belowground uptake, aboveground Zn uptake was numerically largest from MAP, which did not differ from ECST TSP, RP, and the UC, and was numerically smallest from CPST, which did not differ from DAP and RP (Table 4). Similar to N and P, aboveground Zn uptake was 1.8 times greater from ECST than CPST, while ECST was similar to all other fertilizer-P sources (Table 4). Comparable to their concentration, aboveground K, Mg, Ca, and Mn uptake were all unaffected (
									
										P
									
									 > 0.05) by fertilizer-P source (Table 4).
								

								
									Omidire, et al. [28] and Della Lunga, et al. [46] also reported aboveground rice Mg uptake was unaffected by fertilizer-P sources, which were similar to the results of this study. However, unlike results of this study, aboveground rice N and P uptakes were also unaffected by fertilizer-P source [29,46].
								

								
									Once in the root tissue, fertilizer nutrients must be translocated to aboveground plant tissue. Thus, potential differential interactions among the specific nutrient forms inside the plant may contribute to differential fertilizer responses, especially for P which can exist in various phosphate forms with multiple valence states [47]. Of the 17 aboveground rice properties evaluated in the study, six differed among fertilizer-P sources, where all six were at least numerically largest from the highly water-soluble MAP or DAP (Table 4) [49,50]. In two of the six aboveground rice properties that differed among fertilizer-P sources, the two struvite-P sources did not differ, while ECST was greater than CPST in the other four instances, substantiating the differences in application form between the two struvite-P sources [29-31,47,51]. Furthermore, the differences in purity and elemental composition between the two struvite-P sources may have resulted in differential nutrient forms once inside the plant [47] to cause differential fertilizer response in the aboveground rice tissue.
								

								Rice grain response

								
									Mostly similar to that hypothesized, with the exception of grain K concentration, grain DM, grain N, P, Mg, Ca, Fe, Mn, and Zn concentrations, and all nutrient uptakes were unaffected by fertilizer-P source (Table 5). In contrast to below- and aboveground concentration and aboveground uptake, but similar to belowground uptake, grain K concentration was numerically largest from CSPT, which did not differ from ECST, RP, and the UC, and was numerically smallest from MAP, which did not differ from DAP and TSP (Table 5). Grain K concentration was similar between the two struvite-P sources and both were largest than MAP (Table 5).
								

								
									In contrast to the results of this study, Omidire, et al. [28] reported rice grain yield differed among fertilizer-P sources in one year, but not in the other. However, in the year when rice yields differed among fertilizer-P sources, rice yields were low and similar between ECST and CPST [28]. Similarly, Della Lunga, et al. [46] also reported rice grain yield and grain N concentration differed among fertilizer-P sources; however, similar to the results of this study, grain P and Mg concentrations were also unaffected by fertilizer-P source. Similar to the result of this study, Omidire, et al. [28] reported rice grain P and Mg concentrations and P and Mg uptakes were unaffected by fertilizer-P source; however, in contrast to the results of this study, grain N uptake differed among fertilizer-P sources, but was similar between the two struvite-P sources. In contrast to the results of this study, Della Lunga, et al. [46] reported grain N, P, K, and Mg uptakes all differed among fertilizer-P source.
								

								
									For fertilizer-response differences to manifest themselves in grain DM and tissue concentrations, plant metabolites and nutrients must be further translocated to the grain. However, of the 17 rice grain properties evaluated in the study, only one property differed among fertilizer-P sources, which was grain K concentration, not even one of the main constituents of any of the fertilizer-P sources (Table 5). This result suggests that the extra translocation step and the length of time nutrients, like P and N, spend in the aboveground plant tissue before being translocated to the grain near the end of the growing season essentially normalize most fertilizer-P-source-response differences that occurred earlier in the plants life span in the below- and aboveground tissue. Results suggest that the length of the vegetative stages of rice, during which nutrient uptake occurs at an almost constant increasing rate [55], is sufficient to solubilize the slow-release struvite-P materials, further substantiating the viability of struvite as a potential alternative fertilizer-P source for rice production and other crops.
								

								Total aboveground rice response

								
									Summing aboveground vegetative and grain tissue, in contrast to that hypothesized, several total aboveground rice properties differed among fertilizer-P sources, including N, Fe, and Zn uptake (Table 6). Total aboveground N uptake was numerically largest from DAP, which did not differ from ECST, and was numerically smallest from the UC, which did not differ from CPST and RP (Table 6). Total aboveground N uptake was 1.3 times greater from ECST than CPST, while each were similar to at least two other fertilizer-P sources (Table 6). Like with N, total aboveground Fe uptake was numerically largest from MAP, which did not differ from DAP, TSP, and RP, and was numerically smallest from the UC, which did not differ from ECST, CPST, DAP, TSP, and RP (Table 6). In contrast to N, total aboveground Fe uptake was similar between the two struvite-P sources and both were similar to all other fertilizer-P sources, except for MAP (Table 6). Similar to N and Fe, total aboveground Zn uptake was numerically largest from TSP, which did not differ from MAP, ECST, and CPST, and was numerically smallest from DAP, which did not differ from ECST, CPST, RP, and the UC (Table 6). Total aboveground Zn uptake was similar between the two struvite-P sources and both were similar to all other fertilizer-P sources (Table 6). Total aboveground DM and P, K, Mg, Ca, and Mn uptake were all unaffected (
									
										P
									
									 > 0.05) by fertilizer-P source (Table 6).
								

								
									Della Lunga, et al. [46] also reported no effect of fertilizer-P source on total aboveground DM and P, K, and Mg uptake, while N uptake also differed among fertilizer-P sources, which was similar to the results of this study. However, in contrast to the results of this study, total aboveground Zn uptake was unaffected by fertilizer-P source [46].
								

								
									Of the nine total aboveground rice properties (i.e., aboveground vegetative plus grain) evaluated in the study, only three properties differed among fertilizer-P sources, where all three were at least numerically largest from TSP, DAP, or MAP (Table 6). This result further substantiates the likelihood of differential solubilities being the main contributor to differential rice responses [49,50]. In addition, ECST was greater than CPST for only one of the three total aboveground rice properties (Table 6), further substantiating the application-form difference between the two struvite-P sources.
								

								Total rice plant response

								
									Summing belowground, aboveground vegetative, and grain tissue, in contrast to that hypothesized, several total rice plant properties differed among fertilizer-P sources, including DM, N, Fe, and Zn uptake (Table 7). In contrast to total aboveground, total rice DM was numerically largest from MAP and TSP, which did not differ from DAP and ECST, and was numerically smallest from the UC, which did not differ from ECST, CPST, DAP, and RP (Table 7). Total rice DM was similar between the two struvite-P sources and each was similar to at least two other fertilizer-P sources (Table 7).
								

								
									Unlike results of this study, Della Lunga, et al. [46] reported total plant DM was unaffected by fertilizer-P source. However, similar to the results of this study, Ylagan, et al. [47] reported that total corn plant DM differed among fertilizer-P sources. Furthermore, ECST produced greater total corn plant DM than CPST [47], which differed from results of this study.
								

								
									Like with DM, total rice N uptake was numerically largest from DAP, which did not differ from MAP and ECST, and was numerically smallest from the UC, which did not differ from RP and CPST (Table 7). Total rice N uptake was 1.2 times greater from ECST than CPST, while ECST was similar to MAP, DAP, and TSP (Table 7). Comparable to DM and N, total rice Fe uptake was numerically largest from TSP, which did not differ from MAP, DAP, CPST, and RP, and was numerically smallest from the UC, which did not differ from ECST (Table 7). In contrast to N, total rice Fe uptake was similar between the two struvite-P sources and both were similar to at least two other fertilizer-P sources (Table 7). Similar to DM, N, and Fe, total rice Zn uptake was numerically largest from TSP, which did not differ from ECST and MAP, and was numerically smallest from the UC, which did not differ from RP, DAP, CPST, and ECST (Table 7). Like with DM and Fe, total rice Zn uptake was similar between the two struvite-P sources and both were similar to at least two other fertilizer-P sources (Table 7). Total rice P, K, Mg, Ca, and Mn uptake were all unaffected (
									
										P
									
									 > 0.05) by fertilizer-P source (Table 7). Similar to the results of this study, Della Lunga, et al. [46] reported total plant N uptake differed and P, K, and Mg uptakes did not differ among fertilizer-P sources.
								

								
									Similar to total aboveground rice properties, of the nine total rice plant properties (i.e., belowground plus aboveground vegetative plus grain) evaluated in the study, four properties differed among fertilizer-P sources, where all four were at least numerically largest from TSP, DAP, or MAP (Table 7). In addition, ECST was greater than CPST for one and CPST was greater than ECST for one of the four total rice plant properties (Table 7).
								

								Conclusions

								
									This greenhouse study evaluated below- and aboveground rice response to various fertilizer-P sources (i.e., ECST, CPST, MAP, DAP, TSP, RP, and a UC) under flood-irrigation. Contrary to that hypothesized, of the 69 total measured or calculated rice properties evaluated, 22 rice properties differed among fertilizer-P sources, including numerous below- and aboveground, total aboveground, and total rice properties. For all 22 rice properties with a significant fertilizer-P-source difference, either ECST, CPST, or both had a similar response to TSP, DAP, and/or MAP and, in three instances (i.e., belowground P and Ca and grain K concentration), CPST had a larger response than TSP, DAP, or MAP. Results clearly demonstrated that struvite-P sources (i.e., ECST and CPST) are a viable, alternative fertilizer-P source, as evidenced by the large frequency of similar rice responses to at least one of the other commercially available fertilizer-P sources commonly used for flood-irrigated rice production on a silt-loam soil in Arkansas (i.e., TSP, DAP, or MAP).
								

								Acknowledgments

								
									This work was supported by a research grant from the National Science Foundation INFEWS/T3 Program (Award #1739473).
								

								 
								References
 

								
									 
								 
								 
									
									
										Cordell D, Drangert JO, White S (2009) The story of phosphorus: global food security and food for thought.Global Environ Change19: 292-305.
									
								


									
									
										Sims JT, Pierzynski GM (2005) Chemistry of phosphorus in soils.Chem Proc Soils8: 151-192.
									
								


									
									
										Liu Y, Kumar S, Kwag JH, et al. (2013) Magnesium ammonium phosphate formation, recovery and its application as valuable resources: A review.J Chem Technol Biotechnol88: 181-189.
									
								


									
									
										Rahman MM, Liu Y, Kwag JH, et al. (2011) Recovery of struvite from animal wastewater and its nutrient leaching loss in soil.J Hazard Mat186: 2026-2030.
									
								


									
									
										Suh S, Yee S (2011) Phosphorus use-efficiency of agriculture and food system in the US. Chemosphere 84: 806-813.
									
								


									
									
										Suzuki K, Tanaka Y, Kuroda K, et al. (2007) Removal and recovery of phosphorous from swine wastewater by demonstration crystallization reactor and struvite accumulation device. Biores Technol 98: 1573-1578.
									
								


									
									
										Liu Y, Kwag JH, Kim JH, et al. (2011) Recovery of nitrogen and phosphorus by struvite crystallization from swine wastewater. Desalination 277: 364-369.
									
								


									
									
										Deng LW, Zheng P, Chen ZA (2006) Anaerobic digestion and post-treatment of swine wastewater using IC-SBR process with bypass of raw wastewater. Proc Biochem 41: 965-969.
									
								


									
									
										Liu Y, Rahman MM, Kwag JH, et al. (2011) Eco-friendly production of maize using struvite recovered from swine wastewater as a sustainable fertilizer source. Asian-Austral J Anim Sci 24: 1699-1705.
									
								


									
									
										Rahman MM, Salleh MAM, Rashid U, et al. (2014) Production of slow release crystal fertilizer from wastewaters through struvite crystallization - A review. Arab J Chem 7: 139-155.
									
								


									
									
										United Nations Educational, Scientific and Cultural Organization (UNESCO) (2012) Managing water under uncertainty and risk. The United Nations World Water Development Report 4. United Nations Educational, Scientific and Cultural Organization, Paris, France.
									
								


									
								   
									United States Department of Agriculture (USDA), Natural Resource Conservation Service (NRCS) (2014) Soil series.
								  
								


									
								   
									Craswell ET, Vlek PLG (1979) Greenhouse evaluation of nitrogen fertilizers for rice. Soil Sci Soc Am J 43: 1184-1188.
								  
								


									
								   
									Shulte EE, Kelling KA (1996) Soil and applied phosphorus.
								  
								


									
									
										Lee S (2021) Recent advances on nitrogen use efficiency in rice. Agron 11: 753.
									
								


									
									
										Doyle JD, Oldring K, Churchley J, et al. (2003) Chemical control of struvite precipitation.J Environ Engin129: 419-426.
									
								


									
									
										De-Bashan LE, Bashan Y (2004) Recent advances in removing phosphorus from wastewater and its future use as fertilizer (1997-2003). Water Res 38: 4222-4246.
									
								


									
									
										Rahaman MS, Ellis N, Mavinic DS (2008) Effects of various process parameters on struvite precipitation kinetics and subsequent determination of rate constants.Water Sci Technol57: 647-654.
									
								


									
									
										Welander U, Henrysson T, Welander T (1998) Biological nitrogen removal from municipal landfill leachate in a pilot scale suspended carrier biofilm process. Water Res 32: 1564-1570.
									
								


									
									
										Bonmati´ A, Flotats X (2003) Air stripping of ammonia from pig slurry: Characterisation and feasibility as a pre-or post-treatment to mesophilic anaerobic digestion. Waste Manag 23: 261-272.
									
								


									
									
										Cho JH, Lee JE, Ra CS (2009) Microwave irradiation as a way to reutilize the recovered struvite slurry and to enhance system performance. J Anim Sci Technol 51: 337-342.
									
								


									
									
										Kim KW, Kim YJ, Kim IT, et al. (2006) Electrochemical conversion characteristics of ammonia to nitrogen. Water Res 40: 1431-1441.
									
								


									
									
										Kkedy-Nagy L, Moore II JP, Abolhassani M, et al. (2019) The passivating layer influence on Mg-based anode corrosion and implications for electrochemical struvite precipitation.J Electrochem Soc166: 1-8.
									
								


									
									
										Johnston AE, Richards IR (2003) Effectiveness of different precipitated phosphates as phosphorus sources for plants. Soil Use Manag 19: 45-49.
									
								


									
									
										Kataki S, West H, Clarke M, et al. (2016) Phosphorus recovery as struvite from farm, municipal and industrial waste: Feedstock suitability, methods and pre-treatments.Waste Manag49: 437-454.
									
								


									
									
										Li XZ, Zhao QL (2002) MAP precipitation from landfill leachate and seawater bittern waste. Environ Technol 23: 989-1000.
									
								


									
									
										Kkedy-Nagy L, Teymouri A, Herring AM, et al. (2020) Electrochemical removal and recovery of phosphorus as struvite in an acidic environment using pure magnesium vs. the AZ31 magnesium alloy as the anode. Chem Engin J 380: 1-7.
									
								


									
									
										Negrea A, Lupa L, Negrea P, et al. (2010) Simultaneous removal of ammonium and phosphate ions from wastewaters and characterization of the resulting product.Chemical Bulletin of Politehnica University of Timisoara, ROMANIA Series of Chemistry and Environmental Engineering 55: 136-142.
									
								


									
									
										Bridger GL, Salutsky ML, Starostka RW (1962) Micronutrient sources, metal ammonium phosphates as fertilizers.J Agric Food Chem10: 181-188.
									
								


									
									
										Talboys PJ, Heppell J, Roose T, et al. (2015) Struvite: A slow-release fertilizer for sustainable phosphorus management? Plant Soil 401: 109-123.
									
								


									
									
										Katanda Y, Zvomuya F, Flaten D, et al. (2016) Hog-manure-recovered struvite: Effects on canola and wheat biomass yield and phosphorus use efficiencies.Soil Sci Soc Am J80: 135-146.
									
								


									
									
										Omidire N, Brye KR, Roberts TL, et al. (2022) Evaluation of electrochemically precipitated struvite as a fertilizer-phosphorus source in flood-irrigated rice. Agron J 114: 739-755.
									
								


									
									
										United States Department of Agriculture - Environmental Resources Service (2021) Rice Yearbook: Arkansas. USDA-ERS.
									
								


									
									
										Omidire NS, Brye KR, English L, et al. (2022) Wastewater-recovered struvite evaluation as a fertilizer-phosphorus source for corn in eastern Arkansas. Agron J 114: 2994-3012.
									
								


									
									
										Omidire NS, Brye KR, English L, et al. (2023) Soybean growth and production as affected by struvite as a phosphorus source in eastern Arkansas. Crop Sci 63: 320-335.
									
								


									
									
										Gee GW, Or D (2002) Particle-size analysis. In: Dane JH, Topp GC, Method of soil analysis: Physical methods (Part 4). Soil Science Society of America, Madison, WI, 255-293.
									
								


									
									
										Zhang H, Wang JJ (2014) Loss on ignition method. In: Sikora FJ, Moore KP, Soil test methods from the Southeastern United States. Southern Cooperative Series Bulletin No. 419. USDA-SERA-IEG-6.
									
								


									
									
										Nelson DW, Sommers LE (1996) Total carbon, organic carbon, and organic matter. In: Sparks DL, Page AL, Helmke PA, et al. Methods of soil analysis. Part 3: Chemical analysis. (3
										
											rd
										
										 edn), Soil Science Society of America, Madison, WI, 961-1010.
									
								


									
									
										Tucker MR (1992) Determination of phosphorus by Mehlich 3 extraction. In: Donohue SJ, Soil and media diagnostic procedures for the southern region of the United Sates. Virginia Agricultural Experiment Station, Blacksburg, VA, 6-8.
									
								


									
									
										Bouman BAM, Tuong TP (2001) Field water management to save water and increase its productivity in irrigated lowland rice. Agric Water Manag 49: 11-30.
									
								


									
									
										Saxton K, Rawls WJ, Romberger J, et al. (1986) Estimating generalized soil water characteristics from texture. Soil Sci Soc Am J 50: 1031-1036.
									
								


									
									
										United States Department of Agriculture (USDA) (2017) Soil-Plant-Atmosphere-Water Field, and Pond Hydrology. USDA.
									
								


									
									
										University of Arkansas, Division of Agriculture, Cooperative Extension Service (UA-DA-CES) (2019) Rice Production Handbook. UA-DA-CES, Little Rock, AR, 208.
									
								


									
									
										United States Environmental Protection Agency (USEPA) (1996) Method 3050B: Acid digestion of Sediments, sludges, and soils. Revision 2. Environmental Sampling and Analytical Methods Program. USEPA.
									
								


									
								   
									Soltanpour PN, Johnson GW, Workman SM, et al. (1996) Inductively coupled plasma emission spectrometry and inductively coupled plasma-mass spectroscopy. In: Bigham JM, et al., Methods of Soil Analysis: Part 3 Chemical Methods. SSSA Book Ser. Madison, WI, 91-140.
								  
								


									
									
										Norman RJ, Slaton NA, Roberts T (2013) Soil fertility. In: Hardke JT, Rice Production Handbook. University of Arkansas, Division of Agriculture, Cooperative Extension Service, Misc. Pub. 192, Fayetteville, AR, 69-101.
									
								


									
									
										Havlin JL, Tisdale SL, Nelson WL, et al. (2014) Soil fertility and fertilizers: An introduction to nutrient management. (8
										
											th
										
										 edn), Pearson Education Inc., Upper Saddle River, NJ.
									
								


									
									
										Della Lunga D, Brye KR, Roberts TL, et al. (2023) Struvite effects on rice growth and productivity under flood-irrigation in the greenhouse. Agric Sci Accepted/In Press.
									
								


									
									
										Ylagan S, Brye KR, Greenlee L (2020) Corn and soybean response to wastewater-recovered and other common phosphorus fertilizers. Agrosyst Geosci Environ 3: e20086.
									
								


									
									
										Hertzberger AJ, Cusick RD, Margenot AJ (2020) A review and meta-analysis of the agricultural potential of struvite as a phosphorus fertilizer.Soil Sci Soc Am J84: 653-671.
									
								


									
									
										Chien SH, Prochnow LI, Tu S, et al. (2011) Agronomic and environmental aspects of phosphate fertilizers varying in source and solubility: An update review.Nutr Cycl Agroecosys89: 229-255.
									
								


									
									
										Anderson R, Brye KR, Kekedy-Nagy L, et al. (2021) Total extractable phosphorus in flooded soil as affected by struvite and other fertilizer-P sources. Soil Sci Soc Am J 85: 1157-1173.
									
								


									
									
										Jarrell WM, Beverly RB (1981) The dilution effect in plant nutrition studies. Adv Agron 34: 197-224.
									
								


									
									
										Porananond K, Searle PGE (1977) The effect of time of fertilizer-soil contact, distance of phosphate movement and fertilizer solubility on phosphate availability to early growth of lowland rice. Plant Soil 46: 391-404.
									
								


									
									
										Olson RA, Kurtz LT (1982) Crop nitrogen requirements, utilization and fertilization. Am Soc Agron 22.
									
								



								


    

  

