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Abstract

The agronomic value of fertilizer phosphorus (P) in the soil is determined by how it is incorporated and released during aggregate formation and
breakdown. These processes play a vital role in P accessibility, storage, and cycling. Bone char (BC) is a promising substitute for phosphorus
fertilizer. Its low P solubility can be increased by modifying the BC surface with elemental sulfur (BCP"), although the fate of BC-based P within
soil aggregates have not yet been tested under field conditions. In this study, soil samples were taken from a five-year field experiment (2013-2018)
to track the fate of BC and BCP'“s P. These samples were compared to triple superphosphate (TSP) and a control without additional P (No-P) in
different soil P pools within soil aggregates in severely P deficient vs. sufficiently P fertilized Cambisol. Soil aggregate distributions were assessed
after wet-sieving, centrifugation, and tangential flow filtration to separate small macroaggregates (250 to 2000 um, SMaA), large microaggregates
(53 to 250 um, LMiA), small microaggregates (1 to 53 um, SMiA), and composite building units (< 1 um, BU). Soil P status was assessed after
sequential extraction (Hedley scheme). We found that the mass proportions of soil size fractions decreased in the order of SMiIA > LMIA =~ SMaA >
BU. The addition of 45 kg P ha! year? using different fertilizers significantly increased the mass proportion of LMiA from 7 to 22% in comparison

to the No-P. This was likely due to stimulated plant growth after fertilization and thus introduction of organic binding agents which increased soil
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aggregation. The addition of BC and BCP"“ showed nearly no significant effect when compared to No-P on soil P pools. However, sulfur modification
of BC resulted in higher labile P which was comparable to that found in TSP. Therefore, we conclude that BCP"s behaves similarly to TSP, without
any additional positive or detrimental effects on P status. This lends support for the use of BC wastes as a possible substitute for TSP, which would

represent a move towards more sustainable agriculture with more closed P cycles.

Keywords

Sulfur modified bone char; Hedley fractionation; P fertilizer substitute; soil aggregates; P pools

1. Introduction

Phosphorus (P) plays a vital role in supporting soil fertility and food production (Holford, 1997; Roberts and Johnston, 2015; Scholz et al., 2013;
Vance et al., 2003). However, there are considerable uncertainties about how long the finite rock phosphate (RP) reserves can cover global need
(Cordell et al., 2009; Obersteiner et al., 2013). There is further concern about contamination with cadmium (Cd) and uranium (U), as well as the
globally uneven distribution of the remaining P reservoirs (Desmidt et al., 2015; Obersteiner et al., 2013; Scholz et al., 2013). These factors drive
current research on novel P sources and approaches for sustainable agricultural P management.

Recent studies have shown that bone char (BC) based materials is a promising recycled P fertilizer (Glaesner et al., 2019; Kruse et al., 2022;
Morshedizad and Leinweber, 2017; Morshedizad et al., 2018; Siebers et al., 2014; Siebers et al., 2013; Siebers and Leinweber, 2013; Zimmer et al.,
2018; Zwetsloot et al., 2016). Bone char is produced from the pyrolysis of animal bone chips, which usually are regarded as waste in slaughterhouses

(Leinweber et al., 2019; Zimmer et al., 2018). It is completely free of soil contaminants, such as Cd and U, and in addition to calcium (Ca) and
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magnesium (Mg), contains considerable amounts of P (roughly 130 to 150 g P kg), mainly in the form of hydroxyapatite (Leinweber et al., 2019;
Siebers and Leinweber, 2013). Furthermore, due to its biological origin and associated lower crystallinity this hydroxyapatite is more soluble than
geological apatite (Zwetsloot et al., 2015). Plant availability and P release kinetics of BC have been primarily studied in lab or pot experiments
(Leinweber et al., 2019; Siebers et al., 2014; Zwetsloot et al., 2016), but recently have also begun to be studied in the field (Panten and Leinweber,
2020). The major factors controlling the dissolution of both BC and RP are soil pH and sinks of soil P and Ca (Warren et al., 2008). It has been
shown that P dissolution from BC is generally slower than that from commercially available and highly soluble P fertilizers (Siebers and Leinweber,
2013) and althrough higher soil acidity can promote dissolution of P from BC (Leinweber et al., 2019; Zimmer et al., 2018; Zimmer et al., 2019).
The BC fertilization increased plant P uptake compared to no-fertilization (Little et al., 2017; Zwetsloot et al., 2016). Results of these studies suggest
that crops such as wheat and grass, with relatively long growth periods and developed root systems, could have a higher agronomic efficiency than
fast growing vegetables when considering slowly released P from BC-based fertilizers (Leinweber et al., 2019). Moreover, the surface of BC can be
enriched with up to 20% (w/w) elemental sulfur (S) (BCP"s patent DE102011010525). This occurs through the adsorption of gaseous sulfur from
biogas streams, and could increase the solubility of BC P in the soil (Zimmer et al., 2018). A so-called “in situ digestion” process may be involved
which promotes apatite dissolution through the release of H.SO4 from microbial sulfoxidation (Fan et al., 2012). Previous batch and pot experiments
have confirmed a higher solubility of BCP's compared to BC (Morshedizad et al., 2018; Zimmer et al., 2019). This implies that BCP"“, which is
recycled slaughterhouse waste and biogas streams, could be a suitable alternative to RP fertilizers (Zimmer et al., 2018).

However, to be useful for organisms and plants, the released P from fertilizer must be both bioavailable (present in a suitable chemical form) and
bioaccessible (physically accessible). The bioaccessibility of P is largely controlled by soil aggregates, with the incorporation and release of P during

aggregate formation and breakdown playing a vital role in nutrient storage and cycling (Bronick and Lal, 2005; Six et al., 2004). Over the past
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several decades, extensive works has been done investigating and comparing the effects of P fertilization on P speciation and availability in soils
(Ajiboye et al., 2008; Alamgir and Marschner, 2013; Baggie et al., 2004; Koch et al., 2018; Siebers et al., 2021; VVogel et al., 2017). However, little
is known about the fate of fertilizer P within soil aggregates, or the effects of P fertilization on various P pools within soil aggregates (Garland et al.,
2018; Wan et al., 2020). Additionally, no information is available about the fate of fertilizer P from either BC or BCP"s, Soil aggregates consist of
macro, micro, and nanoscale aggregates composed of inorganic (minerals) and organic (organic matter, microbial biomass/debris) materials resulting
from various physical, chemical, and biological processes (Totsche et al., 2018). Soil microaggregates (< 250 pm) possess a relatively high stability
and persistence and are strongly linked with the major biological processes controlling the turnover of nutrients. In the literature, it has been shown
that there is a faster potential P turnover rate in large microaggregates than in small microaggregates (Siebers et al., 2018). Knowledge of the
functional relationship between soil aggregates and P is key to evaluating the potential of soils to store and supply fertilizer P to plants. Improving
our understanding of the fate of fertilizer P and its transformation and cycling within the soil aggregates is important for the development of
sustainable fertilizer management.

We hypothesize that P introduced through BC and BCP", due to their differences in pH and solubility (Grafe et al., 2021; Morshedizad et al., 2018;
Zimmer et al., 2018), may perform differently from each other, as well as from highly water soluble triple superphosphate (TSP) fertilizer, in soil
aggregates and thus affecting soil P availability and forms. The objective of this study was to determine for the first time the fate of fertilizer P from
BC, BCPs, and TSP in different soil aggregate size fractions under field conditions. Samples were taken from a five-year (one crop rotation)
experiment site, which was the first BC-based field fertilization trial. We applied Hedley sequential P extraction for soil aggregates and different P

forms and availabilities (labile, moderately labile, and stable P) were evaluated. This study provides essential knowledge on the availability,
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transformation, and storage of P within different soil aggregate size fractions after continuous BC and BCP"s fertilizations, giving insight into the

optimum application of these promising fertilizer resources.

2. Materials and methods

2.1. Study site and experimental design

The study site is arable land located near Braunschweig, Germany (10° 27" E; 52° 18" N, elevation 81 m a.s.l.) with a mean annual temperature of
9 °C and a mean annual precipitation of 620 mm. The soil at the site is described as Haplic Luvisol and Dystric Cambisol (IUSS Working Group
WRB, 2015) and is built from sandy fluvial sediments overlaid with sandy loess. This site was subject to continuous long-term P fertilization from
1985 to 2008, followed by extensive management as grassland from 2009 to 2012, and then converted to arable land for the preparation of the current
study. The application of different dosages of P fertilizer P to randomly designed plots from 1985-2008 (for more details see Vogeler et al. (2009))
left randomly distributed plots with different concentrations of calcium acetate lactate extractable P (P-CAL). These were assigned to initial soil P-
test classes (iISPTC) based on their topsoil P-CAL concentrations, i.e., iISPTC-A (severely deficient, < 15 mg P-CAL kg?), iSPTC-B (deficient, 15
to 30 mg P-CAL kg™), and iSPTC-C (sufficient, 31 to 60 mg P-CAL kg?), respectively (Wiesler et al., 2018). Only iSPTC-A and iSPTC-C plots
were involved in the present study. Measurements of initial soil characteristics for iISPTC-A and iSPTC-C bulk soils revealed levels of total carbon
C: 13 and 14 g kg, total nitrogen (N): 10 and 10 g kg?, total P: 349 and 520 mg kg, and pH: 5.1 and 5.2, respectively. For more details on former
field characteristics and site management see Panten and Leinweber (2020).

The present study began in the autumn of 2013 with four different P fertilization treatments on iSPTC-A and iSPTC-C bulk soils: 1) control, without

P addition, described as No-P; 2) triple superphosphate, TSP; 3) bone char, BC; and 4) bone char enriched with elemental sulfur, BCP". Each
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treatment had three replicated plots (5.75 m x 17.5 m), which were arranged in a completely randomized block design. All P treatments (TSP, BC,
and BCP") received 45 kg P ha year. The plots received a combination of chisel ploughing and conventional ploughing to a depth of 25 cm before
yearly sowing (5-year crop rotation: winter barley, winter oilseed rape, winter wheat, lupin, and winter rye). For details regarding fertilizations with
other elements as well as crop yields and P uptake of plants in response to the P treatments refer to Panten and Leinweber (2020).

The BC was manufactured by pyrolysis of rendered (de-fatted) crushed bovine bones at around 800 °C. Subsamples of BC were surface-modified
by adsorbing H,S (BCP'"*) from a biogas stream according to the procedure described in patent DE102011010525. The total P contents of the applied
P fertilizers are 148 g kg (BC), 107 g kg (BCP"), and 200 g kg™ (TSP). Properties of both BC-based fertilizers have been previously reported

(Zimmer et al., 2018).

2.2. Soil sampling and soil aggregates separation

In the present study, we investigated soil samples before the start of the trial (August 21, 2013) and after completion of the first 5-year crop rotation
(July 20, 2018). For soil sampling, eight soil cores were taken per treatment to a depth of 30 cm, and then combined into a composite bulk sample.
The samples were air-dried and sieved through 2 mm (as bulk soil) and stored in plastic bags before soil aggregate separation and further analyses.
The bulk soil was separated into four soil size fractions slightly adjusted from size range defined by Totsche et al. (2018), namely (i) small
macroaggregates (SMaA, 250 to 2000 um); (ii) large microaggregates (LMiA, 53 to 250 um); (iii) small microaggregates (SMiA, 1 to 53 um), and
(iv) composite building units (BU, <1 um). For size fractionation, a combination of wet sieving, centrifugation, and tangential flow filtration (TFF)
was applied (Dalwadi and Sunderland, 2007; Six et al., 2000; Tang et al., 2009). Bulk soil (< 2 mm) was firstly immersed in deionized water on top

of the two-sieves stack (mesh size 250 and 53 pm) and manually shaken up and down. The fractions remaining on the 250 um and 53 pum sieves
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were designated as SMaA and LMIA, respectively. The wet-sieving procedure took 1 hour for 40.0 g of soil samples using 10 cm diameter sieves.
The 1 to 53 um aggregates were separated by centrifugation at 4000 rcf for 2 min calculated using Stork’s law (Henderson et al., 2012) and the
solids were transferred to a beaker for drying (as SMiA). The supernatant was passed through a TFF system (Minmate™ TFF Capsule (1 KDa m-
polyethersulfone membrane, PALL Life Sciences, USA) associated with pressure gauges and a peristaltic pump (Cole-Parmer, Masterflex L/S)).
The concentrated supernatant was collected and dried (as BU). All four soil size fractions were oven dried at 40 °C, weighed, and stored for further

analyses.

2.3. Soil analyses
The mass distribution proportion of soil aggregates was calculated by dividing the weight of each aggregate size fraction by the weight of bulk soil
used in the wet sieving procedure. The mean weight diameter (MWD, pm), an evaluation parameter for changes in soil aggregate stability, was

calculated according to the following equation:

MWD =" w, X d (Eq. 1)
where n is the number of aggregate size fractions, w, is the ratio of the weight of the x" fraction to the weight of bulk soil used in the wet sieving,
and d,, is the mean diameter of the x™ fraction (um). Total elemental contents of Ca, Mg, and iron (Fe) were determined after microwave-assisted
digestion of 150 mg soil samples with 0.7 mL HNO3 and 2 mL HCI using inductively coupled plasma-optical emission spectroscopy (ICP-OES;
Thermo Fisher iCAPTM 7600). The contents of total C, N, and S were analyzed by dry combustion followed by heat conductivity detection of the

released trace gases (vario MICRO cube, Elementar, Hanau, Germany).
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2.4. Sequential P fractionation

For the sequential P fractionation of soil aggregates, a slightly modified Hedley sequential P extraction procedure was applied (Hedley et al., 1982;
Negassa et al., 2010; Schmitt et al., 2017). Individual samples of 0.5 g (0.2 g for BU) were weighed into 50 mL (15 mL for BU) centrifuge tubes
and sequentially extracted with 30 mL (12 mL for BU) of: (1) ultrapure deionized water, (2) 0.5 M NaHCOs, (3) 0.1 M NaOH, and (4) 1 M H2SO..
Each suspension was shaken at 250 rpm for 18 h followed by centrifugation at 5000 rcf for 20 min. The sequentially extracted P was referred to
different P pools hereafter. The concentration of total P (P;) in each extract was determined by ICP-OES. Inorganic P (Pi) concentration in each
extract was measured with the molybdate blue colorimetric method using a UV-Vis spectrometer at a wavelength of 890 nm (Nagul et al., 2015).
Organic P (P,) concentrations in the H,O, NaHCO3, and NaOH extracts were calculated as the differences between the P; and P; of each of these
three P pools. The extracted P pools were further designated as follows: (1) H,O-P + NaHCOs-P = labile P, (2) NaOH-P = moderately labile P, and
(3) H2SO4-P = stable P. The sum of these three P pools (labile, moderately labile and stable P) is referred to as total P and the proportion of each P
pool to the total extracted P was calculated for every size fraction. In addition, the P mass proportion of each size fraction to the sum of P of all four
soil size fractions was calculated as follows:

Py X My

P proportion of xt" fraction (%) = 100 X (Eq. 2)

n
x=1Px XMy

where n is the number of aggregate size fractions, Py is the P content (g kg™ fraction) of x" fraction, and my is the mass (g) of x'" fraction.

2.5. Statistical analyses
Data analyses and graph plotting were performed with RStudio software version 3.6.3 (R Core Team, 2021). Normality and homogeneity of variance

assumptions of data sets were tested by Shapiro-Wilk and Levene’s test, respectively (Alboukadel, 2021). If the assumptions were verified, a two-
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way mixed ANOVA was performed to compare means of all treatments (independent factor) and aggregate size fractions (dependent factor) for
each soil P class (i.e., iISPTC-A and -C) separately. The assumption of sphericity was tested using the Mauchly’s tests, and, if the assumption was
violated the Greenhouse-Geisser sphericity correction was applied (Alboukadel, 2021). If the assumptions (normality and homogeneity of variances)
of the two-way mixed ANOVA were violated, the non-parametric Friedman’s ANOVA was used (Field et al., 2012). Significant two-way
interactions of the two parameters — treatments and aggregate size fractions — were also tested, but none were found. Therefore, we performed
multiple paired t-tests for the treatment ignoring size fraction, and vice versa. The p values were adjusted using the Bonferroni multiple testing
correction method. Paired t-tests were also applied to compare means of each sample collected in 2013 and 2018, for each treatment, and in each

aggregate size fraction (Alboukadel, 2021; Field et al., 2012). The statistical significance was accepted when p < 0.05.

3. Results

3.1. Mass distribution and MWD of soil size fractions

Aggregate mass proportions declined in the order of SMiA > LMiIA ~ SMaA > BU and were consistent across treatments in both soil P classes
(iSPTC-A and -C) (Figure 1). The mass proportions of SMiA ranged from 32.5+0.1 (meanzsd) to 46.5+1.3%, LMiA from 25.1+0.4 to 33.0£0.3%,

SMaA from 23.5+0.1 to 35.4+0.4%, and BU from 0.4+0.2 to 1.9+0.0%. When comparing the aggregate mass proportions between 2013 and 2018,

most treatments (No-P, TSP, and BC) had insignificant effects althrough the BCP!** treatment significantly decreased the mass proportion of LMiA
from 31.0 (2013) to 27.4% (2018) in iISPTC-A soil. After five years of field applications, only the mass proportion of LMiA in iSPTC-A soil showed
significant increases for all P fertilization treatments (TSP 26.4%, BC 26.7%, BCP"* 27.4%) when compared to the No-P treatment (25.9%). In

addition, the TSP treatment (0.90%) significantly decreased the mass proportion of BU in iSPTC-A soil compared to the BCP!“s treatment (1.02%),
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while No-P and BC treatments had insignificant effects on BU mass proportion. The MWD of all treatments ranged between 317 to 449 um (Figure
S1; Supplementary Data). In the No-P treatment for iSPTC-C soil, the MWD had a significant 8% decrease from 2013 (381 um) to 2018 (352 pum) .
Similarly, the MWDs of TSP, BC, and BCP" treatments decreased by 8.7%, 2.4%, 8.4% for iSPTC-A soil, and 3.1%, 5.6%, 13.0% for iSPTC-C

soil after five years, respectively.

3.2. Total elemental contents and P proportions in soil size fractions

The total contents of C, N, S, P, Ca, Fe, and Mg increased with decreasing soil size fractions, irrespective of fertilization treatment and soil initial P
classes (Table S1 and S2; Supplementary Data). Generally, all total elemental contents in the BU were significantly higher (2 to 9 times) than that
in SMaA, LMiA, and SMiA, while there were similar, although insignificant elemental concentrations among the latter three soil size fractions. In
each soil size fraction, elemental contents were generally not significantly affected by different P fertilizer treatments. In line with expectations, the
Ca contents and bulk soil pH values increased in all treatments and soil P classes after five years.

The proportion of each soil size fraction P mass to the sum of P mass of all soil size fractions was calculated using Eq. 2. For both soil P classes, all
treatments showed the fraction containing the largest mass proportion of total P to be SMIA (37 to 62%) followed by LMIA (16 to 34%), SMaA (13
to 29%), and BU (3.5 t0 8.2%) (Figure 2). The P mass proportions of most soil size fractions were not affected by the different fertilizer treatments;
however, in the iISPTC-A soil, TSP application significantly increased the mass proportion of P in the LMiA (33%) compared to that of No-P (28%)
and BC (26%) treatments. Furthermore, P mass proportions in the LMIA in the iISPTC-C soil increased significantly (from 21% to 28%) after five

years of No-P fertilization.
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3.3. Sequentially extracted P pools in soil size fractions

When evaluating the P concentration in relation to the mass of each size fraction (mg P kg size fraction) for extracted different P pools, the P
concentrations of each soil size fraction increased in the order of H,O-P; < H,0-P, < NaHCO3-P, ~ NaHCO3-Pi < NaOH-P; = H,SO4-P < NaOH-P,
irrespective of the treatment or iSPTC soil type (Table S3 and S4; Supplementary Data). Within given treatment the concentrations of most P pools
increased with decreasing aggregate size. Only the H,O-extractable P pool (H.O-P; and H20-P,) showed no clear trend.

Most of the extracted P pools did not change significantly after 5-years of BC and BCP" fertilizations in either iSPTC soil type. The highly soluble
TSP was the only treatment that showed a significant increase in concentration in most P pools, with the exceptions being NaOH-P, and H,SO4-P
in iISPTC-A soil. This was especially apparent in the smaller size fractions (SMiA and BU) (Table S3; Supplementary Data). For iISPTC-C sail,
such systematic changes in P concentrations were not observed, although ; concentrations of NaOH-P, and H.SO.-P did significantly increase over
time in BU under TSP treatment (Table S4; Supplementary Data). In soils supplemented with BC, the concentrations of NaHCO3-P; in SMaA and
SMIA decreased after five years: -30% and -18%, respectively. An even more pronounced decrease was observed for iISPTC-C soil with No-P after
5 years: -28% of H,O-P; in SMaA, -54% of H,0-P, in BU, -33% and -22% of NaHCOs-P; in SMaA and LMIiA, and -9% of NaOH-P; in BU.
Overall, the TSP, BC, and BCP"s treatments increased the total extractable P; (sum of H,O-Pi, NaHCOs-P;, NaOH-P;, and H,SO,-P) from 714 to 853
mg kg in BU; in the TSP, from 192 to 235 mg kg™ in SMIA, and 176 to 214 mg kg in LMIA for iSPTC-A soil (Table S3; Supplementary Data).

A similar increasing trend of total extractable P; was not detected for iSPTC-C soil.

3.4. Labile, moderately labile, and stable P pools in soil size fractions
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The sequentially extracted P pools can be further assigned into three P pools differing in plant availability, i.e., labile P (sum of H20-P;, H,0-P,,
NaHCOs-P;, and NaHCO3-P,), moderately labile P (sum of NaOH-P; and NaOH-P,), and stable P (H2SO4-P) pools. When relating the P mass of
each P pool and size fraction to the total mass of the bulk soil (mg P kg soil), the concentrations of the three P pools followed the order of labile P
< stable P < moderately labile P and increased with decreasing soil size fraction. An exception to this was BU which exhibited the lowest
concentrations for each of the three P pools in all treatments and iSPTC soil types (Figure 3). The highest concentrations of all three P pools were
found in SMIA, irrespective of treatment and iISPTC soil type. Within a treatment, the labile P concentration in SMiA was generally significantly
higher than that found in other soil size fractions, with the exceptions of TSP and BCP"® treatments in iISPTC-A soil. Moderately labile P was not
significantly different between SMaA and LMIA irrespective of treatment, except for TSP in iISPTC-A soil. There were no general trends observed
for stable P. In most cases, there were no significant differences of P pool concentrations between various treatments. Significant variations were

only apparent for higher concentrations of labile P in LMiA under TSP compared to BC treatment in iSPTC-C soil (Figure 3).

4. Discussion

4.1. Size distribution and elemental compositions of soil aggregates

Before the trial was established in 2013, the field site had been managed as grassland for four years (from April 2009 to April 2013). From 2013 to
2018, the time frame of this study, the site was ploughed annually. Such conversion into cropland results in the breakdown of macroaggregates
(Spohn and Giani, 2011). Since macroaggregates are weak associations of biodegradable compounds and microaggregates (Tisdall and Oades, 1982),

they easily disintegrate under ploughing (Paul et al., 2013), leading to release of microaggregates. In this study, the mass proportion of soil size
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fractions decreased in the order of SMIA > LMIA = SMaA > BU, irrespective of treatment (Figure 1), which is in line with results described in
the literature (Fernandez-Ugalde et al., 2013; Garland et al., 2018; Krause et al., 2018; Zhang et al., 2020).

This release of microaggregates may be partially responsible for the significant increase seen in the LMiA mass proportion after five years of P
fertilization compared to No-P. Fertilization with P is also likely stimulated plant and/or microbe growth, leading to an increase in organic binding
agents such as polysaccharides, roots, microbial hyphae or debris, which could have enhanced soil microaggregation (Tisdall and Oades, 1982). The
concomitant decrease of the BU mass in iSPTC-A soil after the addition of highly plant available TSP could therefore be a result of incorporation
of BU into newly formed microaggregates (Jastrow, 1996; Tisdall and Oades, 1982). Furthermore, all three P fertilizers contained significant amounts
of Ca?*, which can potentially enable bonding between clay and organic matter as clay-polyvalent metal-organic matter complexes, which play a
critical role in microaggregate formation (Tisdall and Oades, 1982). While the P fertilization contributed an additional annual Ca input of 21 kg ha
! for BC and BCP", and ~ 60 kg ha* for TSP, this is negligible when considering the amount of Ca applied to all treatments by liming twice during
the experimental duration (909 + 1441 kg Ca ha). This also explains the significant increase of both Ca concentration and soil pH from 2013 to
2018 (Table S1 and S2; Supplementary Data) (Haynes and Naidu, 1998). This would suggest that the significant increase of LMiA mass proportion
in all P fertilized treatments compared to No-P (at iSPTC-A soil) is unlikely to be explained by Ca?* enhanced microaggregate formation as No-P
also received twice liming. Therefore, it seems that even under the conditions of grass to crop land use conversion, fertilization with TSP or BC-
based materials could enhance soil micro-aggregation at P deficient soils.

As shown in Table S1 and S2 (Supplementary Data), total elemental concentrations increased with decreasing aggregate size, which is in agreement
with previously reported results (Fernandez-Ugalde et al., 2013; Luo et al., 2011; Wright, 2009; Zhang et al., 2003). This can be explained by the

accumulation of soil organic matter and other elements into small size fractions due to an increase in the specific surface area and a reduced presence
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of primary mineral particles like sand and silt (Garland et al., 2018; Kahle et al., 2002; Kennedy et al., 2002). In our study, the highest elemental
concentrations were found in BU, while the absolute mass of BU was the lowest (0.4 to 1.9%) of all size fractions. Although the contribution to total
plant P uptake of P bound in BU is likely to be low, it is not known whether BU play a role in providing P in the micro- or nanoscale (Sinaj et al.,
1997). Santner et al. (2012) showed that nanoparticle bound P can buffer the P concentration if plant uptake of P is limited by diffusion of free P to
the plant roots. BU could also facilitate the movement/transport of soil P as BU is easily transported via soil water flows (Gu et al., 2020; Siebers et
al., 2023). Moreover, plant roots may be able to internalize BU either directly or after partial dissolution with the help of root exudates using
mechanisms have been reported for engineered nanoparticles (Jia et al., 2022; Wagener et al., 2019). The contribution of BU to total plant P uptake
would be an interesting avenue for further research.

As reported by Wang et al. (2001), plant uptake of P increased with increasing aggregate size. This can be attributed to a decrease in aggregate
stability, reduced P fixation, and an associated increase in P release from large aggregates. The observed significant increase of P proportion after
TSP addition and of P concentration after BCP"* addition in LMIA in iSPTC-A soil (Figure 2 and Table S1; Supplementary Data) indicated that
fertilizer P in excess of that needed by crops accumulated in this size fraction. These results suggest that modification with elemental sulfur in BCP's
not only increases its solubility, potentially providing more plant available P than untreated BC, but also results in the accumulation of excess
fertilizer P in a bioaccessible form similar to TSP. Meanwhile, SMiA, with the highest mass proportion, contained the largest P proportions even
though its P concentration was only accounted for ~ 30% to that of BU. As SMIA had the highest P mass proportion and BU had the highest P

concentration, in addition to both particle sizes being < 53 um, they would contribute to soil P loss especially under erosion events (Siebers et al.,

2023). Hence, for agricultural managements and control of non-point source pollution, more attention should be paid to these two size fractions.
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4.2. Variations of P pools in soil size fractions

The order of increasing P concentration in the individual P pools (i.e., H,O-P; = H,O-P, < NaHCOs3-P, < NaHCO3-P; < NaOH-P;~ H,SO4-P < NaOH-
P,, Table S3 and S4; Supplementary Data) was in line with the literature, including the expectation that labile P pools had lower concentrations than
stable P pools (Ranatunga et al., 2013; Siebers et al., 2021). Although H.O-P; and H,O-P, did not follow the general trend of increasing P
concentrations with decreasing size, this may be due to methodological artifacts of the wet sieving method we used to fractionate the soil aggregates.
During aggregates separation, ultrapure deionized water (about 600 mL) was used, which could result in the loss of a proportion of the H,O-P pool
before sequential extraction. When estimating the amount of P that had been lost during wet-sieving, the lost P approximately accounted for 1.6 to
29.5% of H,0-P (see more details in the Supplementary data). Hence, the effect of wet-sieving to H,O-P should not be neglected. Other factors may
also contribute to similar concentrations of H,O-P among four the soil size fractions. Before extraction, the soil size fractions were oven-dried at

40 °C to constant weight. As Wang et al. (2020) reported, an air-drying step increased the Hedley extracted labile P pool due to its influence on

microbial biomass P and soil organic matter. The oven-drying step we applied here may bring about changes in soil H,O-P and other labile P pools
as well. More studies are needed to elucidate the effects of various drying processes on Hedley extracted P pools.

After five years of P fertilization, most pronounced treatment effects were visible for the TSP treatment, which significantly increased all P pools in
iISPTC-A soil, apart from the NaOH-P, and H,SO4-P pools in most size fractions (Table S3; Supplementary Data). This could be a result of the
higher stability of P extracted in these P pools. The NaOH-P represents moderately labile inorganic and organic P that are most likely sorbed and/or
fixed by aluminum- and iron (hydr)oxides (accessory minerals) and P in soil organic matter being only potentially bioavailable (Cross and
Schlesinger, 1995; Tisdall and Oades, 1982). The H.SO4-P represents mostly insoluble (stable) P associated mainly with Ca and Mg minerals and

is in occluded or non-occluded forms (Hou et al., 2018). Therefore, the turnover times of these two P pools are long and the five-year durations of
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this study might not be sufficient to show effects even after application of a highly soluble P fertilizer like TSP. This same situation was also reported
by Siebers et al. (2021) who studied P pools in four long-term trials. Interestingly, the SMiA H,SO4-P proportions did significantly increase after
five years of BC application. However, this effect is not likely to be a result of P dissolution from BC and subsequent fixation of released P in
moderately labile and stable P pools, but rather a sequestration of decomposed BC particles in the SMIA size range.

The observed significant reduction of NaHCO3-P, concentrations (Table S3; Supplementary Data) in SMaA and BU in the No-P treatment of iSPTC-
A soil might be a result of an adaption of the microbial community to lower P concentrations leading to higher mineralization rates of NaHCOs-P,
(Grafeetal., 2021). Furthermore, liming and the associated increase in soil pH may have affected phosphatase activities, further promoting NaHCO3-
P, mineralization (Acosta-Martinez and Tabatabai, 2000). The NaHCOs-P, represents labile, mineralizable P, (Hou et al., 2018), which is less stable
and more susceptible to microbial mineralization than NaOH-P, under P limitation (No-P treatment) (Ranatunga et al., 2013). The significant increase
of NaHCO3-P, in the TSP treatment was in line with the idea that the mineralization of P, is controlled by the supply and demand of P (McGill and
Cole, 1981). The observed significant increase of NaHCOs-P; in BU in the TSP treatment of iSPTC-A soil compared to the No-P treatment (Table
S3; Supplementary Data) was probably a result of the high specific surface area of the large number of adsorption sites of BU relative to the larger
size factions (Wang et al., 2001).

Our findings suggested that five years of field fertilization with both highly soluble TSP and slow-release BC and BCP"“ did not significantly affect
the moderately labile and stable P pools, while TSP contributed significantly to the labile P pool accrual. This enrichment of soil labile P could lead
to a high risk of P loss and the resulting ecological problems due to particle facilitated P leaching or runoff, while results in the same trial gave no
indication on this (Kruse et al., 2022). Under P limitation, the moderately labile organic P pool in the loosely aggregated size fraction (SMaA) and

the smallest size fraction (BU), which have the highest P contents are more prone to be mineralized and to replenish soil available P, although this
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needs further investigation. As reported by Panten and Leinweber (2020), the mean yields during one crop rotation of the present trial showed
insignificant differences among treatments, with only insignificant variation of crop yields in the order of BC < BCP" < TSP under P limitation.
Thus, we recommend that for P sufficient soils, BC materials have the potential as substitute for TSP (especially in acidic soils), which will neutralize
soil pH and sustain plant labile P in a slow-release and eco-friendly way. For P deficient soils, BC and especially BCP“* may be applied in combination
with TSP, in which way TSP could supply P quickly while BC materials could serve as a slow-release fertilizer. However, this combination should

be tested with longer trial duration and more soil types before it could be recommended to farmers.

5. Conclusions

Previous lab and pot experiments have indicated that BC, and in particular BCP"“s, may be promising recycled material alternatives for conventional
mineral based P fertilizers such as TSP. The fate of fertilizer P in the soil, and thus its agronomic value, is largely controlled by soil aggregates. This
is because the incorporation and release of P during aggregate formation and breakdown plays a vital role in bioaccessibility, storage, and cycling
of soil P. This study is the first to compare the five years of repeated field P fertilization with TSP, BC, and BCP"* on the fate of fertilizer P into soil
P pools within different aggregate size fractions. After five years (one crop rotation), the treatment effects were mostly insignificant for
concentrations and proportions of P pools. The reported higher solubility of TSP compared to BC was reflected in the significantly higher
concentrations of labile P in TSP compared to those in the BC treatments in LMiA of iSPTC-C soil as well as in SMiA and BU of iSPTC-A soil.
The fact that the differences between TSP and BCP'“ were not significant indicates sulfur modification of BC can improve P availability of BC at
the field scale. As TSP is highly soluble and quick in P supply, TSP released labile P would be fixed by soil aggregates and may lost under rainfall

events. For soils sufficient in P, BC and especially BCP"s could be alternatives for TSP to maintain concentrations in labile soil P pools and decrease
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particle facilitated P losses. Indeed, longer-term field trials with more soil types are needed to fully elucidate the fertilization effects of BC materials

on various P pools in soil size fractions.
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497  Figure 1. Mass proportions of soil size fractions (small macroaggregates, SMaA (250 to 2000 um); large microaggregates, LMiA (53 to 250 pum);

498  small microaggregates, SMiA (1 to 53 um); and building units, BU (< 1 um)) for four treatments (No phosphorus, No-P; triple superphosphate, TSP;



499

500

501

502

503

bone char, BC; and sulfur modified bone char, BCP') in severely deficient or sufficient initial soil test P class (iSPTC-A or -C) soil before the start
of the field trial (2013) and after 5 years (2018). Significant differences between soil size fractions within a treatment in a year were labeled with
different capital letters; between treatments within a soil size fraction in a year were labeled with different lowercase letters; between years within a
soil size fraction and a treatment were labeled with i or I, respectively. The value labelled with “T” was tested significantly higher than the value

labelled with “1”. n = 3.
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505  Figure 2. Proportions of total extracted P (mg kg bulk soil) in each soil size fraction (small macroaggregates, SMaA (250 to 2000 um); large
506  microaggregates, LMiA (53 to 250 um); small microaggregates, SMiA (1 to 53 um); and building units, BU (< 1 um)) to sum of total extracted P
507  of four soil size fractions under different treatments (No phosphorus, No-P; triple superphosphate, TSP; bone char, BC; and sulfur modified bone



508

509

510

511

512

513

char, BCP) in severely deficient or sufficient initial soil test P class (iISPTC-A or -C) soil. Significant differences between soil size fractions within
a treatment in a year were labeled with different capital letters; between treatments within a soil size fraction in one year were labeled with different
lowercase letters; between years within a soil size fraction and a treatment were labeled with i or I, respectively. The value labelled with “T” was

tested significantly higher than the value labelled with “i”. n = 3.
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514  Figure 3. Labile (sum of H,O-P;, H,0O-P,, NaHCO3-P; and NaHCOs-P,), moderately labile (NaOH-P; and NaOH-P,) and stable (H2SO4-P) P pool

515  concentrations (mg P kg soil) in soil size fractions (small macroaggregates, SMaA (250 to 2000 um); large microaggregates, LMiA (53 to 250 um);



516

517

518

519

520

521

small microaggregates, SMiA (1 to 53 um); and building units, BU (< 1 um)) and treatments (No phosphorus, No-P; triple superphosphate, TSP;
bone char, BC; and sulfur modified bone char, BCP') in severely deficient or sufficient initial soil test P class (iISPTC-A or -C) soil. Significant
differences between soil size fractions within a treatment at each soil P class were labeled with different capital letters; between treatments for a soil
size fraction at each soil P class were labeled with different lowercase letters. n = 3. Significance labels were above each bar of the plot and from

top to down were for labile, moderately labile and stable P, respectively.
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Supplementary data

Table S1

Elemental concentrations of soil size fractions (SMaA, LMiA, SMiIA and BU) and bulk soil pH of treatments (No-P, TSP, BC and BCP'*) at year

2013 and year 2018 in iSPTC-A soil.

Treatment 1§I’Z(ii0n Bulk soil pH (CaCly) C (g kg™ fraction) N (g kg* fraction) S (mg kg* fraction)
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013) 2018

SMaA 10.2+1.4° 10.0+1.3¢ 0.53+0.05°  0.56+0.05° 120+108 117+288
LMiA 11.8+0.58¢  12.4+1.3BC 0.74+0.02B¢  0.78+0.078 1374228 145+128

No-P ) 140.1 .9+0.

0 SMiIA 510 5.9:0.3 13.8+0.8° 14.0+0.48 0.9740.058  0.95+0.038 168+248 178+4B

BU 47.9+1.7° 46.4+0.4~ 3.75¢0.21*  3.61+0.08* 673+59% 7724444
SMaA 10.4+1.0B 10.1+1.98 0.58+0.05B  0.56+0.108 124+11B 144+14B
LMiIA i | 11.3+1.18 12.6+1.48 0.71+0.07®  0.83x0.118 138+10°8 169+148

TSP SMIA 5.240.1 6.0£0.3 13.0+0.98 13.6+1.08 0.90+0.09®  0.93+0.108 169+65 183+78
BU 48.1+10.1"  48.9+3.9° 3.724¢0.77%  3.85+0.33" 70042514 846+149”
SMaA 9.5+0.98 8.6+1.48 0.53+0.058  0.55+0.098 116+8" 131+11B
LMiA i | 11.3+1.18 11.8+0.78 0.72+0.06®  0.79+0.05° 1344148 152+68

BC SMiA 5.1#0.1 6.0¢0.1 12.7+0.58 14.1+0.68 0.89+0.06®  0.99+0.06° 164+128 193+158
BU 44.1+4.0* 57.4+6.8" 3.4440.34"  4.20+0.84* 597+1194 120542534
SMaA 11.1+0.48 8.6+1.68 0.58+0.04®  0.49+0.088 128+78 134+178
LMiA : 11.7+0.68 11.6+0.78 0.74+0.038  0.73+0.058 141+198 151+68

plus i |

BC SMIA 5.240.1 6.010.2° 1104078 135:05° 0.09+40.05  0.90+0.04® 1734208 1864108

BU 52.0+6.44 48.8+11.9 4.02+0.51"  3.68+1.03" 777+168% 889+137A




527  Table S1 (continued)

Treatment fSlze_ P Ca Fe Mg
raction
g kg'* fraction
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013) 2018
SMaA 0.33+0.07%  0.24+0.04¢  0.72+0.14B  1.07+0.34° 5.6+0.8¢ 6.2+0.78 0.41+0.05°  0.48+0.03°
No-P LMIiA~ 033:0.03°  0.36£0.05°  0.96+0.16°  1.33:0.23%¢  7.0+0.3° 7.7+0.4%  0.62£0.02°  0.68+0.04°
SMIA 0.52+0.13%  0.51+0.07%  1.32+0.20%"  2.06+0.23" 9.6+0.58¢ 11.8+¢1.18  0.95+0.08%  1.20+0.098
BU 1.36+0.19"  1.56+0.03*  3.81+0.48%  4.72+0.49" 28.9+2 5" 25.3+3.84  3.07+0.15*  3.02+0.14"
SMaA 0.26£0.028  0.32+0.108  0.80+0.15°  1.12+0.26° 6.2+0.28 5.6+0.6¢ 0.49+0.06©  0.50+0.07°
TSP LMIiA  0.28+0.05°  0.41:0.03°  0.89:0.02°% 145:009°°!  6.6£0.2° 7.5+0.5°¢  0.61x0.01°¢  0.69+0.025¢
SMIA 0.52+0.06®  0.45+0.02%  1.32+0.11%"  1.88+0.16" 9.4+0.48 9.8+0.1B 0.96+0.04®  0.99+0.06°
BU 1.38+0.43%  1.47+0.07%  3.75+0.27A  5.18+0.23" 26.9+5.5” 25.3+2.9A  3.13+0.26"  2.98+0.21"
SMaA 0.26+0.02°  0.26+0.088  0.66+0.09%  1.02+0.04%' 5.8+0.8% 7.1+1.18 0.43+0.04¢  0.54+0.16°
BC LMiA 0.31+0.03°  0.32+0.06%  0.86+0.07¢  1.40+0.30% 6.8+0.0% 7.6+0.88 0.60+0.01¢  0.70+0.08"
SMIA 0.51+0.06®  0.48+0.098  1.24+0.15®  1.74+0.508 9.4+0.48 9.7+1.88 0.9440.058  0.94+0.22°
BU 1.12+40.11"  1.35+0.28*  3.51+0.18"  5.18+0.61% 26.1+4.3 35.4+0.4"  3.04+0.13*  3.37+0.33"
SMaA 0.33+0.07®  0.24+0.01®  0.86+0.10°  0.87+0.26" 6.0+0.48 4.7+1.38 0.47+0.09°  0.38+0.13B
- LMIA  0.310.07%" 0.37+0.08%' 0.99+0.10°  1.40+0.328 6.9+0.58 7.2¢1.3%  0.62+0.02%¢  0.66+0.11"
SMIiA 0.53+0.13%  0.49+0.11®%  1.40+0.11®  1.89+0.308 9.6+0.6° 10.0+0.78  0.97+0.07®  0.98+0.08°
BU 1.59+0.27”  1.49+0.47”°  4.05+0.22%  4.38+1.12° 29.6+3.6" 25.5+7.6"  3.16+0.26"  2.89+0.49"

528  SMaA = small macroaggregate. LMiA = large microaggregate. SMiA = small microaggregate. BU = building units. TSP = triple superphosphate. BC = bone char.

529 BCP"“s = sulfur modified bone char. The pH values were measured with bulk soil samples of each treatment.

530  Significant differences between size fractions within a treatment in the same year were labeled with different capital letters; between four treatments within an
531 aggregate size fraction in the same year were labeled with different lowercase letters; between years within a size fraction and a treatment were labeled with i or I,

532  respectively. The value labelled with “I” was tested significantly higher than value labelled with “i”. Values were mean + standard deviation (n = 3).
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Table S2

Elemental concentrations of soil size fractions (SMaA, LMiA, SMiIA and BU) and bulk soil pH of treatments (No-P, TSP, BC and BCP'*) at year
2013 and year 2018 in iSPTC-C soil.

Size

Treatment fraction Bulk soil pH (CaCl,) C (g kg* fraction) N (g kg* fraction) S (mg kg* fraction)
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013) 2018

SMaA 10.8+1.08 10.4+0.3B 0.58+0.05°  0.59+0.03B 123+108 113+268

No-P LMiA 5 94011 £ 9+0.2! 12.0+0.68 12.6+0.08 0.75+0.065¢  0.80+0.008 141+118 136208
SMIA e e 13.8+0.68 14.1+1.2B 0.94+0.05B 1.00+0.08B 169+128 175+128a
BU 54.2+2.0° 49.6+4.2° 4.20+0.23"  3.76+0.28" 753+80° 7794474
SMaA 10.5+1.28 11.1+1.1€ 0.57+0.04®  0.61+0.05° 127+188 148+98¢
LMiA | | 12.7+0.48 13.1+0.58¢ 0.81+0.038  0.85+0.01B 150+19° 122+8¢

TSP SMIA 5.2¢0.0 6.120.2 13.8+0.88 14.7+0.8B 0.97+0.098 1.01+0.03B 169+12B 16742180
BU 47.945.8~ 47.3+0.7A 3.58+0.49"  3.69+0.11° 807+215" 717+11A7
SMaA 10.0+0.58 9.0+1.98 0.54+0.018  0.49+0.088 121+98 127+208
LMiA . 12.1+0.88 11.6+2.48 0.75£0.07®  0.76+0.148 1424218 148+31B

B . .2240.0' .0+0.3' : :

¢ SMiIA 5.20.0 6003 134+06®  150+12° 0.93+0.08%  1.04+0.08°' 161+108 205258
BU 48.3+6.6" 59.5+15.8 3.60+0.53"  4.75+0.93* 790+217A" 112442507
SMaA 11.3+0.9¢ 10.6+1.0¢ 0.61+0.04°  0.56+0.06 129+178 145+11®!
LMiA 12.6+0.38¢ 10.6+0.7¢ 0.81+0.038¢'  0.66+0.06° 150478 172+42B
plus . .2+0. .8+0. -

BC SMIA >2+0.1 >8:04 14.2+0.18 14.7+0.38 0.99+0.03%  0.97+0.04% 176458 199+358a!

BU 53.7+1.6° 54.2+0.5” 4174023  4.21+0.08" 7704877 983+188"
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Table S2 (continued)

Treatment flze_ Ca Fe Mg
raction
g kg! fraction
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013) 2018
SMaA 0.45+0.138 0.33+0.078 0.78+0.02B 1.21+0.308 5.3+0.98 5.8+0.78 0.40+0.03°  0.55+0.15°
No-P LMiIA 0.40+0.06®  0.51x0.04"' 1.02+0.10°  1.34+0.19°  6.5+0.5° 7.0+0.1° 0.59+0.03°  0.65+0.02°
SMIA 0.76£0.07°  0.58+0.07° 1.40+0.07°  166£0.22°  92+#01°  9.1+03°%  090+0.03°  0.92+0.04°
BU 2.58+0.56" 2.11+0.52A 4.71+0.50"  5.12+0.59* 33.9+2.1A1 2524317 3.2840.174  2.89+0.09A%
SMaA 0.40+0.04° 0.35+0.00° 0.84+0.098 1.26+0.368 6.0+0.6° 6.4+0.7¢ 0.44+0.08°  0.46+0.07°
TSP LMiA 0.51+0.058¢ 0.55+0.03" 1.15+0.068 1.69+0.298 7.1+0.38 7.5+0.1¢ 0.6240.03°  0.67+0.01°
SMiA 0.65+0.06°  0.64+0.06° 151+0.04°  219+025°  9.7+0.4° 10.2403%  0.93#0.01°  1.02+0.04°
BU 1.91+0.137 2.43+0.09" 4.51+0.60" 5.15+0.66" 27.6+4.4~  23.0+04% 2.93+0.16"  2.81+0.03AP
SMaA 037+0.03°  0.31x0.01° 0.79+0.03°  156+0.61°  56+0.6°  5.6+0.1° 0.40£0.04°  0.54x0.22°
BC LMIiA 047+0.08°  0.39+0.12° 1.07+0.01°¢  1.724#0.05%'  6.6+09°  8.1+0.4° 0.60£0.04  0.76+0.02°"
SMiIA 0.71+0.11B 0.67+0.11B 1.48+0.048"  2.25+0.12B 9.4+0.48 10.6+1.48 0.91+0.04®  1.06+0.128
BU 2.30+0.76% 2.05+0.38% 4.37+0.38% 6.78+1.37A 28.4+5.1° 30.8+7.1° 2.99+0.19%  3.42+0.337@
SMaA 0.48+0.108 0.37+0.05B 0.83+0.09 1.51+0.198 5.7+1.18 6.7+1.28 0.4440.07°¢  0.42+0.05°
- LMiA 0.43+0.08% 0.40+0.01° 1.10+0.10°  1.36+0.48°  7.0+0.4° 6.9+1.5° 0.62+0.025¢  0.62+0.15°5¢
SMiIA 0.7040.078 0.61+0.06" 1.44+0.12B 1.79+0.23B 9.5+0.48 9.8+0.38 0.9240.018  0.95+0.048
BU 2.19+0.30% 2.26+0.18" 4.85+0.56" 5.31+0.60" 33.1+3.5" 2744417 3.22+0.25"  2.93+0.21A%®

SMaA = small macroaggregate. LMiA = large microaggregate. SMiA = small microaggregate. BU = building units. TSP = triple superphosphate. BC = bone char.

BCP"“s = sulfur modified bone char. The pH values were measured with bulk soil samples of each treatment.

Significant differences between size fractions within a treatment in the same year were labeled with different capital letters; between four treatments within an

aggregate size fraction in the same year were labeled with different lowercase letters; between years within a size fraction and a treatment were labeled with i or I,

respectively. The value labelled with “I” was tested significantly higher than value labelled with “i”. Values were mean =+ standard deviation (n = 3).
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Table S3

Phosphorus concentrations (mg kg™ fraction) of P fractions in soil size fractions (SMaA, LMiA, SMiA and BU) of treatments (No-P, TSP, BC and

BCP!“) at year 2013 and year 2018 in iSPTC-A soil.

Treatmen

Size

t fraction H,0-P; H,0-P, NaHCO;3-Pj NaHCO3-P,
mg kg! fraction (%)
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013)
SMaA  6.8+58°°(L9)  3.720.4(L6) 2426 (6) 7438 (34) 13+3C (4) 1345C (5) 15438 (58)
No-P LMfA 6.4+2.8B (1.9) 4.4+3.3(1.2) 3+1(1) 7+2° (2°%) 27+8B (8) 19+5°€ (5) 10+38 (3B)
SMiA 5.0+2.88 (1.0) 5.5+1.4 (1.1%) 4%2' (1) 2+1C1 (0BP) 31+88 (6) 31+78 (6) 16+28 (3B)
BU 13445.94(1.0)  7.446.4(0.5) 7+14 (0) 13+2A (149 71£20" (4) 6313 (4) 110£18~' (8%)
SMaA  10.0#8.9 (3.7) 8.9+2.3 (3.0% 29+24A (11) 24+25 (8) 10+1€ (4) 18+5° (6) 12+1B (578)
rep LMIA  4.8:17 (17) 85:2.0 (2.1%%) 343 (1) 9:8 (2) 13+4% (5" 29+7%(7) 1423° (5"%)
SMiIA 2.9+1.2'(0.6') 8.8+£0.4' (2.0783) 24181 (0" 6+1' (17 23381 (47) 37+28! (8 1328 (2B)
BU 7.93.9 (0.6) 10.2+¢1.8 (0.78) 14468 (1) 1243 (1) 50£104 (3) 9897 (5) 78+16% (6")
SMaA  85+10.1(3.1) 2.8+2.0 (1.0"B) 22+27 (8) 7424 (3) 10+1€ (47B) 11+5C (4) 12408 (5"B)
BC LM _iA 4.3+1.9 (1.4) 4.5+0.9 (1.5%) 4+3 (1) 3+1B (1) 17+28C (5%) 23465 (8) 12408 (47B)
SMIiA 2.2+0.6 (0.4) 2.5+0.9 (0.5"B%)  4+2(1) 2+18 (17) 22+18 (47B) 24+18 (5) 14+38 (3B)
BU 10.9+8.3 (0.9) 3.2+2.4 (0.25) 4%10 (0) 7+17 (0) 504107 (4B) 65467 (4) 85+28" (7%
SMaA  83+4.478 (244  49%12(2.1) 314224 (9% 6+38 (27 13+4C (4) 1338 (6) 1628 (5)
BCpls LMIA  6.8+2.178 (2.2%)  6.1+3.7(1.6) 2+1B (1B) 2+1B (18) 20+138C (7) 25138 (7) 11458 (4)
SMiIA 5.7#1.78 (1.1°8)  6.8+3.7 (1.3%) 2+28 (08) 3+1B (1B%) 32465 (6) 33+108 (7) 15438 (3)
BU 10.4+1.9 (0.7%)  5.7#4.5(0.3) 17478 (1B) 1245 (1B) 71+20" (4) 85+35"% (5) 103+18 (7)
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Table S3 (continued)

Size

Treatment fracti NaHCO3-P, NaOH-P; NaOH-P, H,S0,4-P
raction
mg kg fraction (%)
Before start Before start Before start
2018 (2013) 2018 (2013) 2018 (2013) 2018
SMaA  10+3B (4) 56+14° (17) 52+14P (21°8B)  143%23C (45) 99+11B (42) 724558 (20) 58+328 (23)
LMiA 14+4B (4) 80+14BC (24) 75+16° (2178)  137+28C (42) 146208 (41) 67+138 (20")  92+16° (26"
No-P SMiA 16+18 (3) 109+268 (22) 126+198 (25%)  241+888 (46) 2354248 (46) 1144508 (22)  94+21B (18)
BU 82+971 (5) 383+51%(23)  318+20” (18%)  430+22° (27) 735+162A (41) 349+137A (21)  337+105" (19)
SMaA 12408 (4B) 50+9€ (19) 58+14C (198) 1114128 (437°B")  107+41B (34"%")  40+108 (15) 88+638 (26)
LMiA 13+38 (3B) 66+75C (24) 90+10° (228) 1184258 (417B)  181+188 (444) 64+288 (22) 81+178 (199
TSP SMiA 15+18 (38) 90+128 (17 127+108 (287  297+497B (57A)  150+42B (337B) 9038 (17) 104258 (23)
BU 127157 (74 305+407° (20) 38743271 (21B)  576+402° (34B)  480+102° (265)  351+55% (24)  359+49” (20)
SMaA 1038 (4B) 46+9° (18) 47+13° (18) 120425 (46") 110408 (42) 42+78 (16) 74+478 (27)
LMiA 7468 (2B) 65+65C (21) 72+1C (23) 138+19C (45°B)  138+478 (43) 67+258 (22) 69+138 (22%)
BC SMiA 15+18 (3B) 83+6°' (16) 98+28! (21) 296508 (58%) 230798 (47) 86+108 (17)  110+198 (23
BU 76+16" (67 299+347° (22)  317+30” (21) 3734587 (278)  519+220” (32) 336x74" (25)  361+48" (23)
SMaA 94281 (4AB) 59+9C (18) 57468 (24) 135+258 (42) 98+268 (41) 70£578 (20) 50+11B (21)
Bl LMiA 1158 (38) 82+11° (27) 85+258 (23) 118+328 (38) 148608 (39) 64+19% (20)  97+15%' (26%)
SMiA 16+38 (38) 117+138 (23) 1244298 (25) 2424898 (45) 190+738 (38) 1194458 (22) 120238 (25)
BU 87+27° (6%) 389+417%(21)  351+95” (20) 634+352” (33)  615+276" (34) 364+126” (20) 337+38" (20)
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Table S3 (continued)

Treatment fS'ZE. Pi Pi/ P,
raction
mg kg! fraction (%)
Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018
SMaA 148+658 (43) 126+51° (51) 183+13°¢! (57) 1154137 (49) 0.8+0.3 1.1+0.5%
No-p LMIA 181+36° (55) 190+378€ (53) 150+29€ (45) 167+18BC (47) 1.3+0.4 1.120.1°
SMIA 2604828 (50) 257+488 (50) 2614928 (50) 253248 (50) 1.1+0.5 1.0+0.178
BU 817+181 (49) 727+135" (41) 820+40" (51) 1048+129” (59) 1.0£0.2 0.7+0.28
SMaA 109+10° (42) 173+77¢ (54) 153+198 (58) 143+48B (46) 0.7+0.1B 1.3+0.6"8
TSP LM _iA 148+245C (52) 208+32B¢ (50) 136265 (48) 203+118 (50) 1.1+0.0% 1.0+0.28
SMiIA 206148 (40) 2774318 (62) 3124518 (60) 171+41B (38) 0.7+0.18 1.740.5A
BU 71448171 (47) 8536741 (47) 860443 (53) 9566 (53) 1.0+£0.4"8 0.9+0.1B
SMaA 107+14° (4178) 135+61° (50) 154+20° (5978) 127+408 (50) 0.7+0.18 1.1+0.6
BC LMiA 153+185¢ (50°°) 169+7¢ (54) 155+21° (50"B) 149+548 (46) 1.0£0.1A 1.2+0.4
SMiIA 192+158' (38B) 235+198! (50) 313508 (624 247778 (50) 0.6+0.1B 1.0£0.3
BU 696874 (51%) 747+62" (48) 666+110" (495) 814+236" (52) 1.1+0.2A 0.9+0.2
SMaA 151+62C (44) 125420 (53) 182+158 (56) 1134228 (47) 0.8+0.3% 1.2+0.4
- LMiA 176+448C1 (57) 214+51B¢! (57) 131+298 (43) 161+648 (43) 1.4+0.3A 1.5+0.8
SMiIA 273638 (52) 2841658 (58) 259+918 (48) 209+748 (42) 1.1+0.5"8 1.4+0.5
BU 834+159” (46) 778165 (45) 1014+310" (54) 9734391 (55) 0.9+0.38 0.8+0.2

SMaA = small macroaggregate. LMiA = large microaggregate. SMiA = small microaggregate. BU = building units. TSP = triple superphosphate. BC = bone char.

BCP'"s = sulfur modified bone char. P; = total P. P; = total inorganic P. P, = total organic P.

Significant differences between size fractions within a treatment in the same year were labeled with different capital letters; between four treatments within an
aggregate size fraction in the same year were labeled with different lowercase letters; between years within a size fraction and a treatment were labeled with i or I,

respectively. The value labelled with “I” was tested significantly higher than value labelled with “i”. Values were mean + standard deviation (n = 3). Values in

brackets were proportions of each P fraction to total P in each soil size fraction.



556  Table S4
557  Phosphorus concentrations (mg kg fraction) of P fractions in size fractions (SMaA, LMiA, SMiA and BU) of treatments (No-P, TSP, BC and BCP'*)
558  atyear 2013 and year 2018 in iSPTC-C sail.

559

Treatment > H,0-P, H,0-P, NaHCO3-P; NaHCO3-P,
mg kg fraction (%)
Before start Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018 (2013) 2018
SMaA  14+1B'(3%8)  10+2°1 (34 11448 (2%) 1629 (5) 36428 (87B)  2445P1(7AB) 21468 (5) 16+2B (5)
No.p LMIA 16408 (4%  9+4CP (2AB))  542C(1AB)  745(1) 514581 (137 40+3% (87Bl)  22+4B (6) 20+28 (4)
SMIA  18+3B (2°B) 14428 (24B)  g42BC (1B)  9+3(1) 72498 (97B)  55#38 (10%) 24168 (3) 22+1B (4)
BU 49+217 (2B)  20+2” (1B) 26+271 (18 1242 (1)) 229+47A (78)  153#134(6%)  135+19% (5) 101+14A (5)
SMaA  18+4B (4% 1128 (3%) 29+187 (8) 1447 (4 33+5° (8) 30+1°€ (9% 17+58 (4B) 17428 (5)
TSP LMIA 154181 (3%8)  16+1784 (3A)  1045B (2) 8+4 (1) 5345 (11) 52498 (9%) 16+65 (3B) 19+108 (3)
SMIA  18+2B (37B)  20+14%(34) 7£48 (1) 944 (17B) 70428 (11) 66+4° (10%) 23448 (45) 22448 (4)
BU 3147 (2B)  24+10" (1B) 18+7°B (1)  15+3 (1) 189+12° (8') 1664247 (65%")  168+48” (8%)  128+36" (5)
SMaA  16+4B (4%)  6+0° (2°B) 23£224(6) 6378 (2%)  33x5B! (9 23+2C1 (71 20+88 (5) 11+68 (378)
BC LMIiA 1518 (32B) 1143 (3%) 743”4 (1) 5+17B (1°B) 53468 (11) 404;12_BC (10) 17168 (4 10+88 (28)
SMIA 18428 (3”B)  16+1B% (22B) 943~ (1) 4+1B (178)  71x3B'(10) 58+281 (9) 25+68 (4) 18+98 (37B)
BU 41147 (2B)  19+24 (1B) 18+6" (1) 13297 (1B)  208x45" (7) 179424 (7) 145+46" (7) 132+20” (6%
SMaA  16+3B (4) 124578 (34) 17+11B (4)  14£11(4) 36+2°(8) 29+9C (878) 18+38 (4) 12+18 (3)
- LMIA  15+1B (4) 12+18% (3%)  8+6B€ (2) 6+3 (1) 51+58C (12) 37£3¢ (9% 21458 (5) 15+78 (4)
SMIA  17+28(2) 14278 (2ABy  6+1C (1) 72 (1) 7188 (10) 55+¢118 (9%)  23+3B (3) 22+38 (4)
BU 40+227 (2)  17+47 (1B) 2717 (1) 14£7 (1) 210+40" (8) 16416 (68)  148+29°(7)  117+40”(5)




560

561

Table S4 (continued)

Size

Treatment fracti NaOH-P; NaOH-P, H2SO4-P
raction
mg kg fraction (%)
Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018
SMaA 107426 (24"8)  79+14P (24AB) 202+968 (44) 143478 (42) 55+128 (13) 48+78 (148)
No-P LMIA 120433 (29%) 132+16°% (267B) 95+4781(23) 190+278! (37") 93+14° (24) 113+98 (22%)
SMIA  196+21B (26"5) 178+68 (31%) 330+728 (43) 190+688 (32) 111+108 (15" 116458 (201
BU 534+15A1 (178 484+2371 (208 1160+520" (36)  844+383" (33) 442+45" (15) 498+1014 (209
SMaA  100+25P (25”B) 95+4P2 (278) 148+28B (36) 123+178 (35) 56+3C (145) 59+7¢ (17)
Top LM _iA 1506 (30%) 147+10%% (27B) 153+338 (30) 1914308 (35) 108+138 (214 118+268 (21)
SMIA  210+88 (324) 208+10° (33%) 200+758 (30) 181+638 (28) 123+198 (1978) 129+178 (20)
BU 514+24" (218" 498+5” (17 648+67° (27') 113241527 (39") 349+20A (1478) 468+477' (16°)
SMaA  97+25P (267B) 64+10°° (21) 131+158 (35) 104+368 (34) 51+8C (145) 93+56° (30)
BC LMIA 14648 (31%) 115+24°% (30) 128+538 (26) 1114558 (27) 106+158C (22%) 103408 (26)
SMIA  208+78 (2978) 189+218 (28) 263+103% (36)  248+110° (36) 116+148 (1748) 1354228 (21)
BU 518+30” (198) 516344 (21) 999+635" (33)  704+209” (28) 368+38" (138) 486+95" (19%)
SMaA  110+24° (23) 78+11¢% (215) 219+798 (45) 1304278 (35) 61+58 (13" 95+148 (26")
- LMIiA  123+37¢ (28) 105+5%P (26%) 120+548 (27) 126+11B (32) 96+158 (23) 97+158 (24)
SMIA 1984235 (29) 181+238 (297 267+114% (37) 1914588 (31) 117+198 (17) 144+36° (24)
BU 530+9” (20) 495+31” (185) 809+204” (29)  1003+260” (37) 4244717 (15) 447+4 (17°)
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Table S4 (continued)

Treatment 2Z(Stion P, Pi/ P,
mg kg* fraction (%)
Before start Before start Before start
(2013) 2018 (2013) 2018 (2013) 2018
SMaA 212+35C (498) 160425 (48°B)  234+94B (514 175538 (52/B) 1.0+0.28 0.9+0.28
No-P LM_iA 280+26° (70 2944238 (5878)  122+4381 (3081 217+31B! (42781 2.4+0.7A 1.4+0.2°8
SMiIA 396x318 (538) 364+58° (63%) 3624765 (47°B) 220+66° (378) 1.1+0.38 1.740.4%
BU 1255+974 (41B") 1156+128" (478"  1869+5624' (59°") 1339+42071 (5341) 0.7+0.28 0.9+0.2"
SMaA 208+29P (52A8) 195+10° (567) 195+258 (4848) 154+88 (448) 1.1£0.28 1.3£0.18
Top LM _iA 326+13€ (65%) 334440 (607 180+428 (355) 218318 (408) 1.9+0.4% 1.6+0.38
SMIA 420+208 (65%) 424+1452 (677 2304758 (358) 2124568 (338) 1.9+0.6" 2.1+0.5%
BU 10844314 (455) 1156433 (40B) 1345+198" (55%) 1717495 (607 0.8+0.18 0.7+0.0¢
SMaA 197+29° (53AB) 186+49° (60) 175+108 (4748) 121+438 (40) 1.1+0.18 1.8+1.178
BC LMiA 320+218 (68%) 268+655C (69) 152+598 (328) 127+638 (31) 2.3x0.74 2.3x0.6"
SMIA 414+128 (5978) 398+1652 (61) 297+1078 (4118) 270+1098 (39) 1.5+£0.7°8 1.7+0.8"8
BU 1135+119” (428) 1201+147A (48) 1692+708" (58%) 13174298 (52) 0.7+0.28 0.9+0.1B
SMaA 223+26° (47781 214+24¢ (58" 2544768 (53°B") 156+248 (4281 0.9+0.18 1.4+0.1B'
BCls LMjA 286+34C (66") 251+22C (63%) 1494518 (345) 147+208 (378) 2.0£0.6" 1.740.4"B
SMIA 402+395 (58”5) 394+98% (544 296+1148 (42/B) 220+598 (365) 1.5+0.748 1.9+0.4A
BU 1204+120" (448) 11244477 (428)  1521+193” (567 1555+147 (58%) 0.8+0.08 0.7+0.1¢

SMaA = small macroaggregate. LMiA = large microaggregate. SMiA = small microaggregate. BU = building units. TSP = triple superphosphate. BC = bone char.

BCP!s = sulfur modified bone char. P, = total P. P; = total inorganic P. P, = total organic P.

Significant differences between size fractions within a treatment in the same year were labeled with different capital letters; between four treatments within an
aggregate size fraction in the same year were labeled with different lowercase letters; between years within a size fraction and a treatment were labeled with i or

I, respectively. The value labelled with “I”” was tested significantly higher than value labelled with “i”. Values were mean + standard deviation (n = 3). Values in

brackets were proportions of each P fraction to total P in each soil size fraction.
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570
571 Figure S1. Effects of treatments (No phosphorus, No-P; triple superphosphate, TSP; bone char, BC; and sulfur
572 modified bone char, BCP) on mean weight diameter (MWD, pm) in iSPTC-A and iSPTC-C soils. Significant
573  differences between years within a size fraction and a treatment were labeled with i or I, respectively. The value

574 labelled with “I”” was tested significantly higher than value labelled with “i”. n = 3.
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Estimation of P loss during wet-sieving
We used 40.0 g bulk soil (< 2 mm) and 600 mL MilliQ water for the wet-sieving (two sieves stack: 250

and 53 um) procedure. The suspensions with soil size fractions < 53 um were centrifuged to get size

fraction < 1 um. Then the suspensions with size fraction < 1 um were concentrated with tangential flow
filtration (TFF). With TFF, the suspension volume was reduced to less than 10 mL. Hence, about 590 mL
filtrates were discarded and resulted to H,O-P loss. We did not measured the P concentration of filtrates of
the studied samples, while we determined total P concentration of filtrates obtained with the same method

of other soil samples and it was 0.10+0.03 mg P/L. If we use this value for estimation, then 0.059+0.018

mg P was lost. For 40.0 g bulk soil, the extracted H,O-P mass ranged from 0.2 to 3.8 mg P. Hence, we
roughly get that the lost P accounted for 1.6 to 29.5% of the extracted H,O-P. Hence, in some cases, the P

loss via wet-sieving should not be neglected.
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Data for Figure 1

Aggregates | Year | P_level | Treatments | Proportion | stdev
SMaA 2013 (A No-P 30.908 0.302
LMIA 2013 (A No-P 29.335 2,777
SMIA 2013 (A No-P 35.092 3.022
BU 2013 (A No-P 1.409 0.493
SMaA 2018 | A No-P 29.725 5.672
LMiA 2018 | A No-P 26.014 1.194
SMIA 2018 | A No-P 39.554 5.431
BU 2018 [ A No-P 1.068 0.094
SMaA 2018 (C No-P 26.600 0.993
LMIA 2018 (C No-P 27.822 1.215
SMIA 2018 (C No-P 41.311 1.377
BU 2018 (C No-P 1.156 0.074
SMaA 2013(C No-P 29.092 1.260
LMiA 2013|C No-P 28.679 2310
SMIA 2013|C No-P 37.090 2274
BU 2013(C No-P 1.205 0.044
SMaA 2018 (A TSP 25.908 1.176
LMIA 2018 (A TSP 31.729 1.131
SMIA 2018 (A TSP 38.068 0.878
BU 2018 | A TSP 0.919 0.094
SMaA 2013 | A TSP 29.149 3.359
LMiA 2013 | A TSP 30.079 1.758
SMIA 2013 | A TSP 36.045 4.109
BU 2013 (A TSP 1.345 0.264
SMaA 2018 (C TSP 27.016 1.242
LMIA 2018 (C TSP 29.233 2118
SMIA 2018 (C TSP 39.470 2.249
BU 2018|C TSP 1.200 0.131
SMaA 2013|C TSP 28.146 5.856
LMiA 2013|C TSP 28.487 2207
SMIA 2013(C TSP 38.731 5.401
BU 2013(C TSP 1.359 0.450
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SMaA 2018 BC 27.903 1.607
LMiA 2018 BC 30.972 1.452
SMIA 2018 BC 38.438 0.951
BU 2018 BC 1.195 0.104
SMaA 2013 BC 28.870 3.021
LMiA 2013 BC 30.418 2.021
SMIA 2013 BC 35.731 4.436
BU 2013 BC 1.442 0.197
SMaA 2018 BC 24.563 0.830
LMiA 2018 BC 29.597 3.248
SMIA 2018 BC 42.160 3.757
BU 2018 BC 1.165 0.643
SMaA 2013 BC 26.727 3.511
LMiA 2013 BC 27.008 1.094
SMIA 2013 BC 39.500 4.074
BU 2013 BC 1.455 0.309
SMaA 2018 BCplus 28.265 1.400
LMiA 2018 BCplus 29437 0.278
SMIA 2018 BCplus 38.817 1.931
BU 2018 BCplus 1.334 0.125
SMaA 2013 BCplus 31.187 0.734
LMiA 2013 BCplus 30.955 0.224
SMIA 2013 BCplus 35.406 2.634
BU 2013 BCplus 1.313 0.514
SMaA 2018 BCplus 25.736 1.363
LMiA 2018 BCplus 30.003 2.754
SMIA 2018 BCplus 41.268 1.538
BU 2018 BCplus 0.842 0.163
SMaA 2013 BCplus 30.512 3.672
LMiA 2013 BCplus 29.317 1.453
SMIA 2013 BCplus 36.321 3.491
BU 2013 BCplus 1.110 0.193
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Data for Figure 2

Aggregates | Year | P_level | Treatments | P proportion | stdev
SMaA 2013 | A No-P 25.453 2.114
LMiIA 2013 | A No-P 24.506 3.061
SMIA 2013 | A No-P 45.140 2472
BU 2013 | A No-P 4.901 1.955
SMaA 2018 | A No-P 18.749 4,073
LMiA 2018 | A No-P 24.290 1.060
SMIA 2018 | A No-P 52.556 5.748
BU 2018 | A No-P 4.405 0.737
SMaA 2013 | C No-P 23.179 5.504
LMiIA 2013 | C No-P 20.778 3.852
SMIA 2013 | C No-P 50.447 2676
BU 2013 | C No-P 5.595 1.280
SMaA 2018 | C No-P 17.952 4.353
LMiA 2018 | C No-P 28.582 3.038
SMIA 2018 | C No-P 48.59%4 6.955
BU 2018 | C No-P 4.871 0.967
SMaA 2013 | A TSP 20.974 2797
LMiIA 2013 | A TSP 23.249 2217
SMIA 2013 | A TSP 50.825 2.080
BU 2013 | A TSP 4.952 1.025
SMaA 2018 | A TSP 20.500 5.745
LMiA 2018 | A TSP 32.867 0.841
SMIA 2018 | A TSP 43.203 5.079
BU 2018 | A TSP 3430 0.553
SMaA 2013 | C TSP 21.564 7.329
LMiIA 2013 | C TSP 26.746 1.214
SMIA 2013 | C TSP 46.940 7.116
BU 2013 | C TSP 4.750 1.182
SMaA 2018 | C TSP 17.655 1.613
LMiA 2018 | C TSP 30.099 2468
SMIA 2018 | C TSP 46.800 3977
BU 2018 | C TSP 5.447 0.661
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SMaA 2013 BC 20.602 2.152
LMiA 2013 BC 25.609 2.314
SMIA 2013 BC 49.239 4674
BU 2013 BC 4.550 0.357
SMaA 2018 BC 19.637 5.917
LMiA 2018 BC 26.295 2.592
SMIA 2018 BC 49.753 8.849
BU 2018 BC 4315 0.765
SMaA 2013 BC 18.434 2.404
LMiA 2013 BC 23.79A1 4586
SMIA 2013 BC 51.797 4.866
BU 2013 BC 5.977 0.985
SMaA 2018 BC 15.294 0.409
LMiA 2018 BC 23.586 7.546
SMIA 2018 BC 56.558 5.514
BU 2018 BC 4.562 2215
SMaA 2013 BCplus 25.397 1.041
LMiA 2013 BCplus 23.375 2.305
SMIA 2013 BCplus 46.022 3.714
BU 2013 BCplus 5.205 1.999
SMaA 2018 BCplus 17.682 3.223
LMiA 2018 BCplus 28.324 2.329
SMIA 2018 BCplus 48.932 3.088
BU 2018 BCplus 5.062 0.932
SMaA 2013 BCplus 26.370 5472
LMiA 2013 BCplus 23.261 5.219
SMIA 2013 BCplus 45.963 5.643
BU 2013 BCplus 4.407 0.948
SMaA 2018 BCplus 19.527 1.911
LMiA 2018 BCplus 24.530 2.526
SMIA 2018 BCplus 51.970 1.909
BU 2018 BCplus 3.973 1.214
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Data for Figure 3

Aggregates | Treatments | P_level | Availability P concentration (mg kg-1) | stdev

SMaA No-P A Labile P 9.792 | 1459
SMaA No-P A Moderately labile P 44379 | 6.804
SMaA No-P A Stable P 16.063 | 6.019
LMIA No-P A Labile P 11.558 | 1.052
LMiIA No-P A Moderately labile P 57.334 | 7471
LMiA No-P A Stable P 23.713 | 3.106
SMIA No-P A Labile P 21891 | 6.141
SMIA No-P A Moderately labile P 143.804 | 32.183
SMIA No-P A Stable P 37.780 | 12.336
BU No-P A Labile P 1.775 | 0.389
BU No-P A Moderately labile P 11.175 | 0.953
BU No-P A Stable P 3.666 | 1.480
SMaA TSP A Labile P 16.329 | 6.073
SMaA TSP A Moderately labile P 43.332 | 15.514
SMaA TSP A Stable P 22.920 | 17.298
LMiIA TSP A Labile P 18.723 | 3.235
LMiA TSP A Moderately labile P 86.063 | 7.136
LMiIA TSP A Stable P 25626 | 4.985
SMIA TSP A Labile P 25468 | 0.832
SMIA TSP A Moderately labile P 105.100 | 13.455
SMIA TSP A Stable P 39.907 | 10.370
BU TSP A Labile P 2257 | 0.138
BU TSP A Moderately labile P 8.011 | 1461
BU TSP A Stable P 3295 | 0.534
SMaA BC A Labile P 8.708 | 0.868
SMaA BC A Moderately labile P 43407 | 13.493
SMaA BC A Stable P 21.232 | 14632
LMiA BC A Labile P 11.660 | 0.883
LMiA BC A Moderately labile P 65.019 | 12.598
LMiIA BC A Stable P 21.367 | 3.167
SMIA BC A Labile P 16.952 | 0471
SMIA BC A Moderately labile P 126.164 | 31.062
SMIA BC A Stable P 42452 | 6.962
BU BC A Labile P 1812 | 0.295
BU BC A Moderately labile P 10.147 | 3.675
BU BC A Stable P 4.353 | 0.976
SMaA BCplus A Labile P 9402 | 1.980
SMaA BCplus A Moderately labile P 43767 | 5.181
SMaA BCplus A Stable P 14100 | 3.188
LMiA BCplus A Labile P 13.154 | 4.158
LMIA BCplus A Moderately labile P 68.583 | 17.083
LMiA BCplus A Stable P 28517 | 5.604
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SMIA BCplus A Labile P 22.869 | 7.264
SMIA BCplus A Moderately labile P 121.415 | 29.629
SMIA BCplus A Stable P 46.838 | 10.108
BU BCplus A Labile P 2496 | 0734
BU BCplus A Moderately labile P 12.730 | 4.077
BU BCplus A Stable P 4488 | 0.562
SMaA No-P C Labile P 17.221 | 3.340
SMaA No-P C Moderately labile P 59.434 | 17.488
SMaA No-P C Stable P 12.885 | 2408
LMiIA No-P C Labile P 21458 | 2207
LMiIA No-P C Moderately labile P 89.559 | 10.907
LMiA No-P C Stable P 31.367 | 3.127
SMIA No-P C Labile P 41464 | 3.095
SMIA No-P C Moderately labile P 152.343 | 30.682
SMIA No-P C Stable P 48.057 | 3.205
BU No-P C Labile P 3.308 | 0.092
BU No-P C Moderately labile P 15.194 | 3.677
BU No-P C Stable P 5712 | 0.804
SMaA TSP C Labile P 19.678 | 3.863
SMaA TSP C Moderately labile P 58.841 | 2.586
SMaA TSP C Stable P 15.880 | 2.508
LMiIA TSP C Labile P 27.845 | 2674
LMIA TSP C Moderately labile P 99.032 8.638
LMiIA TSP C Stable P 34102 | 5558
SMIA TSP C Labile P 46.699 | 4.149
SMIA TSP C Moderately labile P 154.030 | 34.115
SMIA TSP C Stable P 51.059 | 8.270
BU TSP C Labile P 3.944 | 0.282
BU TSP C Moderately labile P 19.631 | 3.523
BU TSP C Stable P 5.624 | 0.943
SMaA BC C Labile P 11.325 | 1.202
SMaA BC C Moderately labile P 41174 | 10.033
SMaA BC C Stable P 23.052 | 14.362
LMiIA BC C Labile P 19416 | 3.483
LMIA BC C Moderately labile P 67.012 | 23.959
LMiIA BC C Stable P 30.551 | 13.701
SMIA BC C Labile P 40508 | 7.207
SMIA BC C Moderately labile P 181.312 | 41.404
SMIA BC C Stable P 57.429 | 14.477
BU BC C Labile P 3.821 | 1927
BU BC C Moderately labile P 131472 | 5910
BU BC C Stable P 5267 | 2401
SMaA BCplus C Labile P 17489 | 5.316
SMaA BCplus C Moderately labile P 53.558 | 10.022
SMaA BCplus C Stable P 24315 | 2647
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609

LMiIA BCplus C Labile P 21,025 | 2552
LMIA BCplus C Moderately labile P 69.165 | 4.133
LMiA BCplus C Stable P 29.045 | 5.774
SMIA BCplus C Labile P 40.653 | 5.979
SMiIA BCplus C Moderately labile P 153.416 | 32.919
SMIA BCplus C Stable P 59.531 | 15.049
BU BCplus C Labile P 2571 | 0.130
BU BCplus C Moderately labile P 12849 | 4434
BU BCplus C Stable P 3774 | 0.771
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