The molecular size continuum of soil organic phosphorus and its chemical associations 
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ABSTRACT
The chemical nature of most organic P (Porg) in soil remains ‘unresolved’ but is accounted for by a broad signal in the phosphomonoester region of solution 31P nuclear magnetic resonance (NMR) spectra. The molecular size range of this broad NMR signal and its molecular structure remain unclear. The aim of this study was to elucidate the chemical nature of Porg with increasing molecular size in soil extracts combining size exclusion chromatography (SEC) with solution 31P NMR spectroscopy. Gel-filtration SEC was carried out on NaOH-EDTA extracts of four soils (range 238-1135 mg Porg/kgsoil) to collect fractions with molecular sizes of <5, 5-10, 10-20, 20-50, 50-70, and >70 kDa. These were then analysed by NMR spectroscopy. 
Organic P was detected across the entire molecular size continuum from <5 to >70 kDa. Concentrations of Porg in the >10kDa fraction ranged from 107 to 427 mg P/kgsoil and exhibited on average three to four broad signals in the phosphomonoester region of NMR spectra. These broad signals were most prominent in the 10-20 and 20-50 kDa fractions, accounting for on average 77 % and 74 % of total phosphomonoesters, respectively. Our study demonstrates that the broad signal is present in all investigated molecular size fractions and comprises on average three to four components of varying NMR peak line width (20 to 250 Hz). 
The stereoisomers myo- and scyllo-inositol hexakisphosphates (IP6) were also present across multiple molecular size ranges but were predominant in the 5-10 kDa fraction. The proportion of IP associated with large molecular size fractions >10 kDa was on average 23 % (SD=39 %) of total IP across all soils. These findings suggest that stabilisation of IP in soil includes processes associated with the organic phase.



INTRODUCTION
Phosphorus (P) is an innate constituent of soil organic matter. Pools of organic P (Porg) typically comprise between 20 % and 80 % of total P (Ptot,s) in most soils (Anderson, 1980; Harrison, 1987). Inositol phosphates (IP) are an abundant and relatively stable pool of Porg in soil (Turner et al., 2002): the myo stereoisomer of IP6 is typically the most abundant form and comprises on average one third of the soil Porg (McLaren et al., 2020). myo-IP6 accumulates in soil, largely due to its high sorption affinity to soil components, e.g. iron (Fe) and aluminium (Al) oxides, calcium (Ca) carbonates, clay surfaces and organic matter (Celi and Barberis, 2007). Such sorption as well as complexation with metal cations (Martin and Evans, 1987) limit the accessibility of IP to enzymatic hydrolysis (Celi and Barberis, 2005; Celi and Barberis, 2007). Other identifiable pools of Porg include phosphonates (e.g. 2-aminoethylphosphonate), nucleic acids (e.g. DNA and RNA) and phospholipids. These generally account for less than 10 % of soil Ptot,s (Anderson and Malcolm, 1974; Dalal, 1977) due to their rapid microbial degradation (Auten, 1923; Harrison, 1982). The chemical nature of more than 50 % of soil Porg remains unresolved and consequently the mechanisms controlling its flux in the soil-plant system are still poorly understood (McLaren et al., 2020).
Several studies have shown that large proportions of Porg in soil extracts occur in large molecular weight material above 10 kDa. Moyer and Thomas (1970) reported that 31 % of extractable Porg from a Luvisol had a molecular weight range of 1-50 kDa, whereas 36 % of the extractable Porg had a molecular weight range greater than 50 kDa. Steward and Tate (1971) reported that the majority of extractable Porg from several alkaline soils had a molecular weight range greater than 30 kDa. Large pools of Porg present in high molecular weight material have been reported in several review papers (Anderson, 1980; Kögel-Knabner and Rumpel, 2018; McLaren et al., 2020). However, there is limited information on the chemical nature of Porg with increasing molecular weight. Some studies provide evidence supporting the existence of IP in high molecular weight material (Borie et al., 1989; Hong and Yamane, 1981; Moyer and Thomas, 1970), despite the molecular size of IP being about 660 Da or less. These studies often suggest that the presence of IP in high molecular weight material could be due to a polymeric form of IP, or IP bound to (or within) other organic compounds. In this latter case, it is proposed that IP might be complexed to organic compounds via polyvalent metals, such as Fe and Al (Lévesque, 1969; Lévesque and Schnitzer, 1967; Veinot and Thomas, 1972). 
In general, the largest pool of soil Porg is observed as an underlying broad signal in the phosphomonoester region of solution 31P NMR spectra of soil extracts (Doolette et al., 2011; Jarosch et al., 2015; McLaren et al., 2015). Despite the high abundance and hence importance in the soil P cycle, little is known about the availability of this Porg pool for plant nutrition. Due to the correlation with P compounds stable to enzymatic hydrolysis, Jarosch et al. (2015) suggested a high stability of the Porg pool causing the underlying broad signal against enzymatic attack. Furthermore, Annaheim et al. (2015) reported that concentrations of the compounds causing the underlying broad signal did not change after 62 years of cropping on a field trial investigating three different fertiliser strategies whereas added Porg compounds were completely transformed or lost. A better understanding of the chemical and structural composition of this highly abundant Porg pool is needed in order to investigate its behaviour and stability in the soil-plant system.
Compounds responsible for the broad signal typically comprise 40-70 % of total Porg and are of an apparent high molecular weight. Jarosch et al. (2015) used Sephadex G-25 gel to separate NaOH-EDTA extracts according to molecular size from several soils. The authors found that Porg was detected in both low (<5 kDa) and high (>5 kDa) size fractions. Pools of Porg in the latter fraction were largely stable to enzyme hydrolysis and correlated with pools of phosphomonoesters exhibiting a broad NMR signal. At the same time, McLaren et al. (2015) used ultrafiltration to separate NaOH-EDTA extracts from diverse soils into <10 kDa and >10 kDa fractions. These authors reported that about 32 % of Porg was measured in the larger fraction, and was dominated by a broad NMR signal in the phosphomonoester region. However, the authors also reported the presence of a broad signal in the phosphomonoester region of NMR spectra of <10 kDa fractions. 
The structural composition of the broad signal in the phosphomonoester region of solution 31P NMR spectra on soil extracts was later investigated by McLaren et al. (2019) based on transverse relaxation (T2) experiments. The authors found that T2 times associated with the broad signal were considerably shorter than those of sharp signals (e.g. myo-IP6) in the phosphomonoester region, suggestive of the former having a large molecular size (Bloembergen et al., 1948; Keeler, 2010). This was similarly the case for T2 experiments carried out on soil extracts following hypobromite oxidation (Reusser et al. (2020b). McLaren et al. (2019) compared the line width of the broad signal at half peak intensity based on spectral deconvolution with that derived from T2 experiments. The authors reported that the line width at half peak intensity of the broad signal based on the former approach was significantly larger than that based on the latter approach, suggesting the broad signal itself is derived from multiple components. The number of components and their chemical composition remains unknown.
Organic compounds containing phosphate in soil are known for their capacity to form complexes with metal cations, such as Al and Fe (Parfitt, 1979; Stevenson, 1994; Turner et al., 2002; Vincent et al., 2012). Such complexes of soil organic matter (SOM) and Porg (i.e. IP) with metals contribute to the stabilisation and possible accumulation of organic compounds in soil (Celi and Barberis, 2005; Stevenson, 1994). Gerke (2010) reported that orthophosphate is not directly bound to an organic moiety of SOM, as would be the case for Porg compounds, but indirectly associated with the SOM via metal bridges. The authors identified Al3+ and Fe3+ as the predominant metal linkages in humic-metal-P complexes.
The aim of this study was to provide new insight on the chemical nature of Porg at increasing molecular size in soil extracts, combining size exclusion chromatography (SEC) and solution 31P NMR spectroscopy. We hypothesised that: 1) phosphomonoesters in large molecular size material are dominated by several broad signals in the phosphomonoester region, but also contain several sharp signals due to IP; 2) the composition, and hence the peak shape and intensity of the underlying broad signal in the phosphomonoester region of 31P NMR soil spectra, will change among molecular size fractions; and 3) concentrations of Fe and Al in large molecular size material will correlate with that of IP, indicating the importance of metals in bridging IP with large molecular size compounds.
This study bridges research on small identifiable Porg molecules, such as lower-order IP (Reusser et al., 2020b), with research on colloid-associated P (Missong et al., 2016). 


EXPERIMENTAL SECTION
Soil collection and preparation
The A horizon of a Cambisol pasture (P) soil from Switzerland, a Cambisol forest (F) soil from Germany, a Gleysol pasture soil and an arable (A) Cambisol soil from Switzerland (WRB, 2014) were investigated in this study. These soil samples were chosen out of a collection of six soil samples (Reusser et al., 2020a) based on their diverse composition of the phosphomonoester region in 31P NMR soil spectra and elevated concentrations of Porg. Detailed information of sampling sites, cropping systems and properties of the four soils can be found in Reusser et al. (2020a). Additional information on oxalate extractable concentrations of total Fe, Al, and P are reported in Table 1. For each, 1 g of soil was extracted with 100 mL of 0.2 M acid oxalate solution (Tamm-reagent at pH 3) according to the modified method of Schwertmann (1964), as described in Pansu and Gautheyrou (2007). Tubes were shaken end-over-end for 4 h at 11 revolutions per min in the absence of light at 20 °C, centrifuged at 6480 g for 10 min, and the supernatant analysed for total Al, Fe and P using inductively coupled plasma-optical emission spectroscopy (ICP-OES).
[bookmark: _Ref528248293]Table 1. Oxalate extractable aluminium, iron and phosphorus of the soil samples reported in this study.
	Parameter
	Unit
	Cambisol (P)
	Cambisol (F)
	Gleysol
	Cambisol (A)

	Alox
	g/kgsoil
	     1.5
	      7.2
	     3.2
	     0.8

	Feox
	g/kgsoil
	     3.4
	    48.8
	     3.5
	     2.0

	Pox
	mg/kgsoil
	643.4
	1795.0
	989.3
	337.0





Concentrations of total phosphorus in soil
Microwave acid digestion was used to determine the concentration of Ptot,s in soil based on the method of Fioroto et al. (2017). In brief, 200 mg of dried and ground soil was digested in 4 mL of a 14 M nitric acid solution using a turboWAVE® MRT microwave digestion system (MILESTONE Srl, Sorisole, Italy) at 250 °C for 35 min. The digestate was then diluted to 10 mL with deionised water and analysed for P using the malachite green method of Ohno and Zibilske (1991). 
Extraction of soil organic phosphorus
Extraction of Porg from soil was based on the method of Cade-Menun et al. (2002). Briefly, 4 g of soil was extracted with 40 mL of 0.25 M NaOH + 0.05 M EDTA (NaOH-EDTA) solution and shaken for 16 h. The tube was then centrifuged at 4643 g for 10 min and the supernatant filtered through a Whatman no. 42 filter paper. Concentrations of total P in soil filtrates (Ptot,e) were determined by ICP-OES. Concentrations of molybdate reactive P (MRP) in soil filtrates were measured using the malachite green method (Ohno and Zibilske, 1991). Molybdate reactive P is considered to represent inorganic P (Pinorg) in the extract. The difference in concentrations of Ptot,e and MRP is referred to as molybdate unreactive P (MUP), conventionally considered to be Porg (Bowman and Moir, 1993). 
Size-exclusion chromatography
[bookmark: _GoBack]A summary of the extraction, fractionation and analyses steps is schematically illustrated in Figure SI-1. Initially, we carried out high-pressure liquid (HPL)-SEC with in-line inductively coupled plasma-mass spectrometry (ICP-MS) on lyophilised NaOH-EDTA soil extracts based on the method of Dell'Aquila et al. (2020) at Rothamsted Research (supporting information). Separation of samples was performed via SEC using an HPLC (PerkinElmer LC 200 Series HS, Seer Green, Bucks, UK) composed of an injector, a Flexar UV/VIS detector operating at 280 nm and a high-pressure peristaltic pump equipped with PEEK tubing (0.17 mm internal diameter), operated at a flow rate of 0.6 mL/min. Samples were analysed using an ICP-MS (PerkinElmer NexION 300XX, Seer Green, Bucks, UK) equipped with a glass Meinhard nebuliser, a quadrupole mass spectrometer and a collision cell. The column was a Superdex Peptide 10/300 GL (10 mm diameter x 300 mm length, GE Healthcare Bio-Sciences, Sweden). This revealed well resolved chromatograms with a continuum of P spanning the <1 to >20 kDa molecular size range (Figures SI-3 and SI-4). Concentrations of P in collections of discrete molecular size fractions were too low for P characterisation using NMR spectroscopy. An alternative preparative SEC method (i.e. high-resolution SEC) was used to fractionate NaOH-EDTA soil extracts according to molecular size which yielded sufficient concentrations of P in collected solution volumes for characterisation using NMR spectroscopy.
To prepare the soil extracts for size-fraction collection by high-resolution SEC, salts were first removed. This preparatory desalting procedure resulted in separation of soil filtrates into two size fractions with molecular sizes of <5 kDa and >5 kDa, based on a modified version of the method of Jarosch et al. (2015). Soils were extracted with NaOH-EDTA as described above. A 15 mL aliquot of soil filtrate was diluted with 35 mL of deionised water and filtered through a 0.22 μm syringe filter: the Cambisol (F) was filtered using a 0.45 μm syringe filter due to blockage of 0.22 μm syringe filters. Desalting of the filtrate was carried out on an ÄKTAprime plus system (GE Healthcare), using a 4.5 cm (diameter) x 16 cm (length) column filled with Sephadex™ G-25 (GE Healthcare) with an exclusion limit of 5 kDa. The injected sample was eluted with deionised water at a flow rate of 1 mL/min and an upper-limit pressure of 0.2 MPa. Runtime was about 360 min and carried out under constant temperature (4 °C). The eluate was collected in 9 mL fractions. The cut-off at 5 kDa was defined based on the conductivity (peak indicating eluted orthophosphate ions), the absorbance (two major peaks) and measured concentrations of Pinorg and Porg in the collected fractions (Tamburini et al., 2018). The absorbance and conductivity curves with the determined cut-off are plotted in Figures SI-6 and SI-7 in the supporting information. Subsamples with molecular sizes greater than 5 kDa were combined (total volume of 126-135 mL) and lyophilised. Similarly, subsamples with molecular sizes less than 5 kDa were combined (total volume of 117-135 mL) and lyophilised. 
High-resolution SEC was carried out to collect fractions of Porg across a wide molecular size distribution, which could then be analysed using solution 31P NMR spectroscopy. The lyophilised material of the desalted soil extracts (>5 kDa fraction) was redissolved in 10 mL of deionised water. A 4 mL aliquot was then injected into the ÄKTAprime plus system of GE Healthcare equipped with a 1.6 cm (diameter) x 68.2 cm (length) column containing Superdex™ 75 prep grade resin beads (GE Healthcare) with a fractionation range of ~3 to 70 kDa (globular proteins). The sample was eluted with degassed 0.2 M ammonium nitrate (pH approx. 7.6) at a flow rate of 0.5 mL/min and a pump pressure of 0.3 MPa. Runtime for each sample was about 300 min and carried out under constant temperature (4 °C). As soon as the UV/VIS detector measured an increase in absorbance, 1 mL subsamples were collected.
The sensitivity curve of the column was calculated in the same way as described for the HPL-SEC analysis in the supporting information (Figure SI-2) but using a standard mixture of vitamin B12 (0.24 mg/mL), aprotinin (0.92 mg/mL), myoglobin (0.98 mg/L), albumin (1.44 mg/L) and blue dextran (1.16 mg/mL). Based on the sensitivity curve, and information provided from HPL-SEC analysis, elution times corresponding to molecular size cut-offs of 5 kDa, 10 kDa, 20 kDa, 50 kDa and 70 kDa were chosen. Subsamples were combined accordingly, resulting in molecular size fractions of <5 kDa (28-30 mL), 5-10 kDa (14 mL), 10-20 kDa (14 mL), 20-50 kDa (18 mL), 50-70 kDa (7 mL) and >70 kDa (14-18 mL). For the Cambisol (P) soil, the 50-70 kDa and >70 kDa fractions were combined due to a preparation error. A 450 μL aliquot was taken from each fraction in order to determine the concentration of MRP using the malachite green method (Ohno and Zibilske, 1991), and concentrations of total P, Fe, Al, Mn, Ca and K were determined using ICP-OES. The remaining volume of collected fractions was lyophilised prior to NMR sample preparation, resulting in 90 to 440 mg of lyophilised material.
Sample preparation for solution 31P NMR spectroscopy
Sample preparation for NMR analyses was carried out based on the methods of Spain et al. (2018) and Reusser et al. (2020a). Lyophilised material from each fraction was redissolved in 600 μL of NaOH-EDTA (a concentration factor of 13.55), except for the 10-20 kDa fraction of the Cambisol (F) which had a concentration factor of 18.55, when compared to the pre-lyophilisation volume. The solution was stored overnight to allow for complete hydrolysis of RNA and phospholipids (Vestergren et al., 2012), and then centrifuged at 10621 g for 15 min at 21 °C. A 500 μL aliquot of the supernatant was transferred to a 1.5 mL microcentrifuge tube and spiked with 25 μL sodium deuteroxide (NaOD) at 40 % (w/w) in D2O (Sigma-Aldrich, product no. 372072) and 25 μL of a 0.03 M methylenediphosphonic acid standard (MDP) made up in D2O (Sigma-Aldrich, product no. M9508). The prepared solution was then homogenised with a vortex mixer and transferred to a 5 mm NMR tube.
The fraction removed by the desalting process (<5 kDa), which was not subjected to high-resolution SEC, was prepared by redissolving 150 mg of lyophilised material with 750 μL of NaOH-EDTA. This was then stored and centrifuged as above. A 125 μL aliquot of the supernatant was diluted with 9.875 mL of deionised water and subsequently analysed for P and metals as described above. A 500 μL aliquot of the remaining supernatant was transferred to a 1.5 mL microcentrifuge tube. The supernatant was further prepared for NMR analysis as described above, except that 35 μL of NaOD was used instead of 25 μL to adjust the chemical shift of the orthophosphate peak. Furthermore, the Cambisol (F) and Gleysol samples were diluted with an additional 300 µL of NaOH-EDTA in the NMR tube due to considerable line broadening, which resolved the issue.
Solution 31P NMR analysis and processing of spectra
Detailed information on the solution 31P NMR analyses and processing of NMR spectra can be found in McLaren et al. (2019) and Reusser et al. (2020a). Spectra were acquired using a Bruker 500 MHz NMR spectrometer (31P frequency of 202.5 MHz) equipped with a Prodigy CryoProbe (Bruker Corporation, Billerica, USA). Inverse gated proton decoupling (90° pulse of 12 μs) was applied. Longitudinal relaxation (T1) times were determined for each sample based on a preliminary inversion recovery experiment (Vold et al., 1968), which involved a recycle delay of 5 s and 24 scans per experiment. T1 values were calculated from 10 individual experiments with increasing time periods ranging from 5 to 400 ms between the applied pulses (total analysis time was 56 min per sample). These experiments indicated recycle delays (i.e. five times T1 of the slowest NMR signal) ranging from 5.5 to 33.0 s across all samples. Solution 1D 31P NMR analyses were carried out with 4096 scans for each sample.
NMR spectra were processed (phase correction, baseline adjustment and integration) using the TopSpin® software environment (Bruker Corporation, Billerica, USA). Spectra are presented with a common line broadening of 0.6 Hz. For quantification of P species, spectral integration was performed. Relative proportions of peak regions compared to the net peak area of the MDP standard (δ 17.45 to 16.06 ppm), which has a known P concentration, were calculated for all samples (Doolette et al., 2011; Turner, 2008). Peak regions included: 1) phosphonates (δ 20.14 to 16.41 ppm); 2) a combined orthophosphate and phosphomonoester region (δ 6.39 to 3.05 ppm); 3) phosphodiesters (δ 1.08 to -2.78 ppm), and 5) pyrophosphates (δ -4.12 to -5.48 ppm). The NMR observability for Ptot,e in NaOH-EDTA extracts was determined for all samples by comparing the proportion of Ptot,e as measured by NMR spectroscopy with that measured by ICP-OES (Doolette et al., 2011; Dougherty et al., 2005). 
Spectral deconvolution fitting procedure
Spectral deconvolution fitting (SDF) was applied to the combined orthophosphate and phosphomonoester region to separate overlapping peaks as described in Reusser et al. (2020a). Sharp peaks were fitted simultaneously with underlying broad signals using a non-linear optimisation algorithm in MATLAB® R2017a (The MathWorks, Inc.). Multiple broad signals were fitted based on a visual assessment of the peak distributions, to further minimise the residuals of the fitting procedure, and supporting evidence for multiple components in the literature (McLaren et al., 2019; Reusser et al., 2020a; Reusser et al., 2020b).
Statistical analysis and graphics
Figures of chromatograms and element plots were created in Microsoft® Excel 2016, whereas all NMR spectra were created using MATLAB® R2017a of The MathWorks Inc. Statistical analyses, including calculation of mean values, standard deviations (SD) and coefficients of determination (R2) of certain measured parameters, were carried out in Microsoft® Excel 2016. Pearson correlation coefficients r were calculated in R, version 4.0.3 (R Core Team, 2020).


RESULTS
Soil phosphorus
Concentrations of Ptot,s in soil ranged from 864 to 2260 mg P/kgsoil (Table 2). Pools of NaOH-EDTA extractable Ptot,e ranged from 41 % (Cambisol (A)) to 95 % (Cambisol (P)) of Ptot,s in each soil. Concentrations of Porg in the extracts ranged from 238 mg P/kgsoil (Cambisol (A)) to 1135 mg P/kgsoil (Cambisol (F)), which comprised on average 67 % of Ptot,e in NaOH-EDTA extracts. 
[bookmark: _Ref38628534]Table 2. Concentrations of Ptot,s in soil determined by acid digestion, and pools of 0.25 M NaOH + 0.05 M EDTA extractable P determined using the method of Cade-Menun et al. (2002). For the NaOH-EDTA extractable P, mean values (n=3) are listed with standard deviations in parentheses.
	Soil
	Digestion
	NaOH-EDTA extraction

	
	Ptot,s
mg P/kgsoil
	Ptot,e
mg P/kgsoil
	MRPa
mg P/kgsoil
	MUPb
mg P/kgsoil

	Cambisol (P)
	913
	863 (13)
	319 (14)
	544 (20)

	Cambisol (F)
	2260
	1626 (13)
	491   (5)
	1135 (17)

	Gleysol
	1763
	1620 (49)
	508 (18)
	1113 (66)

	Cambisol (A)
	864
	356 (11)
	118   (2)
	238   (9)

	a Molybdate reactive P (MRP), considered to be largely Pinorg (Ohno and Zibilske, 1991).
b Molybdate unreactive P (MUP), considered to be largely Porg (Hens and Merckx, 2001; Ohno and Zibilske, 1991).



Phosphorus concentrations in molecular size fractions
Concentrations of Ptot,s in the combined molecular size fractions ranged from 189 (Cambisol (A)) to 706 mg P/kgsoil (Gleysol), as determined by high-resolution SEC and ICP-OES (Table 3). This accounted for an average 48 % of Ptot,e assessed in unfractionated soil extracts. Concentrations of Porg in the combined molecular size fractions ranged from 182 (Cambisol (A)) to 678 mg P/kgsoil (Gleysol), as determined from the differences of Ptot,e and MRP. Overall, the distribution of Porg across the molecular size fractions can be broadly separated into three main groups (Figure SI-8): 1) concentrations of Porg were predominant in molecular size fractions <10 kDa (Cambisol (P) and Gleysol); 2) concentrations of Porg were evenly distributed across the molecular size fractions (Cambisol (A)); and 3) concentration of Porg were predominant in molecular size fractions >70 kDa (Cambisol (F)).
Concentrations of Pinorg in the combined molecular size fractions were low (<45 mg P/kgsoil), as determined by high-resolution SEC and NMR spectroscopy (Table 3). The majority of Pinorg was measured in the <5 kDa fraction of the soil filtrate following the desalting preparation process (Figure SI-9, Table SI-1). The predominant P species in this fraction was orthophosphate, comprising between 85 % and 91 % of Ptot,e. This fraction also contained minor concentrations of Porg as phosphomonoesters, which comprised between 7 % and 13 % of Ptot,e.
Organic phosphorus speciation in molecular size fractions
Diverse NMR signals were evident across all molecular size fractions (Figure 1 and Figure 2, and Figure SI-10), the majority being found in the phosphomonoester region (δ 6.0 to 3.0 ppm) (Figure 1, Figure 2). This region exhibited two main spectral features: a multitude of sharp peaks arising largely from IP, which were predominant in the <5 and 10 kDa fractions; and several broad signals arising from unidentified Porg compounds, which were predominant in the >10 kDa fractions. 





[bookmark: _Ref47451224]Figure 1. Solution 31P nuclear magnetic resonance (NMR) spectra (500 MHz) of the combined orthophosphate (o) and phosphomonoester region for each of six molecular size fractions generated from 0.25 M NaOH + 0.05 M EDTA soil extracts of the Cambisol (P) and Cambisol (F) soils (Superdex™ 75 prep grade column). Peaks associated with α-glycerophosphate/unknown high molecular weight Porg (McLaren et al., 2015) (+), β-glycerophosphate (β) as well as myo- (*) and scyllo- (s) IP6 are marked. Signal intensities were normalised to a methylenediphosphonic acid standard peak intensity. The vertical axes were scaled for improved visibility of spectral features, as indicated by a factor. The molecular size fractions >70 kDa and 50-70 kDa of the Cambisol (P) were pooled, shown as the >50 kDa spectrum. 
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[bookmark: _Ref47451226]Figure 2. Solution 31P nuclear magnetic resonance (NMR) spectra (500 MHz) of the combined orthophosphate (o) and phosphomonoester region on the molecular size fractions (Superdex™ 75 prep grade column) of 0.25 M NaOH + 0.05 M EDTA soil extracts of the Gleysol and Cambisol (A). The peaks of α-glycerophosphate/unknown high molecular weight Porg (McLaren et al., 2015) (+) as well as myo- (*) and scyllo- (s) IP6 are marked. Signal intensities were normalised to a methylenediphosphonic acid standard peak intensity. The vertical axes were scaled for improved visibility of spectral features, as indicated by a factor.
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Concentrations of phosphomonoesters were highest in the <10 kDa fractions and ranged from 19 (<5 kDa fraction Cambisol (A)) to 120 mg P/kgsoil (<5 kDa fraction Gleysol) (Table 3). Sharp signals due to myo- and scyllo-IP6 were detected in the <5 and 5-10 kDa fractions of the Cambisol (P) and Cambisol (A) (Table 4). In contrast, these two IP were prominent in several fractions of >20 kDa for the Cambisol (F) and similarly for the Gleysol, but at lower concentrations (Table 4). 
Concentrations of lower-IP in the combined molecular size fractions ranged from 2 (Cambisol (A)) to 16 mg P/kgsoil (Cambisol (P)) across all soils (Table 4). This included signals of myo-(1,2,4,5,6)-IP5 in the <5 and 5-10 kDa fractions of the Gleysol, scyllo-IP5 in the <5 kDa fractions of all soils and in all molecular size fractions of the Cambisol (F). Furthermore, traces (1.6 to 5.2 mg P/kgsoil) of scyllo-IP4 were detected in the <5 and 5-10 kDa fractions of the Cambisol (P) and in the 5-10 kDa of the Cambisol (F).
Several broad signals were present in the phosphomonoester region of all molecular size fractions and represented on average 64 % (SD=20 %) of the total concentration of phosphomonoesters (Table 3, Table 4 and Figure SI-11). These broad signals were particularly prominent in the 10-20 and 20-50 kDa fractions, which comprised on average 77 % and 74 % of the total concentration of phosphomonoesters of each fraction, respectively. In contrast, their contribution to the total pool of phosphomonoesters was lowest in the <5 kDa fraction but were still an important component (on average 44 %). Unlike the other soil samples, the broad signals dominated all size fractions of the Cambisol (A) soil extract. In this sample, on average 3.7 (SD=1.9) broad peaks were fitted in the SDF procedure across all size fractions, whereas for other soil samples this was on average 2.0 (SD=0.7) broad peaks. The average line width at half-height for each broad peak was 88 Hz (SD=53). The half widths of the individual broad peaks decreased with increasing number of fitted broad peaks and were lowest in the Cambisol (A) (67, SD=60), for which most underlying broad peaks were fitted.





[bookmark: _Ref39155690]Table 3. Concentrations (mg P/kgsoil) of total P (Ptot,e) in each molecular size fraction as determined by ICP-OES, and the main P classes (orthophosphate, phosphomonoester, phosphodiester and other compounds, such as polyphosphates, pyrophosphates and phosphonates) as determined by solution 31P NMR spectral deconvolution fitting. Molecular size fractions were obtained on NaOH-EDTA soil extracts using high-resolution SEC (Superdex™ 75 prep grade column). The proportion (%) of P to Ptot,e in each molecular size fraction is reported in parentheses. The <5 kDa fractions do not account for the fraction removed by the desalting process (Table SI-1).
	
	Ptot,e ICP-OES
	Ptot,e NMR
	Ortho-P
	P-monoester
	P-diester
	other P comp.

	
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)

	Cambisol (P)
	
	
	
	
	
	

	<5 kDa
	190.4
	143.3
	18.9 (13)
	115.9 (81)
	0.0   (0)
	8.4   (6)

	5-10 kDa
	124.7
	81.2
	0.0   (0)
	79.3 (98)
	0.2   (0)
	1.7   (2)

	10-20 kDa
	46.4
	29.4
	0.0   (0)
	26.9 (91)
	1.2   (4)
	1.3   (5)

	20-50 kDa
	39.7
	23.0
	0.0   (0)
	20.7 (90)
	1.1   (5)
	1.2   (5)

	50->70 kDa*
	33.5
	15.4
	0.0   (0)
	13.8 (90)
	0.0   (0)
	1.6 (10)

	Cambisol (F)
	
	
	
	
	
	

	<5 kDa
	108.9
	68.5
	24.5 (36)
	42.4 (62)
	0.0   (0)
	1.6   (2)

	5-10 kDa
	133.5
	87.4
	0.0   (0)
	80.1 (92)
	4.1   (5)
	3.2   (4)

	10-20 kDa
	86.2
	49.9
	5.2 (10)
	39.9 (80)
	3.4   (7)
	1.6   (3)

	20-50 kDa
	93.4
	51.9
	5.0 (10)
	36.4 (70)
	9.0 (17)
	1.6   (3)

	50-70 kDa
	50.7
	22.5
	3.2 (14)
	15.5 (69)
	2.0   (9)
	1.8   (8)

	>70 kDa
	229.9
	54.7
	6.7 (12)
	43.1 (79)
	2.6   (5)
	2.2   (4)

	Gleysol
	
	
	
	
	
	

	<5 kDa
	73.5
	135.8
	7.9   (6)
	119.9 (88)
	0.0   (0)
	8.0   (6)

	5-10 kDa
	73.4
	95.4
	0.0   (0)
	93.5 (98)
	0.5   (1)
	1.5   (2)

	10-20 kDa
	103.8
	42.2
	4.9 (12)
	35.5 (84)
	1.6   (4)
	0.2   (0)

	20-50 kDa
	81.4
	51.6
	2.9   (6)
	42.9 (83)
	5.4 (10)
	0.4   (1)

	50-70 kDa
	172.8
	33.1
	1.7   (5)
	23.7 (72)
	6.6 (20)
	1.1   (3)

	>70 kDa
	201.5
	20.1
	0.0   (0)
	14.9 (74)
	5.2 (26)
	0.0   (0)

	Cambisol (A)
	
	
	
	
	
	

	<5 kDa
	43.4
	25.4
	6.0 (24)
	19.4 (76)
	0.0   (0)
	0.0   (0)

	5-10 kDa
	38.3
	25.4
	0.4   (2)
	24.9 (98)
	0.0   (0)
	0.1   (0)

	10-20 kDa
	21.8
	14.4
	0.4   (3)
	13.7 (96)
	0.0   (0)
	0.2   (2)

	20-50 kDa
	31.8
	16.6
	0.0   (0)
	16.5 (99)
	0.0   (0)
	0.1   (1)

	50-70 kDa
	18.1
	9.9
	0.3   (3)
	8.7 (87)
	0.5   (5)
	0.6   (6)

	>70 kDa
	36.0
	9.4
	0.0   (0)
	7.4 (79)
	1.8 (20)
	0.1   (2)

	* The 50-70 kDa and >70 kDa fractions of Cambisol (P) have been pooled. The given values represent the concentrations measured in the pooled fraction.










[bookmark: _Ref61532864]Table 4. Concentrations (mg P/kgsoil) of P species in each molecular size fraction as determined by solution 31P NMR spectroscopy and spectral deconvolution fitting, as described in (Reusser et al., 2020a). Molecular size fractions were obtained on NaOH-EDTA soil extracts using high-resolution SEC (Superdex™ 75 prep grade column). Pools of ‘Other IP6’ include the neo and chiro stereoisomers of IP6. Pools of lower-order IP include scyllo-IP5, myo-(1,2,4,5,6)-IP5 and scyllo-IP4. The concentrations of glycerophosphate include the unknown high molecular weight (HMW) Porg compound described by McLaren et al. (2015), whose peak overlaps with α-glycerophosphate. The proportion (%) of P to that of the Ptot,e in each molecular size fraction is reported in parentheses. The <5 kDa fractions do not include the removed fraction by the desalting process (Table SI-1).
	
	myo-IP6
	scyllo-IP6
	other IP6
	lower order IP
	broad peaks
	Glycerophosphate + HMW Porg

	
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)
	(mg P/kgsoil)

	Cambisol (P)
	
	
	
	
	
	

	<5 kDa
	44.6
	17.2
	6.0
	11.4
	26.8 (23)
	1.4

	5-10 kDa
	20.3
	8.8
	2.4
	4.6
	32.1 (41)
	2.6

	10-20 kDa
	-
	0.6
	-
	-
	18.0 (67)
	3.3

	20-50 kDa
	-
	-
	-
	-
	13.7 (66)
	3.2

	50->70 kDa*
	-
	0.3
	-
	-
	9.1 (66)
	3.4

	Cambisol (F)
	
	
	
	
	
	

	<5 kDa
	1.0
	0.7
	-
	1.4
	26.3 (62)
	-

	5-10 kDa
	0.1
	1.4
	-
	3.4
	51.5 (64)
	6.2

	10-20 kDa
	0.6
	0.6
	-
	0.3
	30.4 (76)
	3.2

	20-50 kDa
	2.9
	2.1
	-
	0.9
	23.2 (64)
	2.4

	50-70 kDa
	3.0
	2.1
	-
	0.8
	6.6 (43)
	0.2

	>70 kDa
	8.1
	9.4
	-
	3.1
	21.5 (50)
	-

	Gleysol
	
	
	
	
	
	

	<5 kDa
	50.5
	23.1
	7.8
	7.5
	25.7 (21)
	-

	5-10 kDa
	33.1
	13.1
	1.7
	5.0
	33.3 (36)
	-

	10-20 kDa
	0.7
	1.6
	-
	-
	27.5 (77)
	2.5

	20-50 kDa
	1.2
	2.4
	-
	-
	34.0 (79)
	4.1

	50-70 kDa
	1.9
	1.5
	0.2
	-
	16.6 (70)
	2.8

	>70 kDa
	2.5
	1.7
	-
	-
	9.6 (65)
	1.0

	Cambisol (A)
	
	
	
	
	
	

	<5 kDa
	1.9
	2.8
	-
	-
	13.7 (71)
	-

	5-10 kDa
	2.0
	1.7
	-
	2.0
	17.6 (71)
	-

	10-20 kDa
	-
	0.1
	-
	-
	11.8 (86)
	1.7

	20-50 kDa
	-
	-
	-
	-
	14.5 (88)
	2.0

	50-70 kDa
	-
	-
	-
	-
	8.1 (93)
	2.4

	>70 kDa
	-
	-
	-
	-
	7.0 (95)
	-

	* The 50-70 kDa and >70 kDa fractions of Cambisol (P) have been pooled. The given values represent the concentrations measured in the pooled fraction.






Concentrations of phosphodiesters were highest in molecular size fractions above 10 kDa (Table 3). The peak associated with DNA was most prominent in the 20-50 kDa fraction of the Cambisol (F) and in the 50-70 kDa and >70 kDa size fraction of the Gleysol, which comprised more than 25 % of the total NMR signal (Table 3). Other P compounds including phosphonates and pyrophosphates comprised less than 10 % of the total NMR signal (Table 3).
The NMR observability in the fraction removed by the desalting process (<5 kDa) was on average 91 %. In contrast, the NMR observability of the analysed molecular size fractions differed markedly: on average 27 % (SD=1 %) in the >70 kDa fraction, 48 % (SD=4 %) in the 50-70 kDa fraction, 54 % (SD=3 %) in the 20-50 kDa fraction, 60 % (SD=5 %) in the 10-20 kDa fraction, 63 % (SD=5 %) in the 5-10 kDa fraction and 66 % (SD=6 %) in the <5 kDa fraction.  
Metal concentrations in molecular size fractions
In general, concentrations of Fe were highest in the <5 and >70 kDa molecular size fractions of all soils (Figure 3). The ratio of Fe to Al in NaOH-EDTA extracts differed between soils and molecular size fractions. For the Cambisol (P), Al dominated the lowest size fraction, whereas Fe dominated the highest molecular size fraction. For the Gleysol, increasing concentrations of Fe were measured with increasing molecular size, not including the <5 kDa fraction. The Cambisol (F) exhibited a similar distribution pattern of the Fe and Al concentrations across the molecular size fractions. For the Cambisol (A), Al was only detected in the highest molecular size fraction. This soil was alkaline with a pH of 7.7 measured in water (Meyer et al., 2017). In contrast, the pH of the other soil samples ranges from 3.6 (Cambisol (F)) to 5.1 (Cambisol (P)) (Reusser et al., 2020a). Concentrations of IP across all size fractions and soil samples were not significantly correlated with the measured Fe (r=0.048, p=0.829) or Al (r=0.123, p=0.576) concentrations. However, considering all molecular size fractions of the individual soils, IP concentrations were significantly positively correlated with Fe concentrations in the Cambisol (F) sample (r=0.847, p=0.033) and with Al concentrations in the Gleysol sample (r=0.823, p=0.044). These correlations were much less apparent in the other soils. 
Calcium concentrations were highest in the <5 kDa fraction for all soils and decreased rapidly with increasing molecular size. 

[bookmark: _Ref39073053]Figure 3. Concentrations of aluminium (Al, grey) and iron (Fe, black) in 0.25 M NaOH + 0.05 M EDTA soil extracts following passage through a Superdex™ 75 prep grade column, which resulted in several technically defined fractions with molecular sizes of <5, 5-10, 10-20, 20-50, 50-70, and >70 kDa. Concentrations in the molecular size fractions were analysed by ICP-OES.











DISCUSSION 
Phosphorus concentrations in molecular size fractions 
The molecular weight distribution of Porg in soils has typically been studied using technically defined molecular weight fractions using cut-offs of either 5 kDa (Jarosch et al., 2015) or 10 kDa (McLaren et al., 2015). We present the continuous molecular size distributions of extracted soil P. Our reported molecular size distribution of P ranges from small molecules <5 kDa, i.e. orthophosphate, to large molecular size fractions >5 kDa approaching nanoparticles (1-100 nm (Gottselig et al., 2017)). The quantitative results of Pinorg and Porg concentrations in different molecular size fractions reported in this study confirm the previously conjectured continuum of P along the molecular size distribution.
Pools of Porg exhibited a wide concentration range in the investigated soils (70 to 1135 mg P/kgsoil). Concentrations of NaOH-EDTA extractable P were similar to those reported in previous studies (Jarosch et al., 2015; McLaren et al., 2019). SEC chromatograms revealed a broad molecular size distribution of P in NaOH-EDTA extracts from soil. Furthermore, the majority of Porg was present in molecular size fractions >5 kDa across all soils investigated here, despite differences in their chemical and physical properties. Several studies using SEC have reported that a large portion of Porg in soil extracts is detected in molecular size fractions above 10 kDa (Moyer and Thomas, 1970; Steward and Tate, 1971; Veinot and Thomas, 1972). The consistency and abundance of this high molecular size Porg pool in different soil systems suggests its importance in the soil P cycle. 
Speciation of organic P compounds in molecular size fractions
Solution 31P NMR spectroscopy on soil extracts revealed a large diversity of P compounds across all molecular size fractions and soil samples. Our results demonstrate a much greater diversity of organic P compounds along the molecular size continuum than was evident in previous studies (Jarosch et al., 2015; McLaren et al., 2015). In contrast to these studies, we were able to further separate the >10 kDa fraction, showing that the distribution of different Porg compounds varied between large molecular size fractions >10 kDa . Furthermore, the desalting preparation step resulted in better resolution of the remaining peaks in the phosphomonoester region.
The molecular size material below 5 kDa was dominated by orthophosphate in the fraction removed by the desalting process and by phosphomonoesters in the <5 kDa fraction of the subsequent high-resolution SEC. In the Cambisol (P) and Gleysol samples, the <5 kDa fraction consisted mostly of IP, which were probably in the free form or desorbed from soil mineral surfaces (Celi and Barberis, 2007; Moyer and Thomas, 1970). The fraction removed by the desalting process (cut-off=5 kDa) was less enriched in IP compared to the <5 kDa fraction of the subsequent high-resolution SEC of the desalted extract, despite the molecular size of IP being 660 Da or less. Nebbioso and Piccolo (2012) reported that chromatographic separation weakens the supramolecular architecture of SOM. This may indicate that associations of IP with higher molecular size compounds were weakened during the desalting chromatography step. The liberated IP may then have been eluted in the <5 kDa fraction in the subsequent high-resolution SEC step. 
Spectra derived from molecular size fractions greater than 5 kDa were dominated by poorly resolved broad 31P NMR signals. Compounds causing these broad NMR signals are apparently of large molecular size. These findings are consistent with the studies of Jarosch et al. (2015) and McLaren et al. (2015). We also employed multiple analytical approaches to demonstrate that the underlying broad signal in the NMR phosphomonoester region is not derived from a single molecule with a discrete molecular size, but rather from a continuum of unidentified Porg molecules spanning a wide molecular size distribution. This is in agreement with observations of McLaren et al. (2019) and Reusser et al. (2020b). In the four studied soils, broad signals were most prominent in the 10-20 and 20-50 kDa fractions rather than the highest molecular size fractions. 
The number of underlying peaks necessary to account for the broad feature by spectral deconvolution fitting varied between soils and molecular size fractions. Previously, a single broad signal has been used to represent the ‘unresolved’ Porg pool (Reusser et al., 2020a). However, this approach results in an imperfect Lorentzian/Gaussian distribution, explaining the high variations of the C5 peak of myo-IP6 in spectral deconvolution fitting results reported by Reusser et al. (2020a). The line width at half-height of 88 Hz in this study provides evidence for the existence of more than one underlying broad peak, suggesting the presence of several compounds. McLaren et al. (2019) reported that line widths at half-height of the fitted broad signal were on average 196 Hz. However, transverse relaxation times suggest the line widths are closer to 11 Hz. In addition, the underlying broad peak at chemical shift region δ 4.5-4.0 ppm appears to be more pronounced compared to the fitted broad peaks closer to the side of the phosphomonoester region. This could suggest that 1) the net peak area of sharp peaks arising from other phosphomonoesters in this region is influenced by the underlying broad signal; and 2) the restriction of the chemical shift region where most of the signal of the unresolved Porg pool appears will help to identify P containing molecular structures resonating in this specific region. In the former case, sharp peaks arising from other phosphomonoesters may be more susceptible to overestimation when underlying broad signals are not accounted for in SDF procedures compared to other compounds at the side of the chemical shift region. The latter case could improve our understanding of the chemical nature of this pool in future studies.
Furthermore, the results of this study show that at least 32 % (Cambisol (P)) and up to 93 % (Cambisol (F)) of total detected IP was present in molecular size fractions greater than 5 kDa. These findings are in agreement with other studies as Veinot and Thomas (1972), Hong and Yamane (1981) and Borie et al. (1989). Moreover, we provide direct spectroscopic evidence that IP are present in large molecular size fractions of soil extracts as well as information on their speciation. 
The mechanisms by which IP become associated with large molecular size material is assumed to be due to a close association of IP with compounds of large molecular size, such as SOM and/or relatively small (nano-) sized soil minerals (Borie et al., 1989; Celi and Barberis, 2005; Moyer and Thomas, 1970; Omotoso and Wild, 1970). Possible mechanisms involve metal bridges, presumably with Fe or Al (Veinot and Thomas, 1972; Vincent et al., 2012), or nucleophilic addition of free amine groups to aromatic rings (Borie et al., 1989). The occurrence of the latter mechanism during phosphorylation of model humic polymers was reported by Brannon and Sommers (1985). Cosgrove (1977) suggested that high molecular weight material consists of complexes of Fe(III) and nitrogenous organic matter containing IP6. Another possibility could be that the phosphate groups of IP associate with SOM via ester-bonds, forming part of the SOM suprastructure model introduced by Piccolo (2001). Jørgensen et al. (2015) reported that the relative importance of the main binding sites (SOM matrix, amorphous metal oxides or clay minerals) in stabilising IP6 can vary markedly between soils and that the association of IP6 with SOM can be important in soils despite high contents of amorphous iron and aluminium oxides. The Cambisol (F) studied here not only has high organic carbon contents but also the highest amounts of oxalate extractable (amorphous) Fe and Al. Such findings emphasise that the mechanisms of incorporation of IP into large organic molecules and a possible role of IP in stabilising SOM, as proposed by Tipping et al. (2016), warrant further investigation. For example, targeted degradation of the soil IP pool for the purpose of plant-nutrition could result in a concomitant destabilisation of SOM structure. The results of this study show that IP associated with large molecular size material are mainly in the myo and scyllo forms, suggesting these stereoisomers are more prone to association with high molecular size compounds and reduced enzymatic hydrolysis compared to neo and chiro forms. 
We present evidence that molecular size fractions greater than 5 kDa consist not only of IP6, as previously proposed, but also of lower-order IP. scyllo-IP5 was detected in all molecular size fractions of the Cambisol (F) soil extract, suggesting similar mechanisms of association to IP6. Association of a proportion of IP with organic phases may limit not only the accessibility of IP6 to enzymatic hydrolysis in soils, but also a fraction of lower-order IP. However, this is likely to depend on the stereochemistry of the associations, including the spatial protection conferred to IP, as well as whether IP is linked to the SOM matrix by metal bridges or ester bonds, which might be more readily hydrolysed by phosphatases. 
Our findings regarding phospholipids and phosphodiesters in large molecular size material are comparable with the studies of Missong et al. (2016) on forest soil colloids and Wang et al. (2017) using DOSY NMR spectroscopy of NaOH-EDTA soil extracts. The presence of glycerophosphates in large molecular size fractions could be explained by hydrolysis of large phospholipid molecules by NaOH (Doolette et al., 2011) or associations of glycerophosphates, which were intrinsically present in the soil sample (Wang et al., 2021), with large molecular size compounds. However, McLaren et al. (2015) reported the presence of a high molecular weight (>10 kDa) Porg compound at a similar chemical shift to the α-glycerophosphate peak. We could not resolve these two peaks in our spectra, hence the concentrations of glycerophosphate and this unknown high molecular weight compound are combined. We assume that this compound, and not α-glycerophosphate, is mainly present in the Cambisol (F), Gleysol and Cambisol (A) soil samples due to the lack of the corresponding β-glycerophosphate peak.
Gerke (1992) proposed that a dominant proportion of soil P is present in the form of Pinorg (as orthophosphate) associated with organic molecules via metal bridges, i.e. Fe3+ and Al3+, forming large molecules. The author states that often over 50 % of these associations may be hydrolysed during spectrophotometric determination of Porg and Pinorg using the phosphomolybdate method. Hence, P in these associations would be misattributed to the free orthophosphate pool. In our study, orthophosphate is present in large molecular size fractions but to a much lesser extent compared to the <5 kDa fractions. The predominant proportion of P in large molecular size fractions is present as phosphomonoesters, and to a lesser extent phosphodiesters. We propose that 1) IP complexed by SOM and large molecular size material through metal bridges (Borie et al., 1989) and 2) P linked via ester bonds to the SOM organic molecules (McLaren et al., 2020; McLaren et al., 2015) contribute to the majority of large molecular size soil P.
Nuclear magnetic resonance observability 
Few studies on solution 31P NMR spectroscopy of soil samples report the NMR observability as recommended by Doolette et al. (2011). In our previous studies on the same soil samples, NMR observability values ranged from 52% to 94% (Reusser et al., 2020a; Reusser et al., 2020b). Reduction of the NMR observability with increasing molecular size in this study could be related to an increase of precipitates at the bottom of the microcentrifuge tubes after centrifugation at 10621 g. Missong et al. (2016) used ultracentrifugation at 14000 g for 60 min to separate water‐dispersible colloids from the electrolyte phase. In our study, precipitation of colloids containing P not removed by filtration but by centrifugation could account for the low NMR observability of large molecular size material. To test this, we measured total P contents in the precipitates by total digestion and subsequent P analysis by ICP-OES. Results indicate that on average only 7 % (SD=6 %) of Ptot,e, representing 4.5 mg P/kgsoil (SD=3.6 mg P/kgsoil), was lost to precipitation. However, an exception was the >70 kDa fraction of the Cambisol (F), which had a concentration of 121.3 mg P/kgsoil in the precipitate, representing 58 % of Ptot,e. This soil sample contains a large amount of amorphous and complexed Fe and Al oxides (Table 1) as well as a large amount of Fe in the largest molecular size fraction. The increase in the pH during sample preparation for NMR may have resulted in complex formation of IP and other Porg compounds with metals and organic matter, decreasing their solubility (Celi and Barberis, 2005; Hiradate et al., 2006; Martin and Evans, 1987). P concentrations in precipitates were correlated with NMR observability in the Cambisol (F) and Cambisol (A) but not in the Cambisol (P) and the Gleysol (Figure SI-12). Decreasing NMR observability with increasing molecular size due to precipitation suggests that quantification and identification of P compounds in large molecular size material by solution 31P NMR spectroscopy could be underestimated in some soils.
Metal concentrations in molecular size fractions 
Multivalent cations, including Al3+ and Fe3+, are known to form complexes with organic compounds possessing free electron pairs such as amines, carboxylates and ethers, as well as phosphate anions (Gerke, 2010; Parfitt, 1979; Stevenson, 1994; Turner et al., 2002; Vincent et al., 2012). In our study, Al was present mostly at elution volumes in the range of 1 kDa (single peak at Kav=0.7, Figure SI-5). This large signal is assumed to arise from metal-EDTA complexes, EDTA being present in the extractant. We assume that most Zn and Al was either present in the free ion form or was liberated from soil compounds during extraction.
Concentrations of Fe were highest in the <5 kDa and >70 kDa molecular size fractions: the first pool is likely to be dominated by Fe-EDTA complexes; the second by Fe-oxyhydroxides or Fe bound to/complexed with oxygen containing organic compounds (Stevenson, 1994), based on their molecular sizes (Lead and Wilkinson, 2006). When converting molecular size in Da to the nm scale, a spherical molecule with a molecular size of 70 kDa would exhibit a minimum diameter of approximately 5.5 nm (Erickson, 2009). Fe-oxyhydroxides range from 1 nm to 1 µm in size (Lead and Wilkinson, 2006). The high Fe concentration in the >70 kDa fraction of the Cambisol (F) could also indicate the presence of Porg adsorbed to Fe oxyhydroxide nanoparticles (Lead and Wilkinson, 2006; Missong et al., 2016; Ognalaga et al., 1994) or Porg complexed with Fe3+. These hypotheses are supported by the positive correlation of IP concentrations in the size fractions of the Cambisol (F) sample with measured Fe. Celi and Barberis (2005) reported that indirect adsorption of Porg through bi- or trivalent cations with the resulting formation of ternary organic matter-metal-P complexes is one abiotic process which contributes to incorporation of Porg into SOM. Furthermore, Fe oxides were identified as important sorbents of organic matter and thus playing a major role in controlling long-term SOM preservation (Kögel-Knabner et al., 2008). 
The differing molecular size distributions of Fe and Al apparent from our chromatograms indicate that total soil concentrations of Al and Fe do not reflect the abundance of larger molecular size complexes containing P and that the association of Porg with Al in large molecular size complexes is less important than its association with Fe. Further research is needed to understand the association of Pinorg and Porg with Fe and Al in large molecular size material to elucidate the stability and cycling of these complexes in soil systems.


CONCLUSION
The majority of Porg in soil extracts are associated with molecular sized material above 5 kDa. Our findings show that the largest pool of Porg in large molecular size material is generally represented by three or four underlying broad signals in the phosphomonoester region of NMR spectra. We provide further evidence for an unresolved Porg pool in soil being responsible for poorly resolved broad signals in the phosphomonoester region of soil extracts, and that this unresolved pool of phosphomonoesters contains multiple components rather than single polymers of discrete molecular sizes. The corresponding NMR signal is comprised of several overlapping broad peaks with varying peak shapes and line widths, indicating diverse compositions of the unresolved Porg pool. Our results suggest that this unresolved Porg pool is represented by Porg associated with SOM rather than orthophosphate adsorbed to organic molecules via metal bridges. Furthermore, we report for the first time the presence of the myo and scyllo stereoisomers of IP6, as well as some lower-order IP species, in molecular size material above 5 kDa by combining high-resolution size exclusion chromatography and solution 31P NMR spectroscopy. Metals, particularly Fe, appear to be an important bridging component of Porg associations in large molecular size material. The findings of this study will contribute to our understanding of Porg - SOM associations and their importance in the soil P cycle. Better understanding of the structural composition and the associations of the highly abundant unresolved Porg pool is necessary for further studies investigating mineralisation processes targeting this pool for plant nutrition purposes and/or P stabilisation processes in soil systems.
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