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Abstract. Soil organic and inorganic phosphorus (P) compounds can be modified by distinctive ecosystem properties. This 

study aims to analyze soil P dynamics on terrestrial natural ecosystems, relating its organic (inositol hexakisphosphate, DNA 

and phosphonate) and inorganic (orthophosphate, polyphosphate and pyrophosphate) compounds with major temporal 

(weathering), edaphic and climatic characteristics. A dataset including 88 sites was assembled from published papers that 10 

determined the soil P composition using one-dimensional liquid state 31P nuclear magnetic resonance of soils extracted with 

NaOH EDTA. Bivariate and multivariate regression models were used to better understand the soil P. In bivariate 

relationships, soil P compounds had similar overall behaviors on mineral and organic layers but with different slopes. 

Independent and combined effects of weathering, edaphic and climatic properties of ecosystems explained up to 78% 

(inositol) and 89% (orthophosphate) of organic and inorganic P compound variations across the ecosystems, likely deriving 15 

from parent material differences. Soil, particularly pH, total carbon and carbon-to-phosphorus ratio, over climate and 

weathering mainly explained the P variation. We conclude that edaphic and climatic drivers regulate key ecological 

processes that determine the soil P composition on terrestrial natural ecosystems. These processes are related to the source of 

P inputs, primarily determined by the parent material and soil forming factors, and after altogether with plant and microbe 

coexistence, the bio-physico-chemical properties governing soil phosphatase activity, soil solid surface specific reactivity 20 

and P losses through leaching, and finally the P persistence induced by the increasing complexity of P organic and inorganic 

compounds as the pedogenesis evolves. 
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1 INTRODUCTION 

Phosphorus (P) is a key nutrient in animal, microbial and plant nutrition and ‘bears light’ to terrestrial ecosystem 

functioning, regulating primary and secondary productivities (Walker and Adams 1958; Vitousek et al. 2010). Phosphorus 

input into an ecosystem derives essentially from the weathering of rocks, with little input as an eolian deposit. Once P has 

been dissolved from primary minerals, plants and microorganisms access it from the soil solution. Phosphorus goes back to 5 

soil as organic materials (Noack et al. 2012; Damon et al. 2014) and is then processed both through physico-chemical and 

biological reactions, determining its forms and bioavailability for the next cycle loop. Each new cycle loop leads to more 

complex and less bioavailable P compounds, ultimately seriously limiting ecosystem productivity in the absence of ‘fresh’ P 

input as primary minerals. Quantifying organic and mineral forms and their relative abundance as well as their main drivers 

among the five state factors of ecosystem functioning (time, parent rock, climate, topography, biota) is crucial to understand 10 

the historic and present dynamics of P cycling (Jenny 1941). 

 

In soils, inorganic and organic P (Pi and Po, respectively) pools are each composed by specific P compounds (species). The 

main Po compounds are i) orthophosphate monoester (single ester linkage to orthophosphate) such as inositol phosphates, ii) 

orthophosphate diester (two ester linkages to orthophosphate) such as ribonucleic acid, deoxyribonucleic acid, lipoteichoic 15 

acid, phospholipid fatty acids, and iii) phosphonate (Nash et al 2014). Inorganic P compounds are orthophosphate, 

polyphosphate and pyrophosphate (Cade-Menun and Preston 1996). Specific phosphatase enzymes are required to transform 

the different Po and complex Pi forms into orthophosphate, which is the P compound used by plants and microbes. 

Obviously, enzyme activity is very sensitive to soil pH with specific enzyme optimum. Phosphomonoesterase is more active 

in acidic soils while phosphodiesterase is optimized in basic soils (Turner and Haygarth 2005). Other soil variables are also 20 

involved in regulating Pi and Po transformations. Inositol phosphates bind strongly to metal oxides and other soil 

components, which strongly contrained their bioavailability (Turner et al. 2007). Amino group protonation of adenine, 

guanine and cytosine bases in the DNA molecule can cause adsorption of charged DNA by the charged clay surface (Yu et 

al. 2013). As such, several soil properties regulate soil P composition but it is unclear which ones predominate. 

 25 

The absolute and relative abundances of Po and Pi forms and compounds are likely related to ecosystem development and 

soil weathering, as conceptualized by the Walker and Syers model (e.g., Walker and Syers 1976; Yang and Post 2011) 

(Figure 1, upper panel). As soil ages (through pedogenesis), ecosystem productivity progresses from nitrogen (N) to P 

limitation with ecosystem productivity peaking at the N-P colimitation intermediate stage. Parallel changes occur in soil 

chemistry including total exchangeable bases and soil pH decrease and soil Al and Fe oxide concentration increase (Albrecht 30 

1957; Walker 1965). As a result, some Po and Pi compounds increasingly react with the mineral surface and progressively 

become occluded P (Yang and Post 2011). Consequently, complex Po and Pi forms may increase during ecosystem 

development compared to their simpler forms (McDowell et al. 2007, Figure 1, bottom panel). Soil weathering depends 
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inherently on the state factor ‘time’ as demonstrated along many chronosequences (e.g. Turner and Laliberté 2015) but it can 

either increase or decrease through other state factors (Albrecht 1957), such as along climosequences (e.g. Feng et al. 2016) 

and toposequences (e.g. Agbenin and Tiessen 1995). Along an aridity gradient, increasing precipitations increased total base 

loss and soil weathering while increasing potential evapotranspiration slowed them down (Feng et al. 2016). However, this 

study did not focus strictly on P compounds, but on their reactivity (or fractions) through the Hedley analytical procedure, 5 

which analyses P release in solutions following a series of acid extraction. Most importantly, we need to investigate the 

hierarchical nature of causal effects between state factors, soil weathering, soil properties and Po and Pi composition.  

 

As an overlooked state factor, parent rock may also determine differences in edaphic properties between soils for a given soil 

weathering stage. First, parent rocks differ in total P concentration, which may impact absolute P forms. Parent rocks also 10 

differ in total exchangeable base concentration and mineral composition, which likely leads to differences in soil pH, soil 

texture and Al and Fe oxides, all having mandatory control over soil P cycling and P composition. For instance, Pi and Po 

absorb and react differently to clays and Ca, Al and Fe oxyhydroxides, which define the soil P retention potential (Batjes 

2011). As such, the parent rock factor is important to consider to understand the soil P cycling. 

 15 

Soil P composition has been studied in soils from ecosystems worldwide, and nuclear magnetic resonance spectroscopy 

(NMR) was a widely used method to access complex Po and Pi compounds (Kizewski et al. 2011). This technique can be 

used for both qualitative and quantitative estimates of P species in soil (Cade-Menun and Preston 1996), and the more 

effective extractant for NMR analysis has been NaOH and chelating agent EDTA (Cade-Menun and Liu 2014). This does 

not imply that NaOH EDTA is the best extractant for 31P NMR; however, because of its widespread use, it is a good baseline 20 

for comparison (Cade-Menun and Liu 2014). According to Cade-Menun and Preston (1996), NaOH can solubilize organic 

and inorganic P while EDTA chelates metallic cations to increase P extraction efficiency from the soil. The NaOH EDTA 

extraction method is recognized to quantitatively extract P compounds from the soil because its extract concentrations are 

similar to other methods considered to provide accurate measurements of the soil P (Turner and Blackwell 2013). 

 25 

There is a lack of broader understanding of how soil P composition is simultaneously affected by different state factors of 

ecosystem functioning because known responses were obtained from case-specific conditions. A larger-scale comparative 

geographical approach could help better understand soil P dynamics. Therefore, we suggest combining the soil organic P 

results obtained with 31P NMR using NaOH EDTA from different studies, to be able to determine how the soil P 

composition is determined in terrestrial natural ecosystems. We hypothesize that soil Pi and Po and their compounds can be 30 

modified by distinctive edaphic and climatic properties because they regulate key ecological processes coupled with soil P 

cycling. We aim to determine the causal paths through which climate, parent rock and time influence soil properties, and 

their impact on Pi and Po pools and specific P compounds. 
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2 METHODS 

2.1 Dataset assembling 

A search was conducted until November 17, 2017, to identify published papers that accurately determined soil P species 

through one-dimensional liquid state 31P NMR on NaOH EDTA extracts. According to McDowell et al. (2006) and Cade-

Menun and Liu (2014), we consider accurate the papers that namely estimated an adequate delay time prior to the NMR 5 

analysis, therefore enabling the production of quantitative data on the NMR instrument. We used two platforms and specific 

search terms for each one. The first platform was the Web of Knowledge. The following terms were used: “soil* phosphorus 

or P or 31P* nuclear-magnetic-resonance or NMR* naoh or sodium hydroxide* edta or ethylenediaminetetraacetic” from 

which 129 results were obtained. The second platform was Google Scholar. The following terms were used: “soil* 

phosphorus* “nuclear magnetic resonance”* naoh* edta”, which yielded 2,190 results (excluding patents and citations). 10 

 

We followed  pre-defined eligibility criteria to consider the papers, and then to select or reject these papers. The eligibility 

criteria used to select or reject papers had the following steps: I) Original field native vegetation (native forest or scrub) soil 

samples (manure, pot soil, soil leachate and sediment samples were excluded), and when studies changed natural conditions, 

only control (unchanged) was used, i.e., original condition (e.g., litter removal in Vincent et al. 2010 was excluded); II) 15 

Samples analyzed using one-dimensional liquid state 31P NMR, according to the following features: a) NaOH EDTA 

extractor without pretreatment (0.5 or 0.25 M NaOH and 0.1 or 0.05 M EDTA), b) delay times > 2.00 s (i.e., quantitative 

data, see Cade-Menun and Liu 2014). Papers that did not show c) NMR features or explanations according to 31P NMR 

principles (see Cade-Menun and Liu 2014) using delay times less than 2.0 s were excluded. Papers that did not show d) total 

NaOH EDTA extracted P and total P were also excluded. Note that we considered both top mineral and organic layers. 20 

 

The following results were compiled from the papers selected: total P, total NaOH EDTA P, NaOH EDTA organic P and its 

compound inositol hexakisphosphate (myo-, scyllo-, neo-, and D-chiro-IHP, when available), deoxyribonucleic acid (DNA) 

and phosphonates, NaOH EDTA inorganic P, and its compound orthophosphate, pyrophosphate and polyphosphate.  

2.2 Characterization of the sites 25 

Soil texture, total C, total N and pH, short range ordered Al and Fe minerals (poorly crystalline) estimated with oxalate 

extraction, climate characteristic mean annual precipitation (mm) and mean annual temperatures (ºC) as well as the temporal 

variable soil age, when available, were also collected from the papers. To extract these results, we used the following 

assumption: when the total C was unavailable, the organic C was assumed to be the total C. This assumption only occurred 

for non-calcareous soils. No duplicity was found in the papers selected, i.e., results repeated in different papers. Some 30 

variables were unavailable for some results, and the plot number used for each analysis is presented in the results section. 

Missing texture and total C data (representing 12 sites and one site, respectively) were extracted from a global soil dataset, 
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SoilGrids, which is now at 250 m resolution (0-20 cm topsoil, Hengl et al. 2017). The resulting dataset is available in  

Appendix S1. We used Whittaker's diagram (Whittaker 1975) to determine the main biomes comprised in our dataset 

(Appendix S2). It was created using “BIOMEplot” package (Kunstler 2014). 

 

Soil weathering stages were derived from the soil type according to Cross and Schlesinger (1995) and Yang and Post (2011) 5 

as well as from chronosequence positions. A low weathering stage was attributed to Entisol, Mollisols and Inceptisols 

forming the first stages of chronosequences and gleyed Acrisols. An intermediate weathering stage was attributed to Alfisol, 

Aridisol, Mollisols and Inceptisols forming the intermediate stages of chronosequences and orthic Acrisol. Finally, a high 

weathering stage was attributed to Oxisol, Spodosol, Ultisol and humic Acrisol. 

2.3 Data analysis 10 

Statistical analyses were conducted on R Version 3.1.0 (© 2014 The R Foundation for Statistical Computing) using mixed-

models including edaphic and climatic variables as continuous or categorical fixed effects. The latitude, the percentage of P 

extracted with NaOH EDTA and the soil sampling depth were considered as random effects. Latitude was used because of 

the potential biogeographical factors influencing soil P composition once knowing that soil, climate, fauna and flora can 

modify P dynamics (Turner et al. 2002; Turner 2008a, Turner et al. 2014). The percentage of P extracted with NaOH EDTA 15 

was used because the NaOH EDTA extraction process varies according to soil characteristics and experimental conditions 

(i.e., pretreatment, soil-to-solution ratio and soil characteristics) (Cade-Menun and Liu 2014, see Fig. S5). Sampling depth 

was used because of potential differences in organic matter inputs in the soil profile. The bivariate effects of latitude, 

percentage of P extracted and sampling depth on the soil P composition are presented in additional Appendices S3-S5. 

Statistical models of soil P compounds were adjusted considering variables as outcome measures in decimal units, where 1 = 20 

100%. 

 

We used variation partitioning and Venn diagrams (Legendre and Legendre 2012) to partition the total variation explained 

uniquely by the matrix of soil variables, climate variables or soil weathering stages or variation explained (jointly) by the 

combined effect of these matrices. The unique effect of soil, climate or soil weathering stages was calculated as the adjusted 25 

r2 value (ra
2) difference between the full model and unique model. The joint effect of these matrices was calculated as the 

difference between the summed ra
2 of unique models and the ra

2 of the full model.  

 

Structural equation modeling (path analysis, the ‘lavaan’ package) was used to explore how the soil inorganic and organic P 

compounds variation can best be understood as driven by both direct and indirect effects of key environmental drivers (soil, 30 

climate and parent rock), selecting the model that differed least from the observations (P-value > 0.0001). 
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Different units were used across statistics to analyze soil P composition. The bivariate relationships (Figures 2, 3, and 5, and 

Appendices S3-S8) considered: i) total Pi or Po concentration in NaOH EDTA extracts (mg kg-1 soil), ii) proportion of total Pi 

or Po as percentage of total NaOH EDTA P (% of NaOH EDTA P), and iii) proportion of soil P compounds as percentage of 

their respective pools (% of NaOH EDTA Pi or Po). Differently, in both Venn diagrams (Figure 6) and structural equation 

modeling (Figure 7) soil P compounds were in mg kg-1. In bivariate relationships, our objective was to compare the relative 5 

composition of P along environmental variables that are linked with the weathering of soils. For that, we used values as 

percentage. In Venn diagram and path analysis, the objective was to explain soil P composition either partitioning the 

variation among state factors or accounting for the causal structure of environment. For that, we used the mg.kg-1 unit so that 

the distribution of our variables was not constrained as a proportion. 

 10 

3 RESULTS 

Our search resulted in 100 native vegetation outcomes from 13 references (additional Appendix S1) (Backnäs et al. 2012, 

n=1; Celi et al. 2013, n=4; Doolette et al. 2016, n=5; Li et al. 2015, n=1; McDowell and Steward 2006, n=4; McDowell et al. 

2007, n=26, Turner and Engelbrecht 2011, n=19; Turner et al. 2003, n=1, Turner et al. 2007, n=8; Turner 2008b, n=1; Turner 

et al. 2014, n=20; Vincent et al. 2013, n=8; Vincent et al. 2010, n=1). Most of the papers were excluded (from more than 15 

2,000 papers found during the search) because they failed to meet the eligibility criteria including land use (e.g., crop, 

pasture, planted forest or wetlands) and 31P NMR features. The results selected were from the following countries: Australia 

(n=5), Finland (n=1), Italy (n=1), New Zealand (n=59), Republic of Panama (n=21), Russia (n=4), Sweden (n=8) and the 

United States of America (n=1). These results comprised most of the global biomes classified according to Whittaker's 

diagram (Whittaker 1975), except for the subtropical desert, tundra and temperate rain forest. The six chronosequences 20 

studies (5 in New Zealand, 1 in Sweden; 5 on A layer, 2 on O layer) were the most important contributors to the data (45/74 

sites on A layer, 18/20 sites on O layer).  

 

In the compiled data, 80% of results were from mineral layers and the remaining 20% from organic layers; 39% did not 

contain inositol phosphate results (including all tropical regions), and 12% of DNA results were absented (including both 25 

non-tropical and tropical regions). All compiled results included the total P, total NaOH EDTA P, NaOH EDTA Po, and its 

compound phosphonates, NaOH EDTA Pi, and its compound orthophosphate, pyrophosphate and polyphosphate.  

3.1 Edaphic properties 

All edaphic properties affected soil Pi and Po pools and compounds. These results are summarized in Figures 2 and 3. Both 

total Pi (Figure 2A) and Po (Figure 3A) concentrations in NaOH EDTA extracts (mg kg-1 soil) had a quadratic response to 30 

soil pH, with higher values occurring at an intermediate pH, but only in the mineral layers. No effect was observed in the 



7 
 

organic layers. As a percentage of NaOH EDTA P, Pi (% of NaOH EDTA P) decreased (Figure 2B) and Po (% of NaOH 

EDTA P) increased (Figure 3B) as the pH decreased (from right to left), and there was no pH effect on both pools in the 

organic layers. The compounds proportions into the Pi (Figure 2C-E) and Po (Figure 3C-D) pools responded dynamically to 

the pH. Into the Pi pool (% of Pi) of mineral layers, the orthophosphate decreased, and pyrophosphate accounted for the 

remaining Pi as the pH decreased. The pH had no effect on these inorganic compounds in the organic layer (even though 5 

there is an apparent trend, these relationships became insignificant after including sampling depth as a random effect on 

models; additional Appendix S3 shows the sampling depth effect over the soil P composition). In the Po pool (% of Po), both 

inositol phosphates (mineral layer) and DNA (mineral and organic layers) proportions increased as the pH decreased. 

Phosphonate response to edaphic properties (insignificant) is presented in additional Appendix S6. 

 10 

Both total Pi and Po concentrations in NaOH EDTA extracts (mg kg-1 soil) responded quadratically to the clay concentration, 

with higher values occurring at intermediate textural classes (Figures 2F and 3E). There was no clay effect on both Pi and Po 

and their compounds proportions (% of NaOH EDTA P) (Figures 2G-J and 3F-H). 

 

Total Pi and Po concentrations in NaOH EDTA extracts (mg kg-1 soil) increased as the soil C concentration increased in 15 

mineral layers, whereas in organic layers there was no C concentration effect on Pi and Po concentrations (Figures 2K and 

3I). As a percentage of NaOH EDTA P, Pi decreased and Po increased (% of NaOH EDTA P) as the soil C concentration 

increased in mineral layers, and there was no C concentration effect on both Pi and Po proportions in organic layers (Figures 

2L and 3J). In the Pi pool (% of Pi) of mineral layers, orthophosphate and pyrophosphate proportions decreased and 

increased, respectively, as the soil C concentration increased (Figure 2M-O). As the soil C concentration increased in the 20 

organic layer, orthophosphate decreased, at a greater extent when compared to the mineral layer, pyrophosphate decreased 

(in contrast to the mineral layer, in which it increased), while the polyphosphate proportion increased, and gradually 

dominated the Pi pool at greater soil C concentrations. In the Po pool (% of Po), there was no C concentration effect on the 

soil organic P composition (phosphonate, inositol phosphates and DNA) in both mineral and organic layers (Figure 3K-L; 

additional Appendix S6). 25 

 

Both total Pi and Po concentrations in NaOH EDTA extracts (mg kg-1 soil) from both mineral and organic layers increased as 

the total soil P concentration increased (Figures 2P and 3M). Only the DNA compound from the Po pool (% of Po) in the 

mineral layer was affected by the total soil P concentration (Figure 3P). As the total soil P concentration increased, the DNA 

proportion in the Po pool decreased. It is important to note that the reported total P (x axis on Figures 2 and 3) is the one 30 

obtained by digestion and usually comprises the residual P not recovered by the NaOH EDTA extractant. The recovery of 

the total P by NaOH EDTA extraction varies depending on soil characteristics and laboratory procedures (Cade-Menun and 

Liu 2014).  
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Total Pi and Po concentrations in NaOH EDTA extracts (mg kg-1 soil) were only affected by the soil CP ratio in organic 

layers. Both total Pi and Po concentrations decreased as the soil CP ratio increased (Figures 2U and 3Q). As the percentage of 

NaOH EDTA extract (% of NaOH EDTA P), Pi decreased while Po increased, both exponentially, as the soil CP ratio 

increased in mineral layers (Figures 2V and 3R). As proportions in the Pi pool (% of Pi) of mineral layers, orthophosphate 

decreased and pyrophosphate increased as the soil CP ratio increased (Figure 2W-X). In the Pi pool (% of Pi) of organic 5 

layers, proportions of orthophosphate decreased and polyphosphate increased, gradually dominating the Pi pool as the soil 

CP ratio increased (Figure 2W-Y). In the Po pool (% of Po), the DNA proportion increased as the soil CP ratio increased, 

only in the mineral layer (Figure 3T). 

3.2 Climatic properties 

Climatic properties affected soil Pi and Po pools and their composition only through the mean annual precipitation. These 10 

results are summarized in additional Appendices S7 and S8. The mean annual temperature, ranging from -0.4 to 27 Cº, did 

not promote any change on the soil P composition on terrestrial natural ecosystems. There was no effect of climatic variables 

over total Pi and Po concentrations in NaOH EDTA extracts (mg kg-1 soil) (additional Appendices S7A and S8A). As a 

fraction of the NaOH EDTA extract (% of NaOH EDTA P), Pi decreased and Po increased as the precipitation increased 

(additional Appendices S7B and S8B). As the precipitation increased, proportions of orthophosphate decreased and 15 

pyrophosphate increased as compounds of the Pi pool (% of Pi) (additional Appendix S7C-D). 

3.3 Soil weathering stages 

Soil weathering stages determined from the soil type and chronosequence positions affected the soil age and CP ratio 

following an expected effect of pedogenesis (Figure 4). As soil weathering stages increased, the soil age and CP ratio also 

increased. Both Pi and Po pools were affected by the soil weathering stage (Figure 5). Total Pi and Po in NaOH EDTA 20 

extracts (mg kg-1 soil) were more concentrated in soils at moderate weathering stages when compared to low and high 

weathering stages (n=79, Figure 5A, F). As percentages in the Pi pool (% of Pi), orthophosphate decreased and 

pyrophosphate increased as the soil weathering stage increased (n=79 for all inorganic compounds, Figure 5C-D). In the Po 

pool (% of Po), the DNA (n=64) proportion was greater in more weathered stages, and there was no effect of weathering 

stages on phosphonate (n=79) and inositol phosphate (n=52) proportions (Figure 5H-J). Using available data (n=49), we 25 

observed no effect of soil weathering stages on short range ordered (poorly crystalline) Al and Fe minerals estimated with 

oxalate extraction (p>0.1, additional Appendix S9). 

3.4 Variation partitioning among edaphic, climatic and weathering on the soil P composition 

The variation partitioning of the ecosystem’s properties governing the soil P composition (in mg kg-1 soil) was generally 

more pronounced for soil variables (pH, clay concentration and total P and C concentrations) than climatic variables 30 

(precipitation and temperature) and soil weathering (Figure 6). For the total Pi concentration and its compound 
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orthophosphate and pyrophosphate, the total variation explained by models ranged from 46% to 89%, and they were mostly 

explained by soil variables and combined effects of soil and weathering. Polyphosphates had a poorly defined response to 

the variation partitioning of the ecosystem’s properties (<0.01% of the total variation explained).  

 

In the Po pool, the total variation explained by models ranged from 41 to 86% (Figure 6). The total Po, inositol phosphates 5 

and DNA had their total variation mostly explained by soil variables, and to a lower degree, but more pronounced for the 

DNA compound, by combined effects of soil variables and weathering. In contrast, phosphonate had most of its variation 

explained by combined effects of climate and soil variables, followed by uniquely soil variables. 

3.5 Interdependences between environmental variables and soil P compounds 

We used path analyses to explore the interdependences between edaphic and climatic variables and how they relate to the 10 

soil organic and inorganic P compounds (Figure 7; additional Appendix S10). The parent rock was used as a latent variable 

(set by the pH) in both models (organic and inorganic P). Climate and soil weathering drivers were independently related to 

soil variables (total P, pH, clay and total soil C), and soil variables were considered direct effects in the models. The most 

parsimonious path analysis model explained up to 78% of Po compounds variation and 89% of Pi compounds variation. 

 15 

Following an expected effect of pedogenesis, the path analysis indicated that the parent rock (latent variable) was positively 

related to the soil total P, clay and pH. Greater mean annual precipitation was negatively related to the soil total P, pH, and it 

positively influenced soil total C, while clay was negatively influenced by precipitation into the Po model only. In the Po 

model, precipitation promoted soil weathering, whereas in the Pi model, soil weathering was positively affected by 

temperature. The mean annual temperature positively affected the clay and pH. Soil weathering was negatively related to the 20 

soil pH, and positively related to the soil clay and total C. Into the Pi model only, soil weathering negatively affected soil 

total P. There were also significant direct and positive effects between soil total C and clay, and total P, in both Pi and Po 

models, and there was a positive relationship between soil total C and pH in the Po model only. 

 

In the Pi model, orthophosphate was negatively related to precipitation, and it was positively influenced by soil total P and 25 

total C. Pyrophosphate had a positive influence of precipitation, soil total P and total C. Polyphosphate was negatively 

influenced by temperature, and it was positively related to soil pH. In the Po model, inositol was negatively affected by 

precipitation and temperature, but positively affected by the soil total P, total C and pH. In contrast, total P and total C 

positively affected DNA, and there were no effects of climatic variables over DNA. Phosphonate was negatively affected by 

temperature and weathering, but positively affected by precipitation and soil total C.  30 
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4 DISCUSSION 

Our results showed how soil Pi and Po compounds respond to edaphic variables (Figures 2 and 3), climatic variables 

(additional Appendices S7 and S8) and soil weathering stages as a proxy for pedogenesis (Figures 5), at a wide geographical 

scale, including a variety of terrestrial natural ecosystems. The soil P composition was generally more influenced by soil 

variables and to a lesser degree, but not less importantly, by climatic variables (precipitation) and weathering stages (Figures 5 

6 and 7). Soil Pi and Po compounds responded differently to these groups of factors indicating that each P compound has 

specific factors governing its presence, transformation and persistence on ecosystems. This could be due to the source of P 

inputs, primarily by minerals, and then altogether with plants and microbes, the presence of specific phosphatase enzymes 

that are required to transform Pi and Po compounds into orthophosphate, soil specific reactivity and P losses governed by 

physico-chemical properties (e.g., clay, short-range ordered oxides and pH), and the P persistence induced by the increasing 10 

complexity of P organic and inorganic compounds as pedogenesis evolves.  

 

As time passes after the onset of pedogenesis and the ecosystem accumulates organic matter up to a maximum, and then 

starts to decline, the decaying degree of C element is lower than the P, and concomitantly there is an increasingly acidic 

environment, resulting in the slowed decomposition of the older soil systems (Walker 1965; Turner and Condron 2013). In 15 

addition, parent rock supplies cations and orthophosphate to young soils, whereas more weathered soils are remote from the 

parent material (Maire et al. 2015). Consequently, highly weathered soils generally have higher CP ratios, a lower pH and 

greater clay concentration. The soil total P content depends on both weathering stages and parent material, but generally 

decreases with increasingly weathered soil orders (Yang and Post 2011). Our data included soil orders ranging from all three 

stages of soil weathering (low, intermediate and high), according to Cross and Schlesinger (1995) and Yang and Post (2011). 20 

The soil weathering stage classification also takes into account changes in the soil P composition, and generally follows the 

Walker and Syers (1976) conceptual model: there is gradual decrease and eventual depletion of primary mineral P (mainly 

apatite P), decrease of total P, increase and then decrease of total organic P and increase and eventual dominance of occluded 

P during the soil development (Yang and Post 2011). In highly weathered soils, occluded P increases at the expense of 

organic P through the encapsulation of the mineralized P inside of Fe and Al minerals (Crews et al. 1995).  25 

 

Even though most results were from New Zealand and Panama, our dataset comprised several biomes according to the 

Whittaker's diagram (Whittaker 1975), including the temperate grassland desert, woodland shrubland, temperate forest, 

boreal forest, tropical rain forest, tropical forest savanna and intermediates between the temperate rain forest and boreal 

forest, and tropical rain forest and temperate rain forest (additional Appendix S2); however, quantitative data on the 30 

feedback between phosphorus compounds and biological communities during pedogenesis is still incipient to conclusions 

drawn from the influence of vegetation and organisms on the soil P composition (Huang et al. 2017), especially for 31P NMR 

results. What is clearer is how soil P availability shapes the ecosystem’s overall primary productivity, and to a lesser extent, 
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soil food webs. In a global analysis, Maire et al. (2015) demonstrated that the soil available P is a key environmental 

dimension increasing leaf phosphorus content along with species maximum photosynthetic rates and lower stomatal 

conductance, but a trend that is expected to gradually decline in more weathered soils, due to a lower P availability. 

Conducted at a narrower scale, Laliberté et al.’s study (2017) showed that soil fertility (including P availability) strongly 

shapes underground food webs, promoting changes such as a shift in dominance from bacterial to fungal energy channels 5 

with increasing soil age. 

 

4.1 Soil properties and the soil P composition 

As soil aged, pyrophosphate and polyphosphate may have accumulated because of the incorporation and stabilization of 

these compounds (biological origin) into soil organic matter (Turner et al. 2007). The soil pH, total carbon and CP ratio, as 10 

well as soil weathering stages had a major role on the soil Pi pool dynamic and composition. As the orthophosphate 

proportion decreased in more weathered, acidic, organic-rich and P-limited soil environments (Figures 2C, M, W and 5C), 

pyrophosphate and, or, polyphosphate proportion increased and dominated the Pi pool (Figures 2D, N, O, X and Y and 5D).  

Even though pyrophosphate and polyphosphate are inorganic compounds, they have a biological origin (Turner and 

Engelbrecht 2011). Condensed forms of P (including pyrophosphate and polyphosphates) are found in every bacterial, 15 

archaeal and eukaryotic cell, but in highly variable amounts (Kornberg et al. 1999). Bunemann et al. (2008) found a positive 

relationship between the proportion of fungi and the amount of pyrophosphate, and Reitzel and Turner (2014) found a 

positive link between the pyrophosphate proportion and soil microbial P. Polyphosphate can originate from ectomycorrhizal 

fungi (Koukol et al. 2008), and there are some ectomycorrhizal fungi specialized for P uptake in low P, acidified soil 

conditions (Wang and Qiu 2006). Therefore, we believe that pyrophosphate and polyphosphate dominated the Pi pool in 20 

acidic, P-limiting (CP ratio) and high organic matter (total C) soils because of the microbial origin of these P sources. These 

organisms could have helped to deplete and transform the bioavailable orthophosphate, turning it into more complex forms 

of P as microbial biomass as pedogenesis progressed in these environments. 

 

Moreover, polyphosphates tend to occur in abundance only in soils where decomposition is slowed, such as acidified soil 25 

conditions, or cold and wet soils high in organic matter (e.g., Cade-Menun et al. 2000; Turner et al. 2004). Studying wetland 

soils, Cheesman et al. (2014) found that polyphosphates played a preeminent role in P-limited systems, predominantly in 

acidic, high-organic-matter systems. Adding to that, pyrophosphate hydrolysis was found to be more rapid with greater 

biological activity and higher agricultural soil pH (Sutton and Larsen 1964), and this may have contributed to reducing the 

pyrophosphate proportion at a higher pH in mineral soils (Figure 2D). As the C concentration increased in organic layers, 30 

polyphosphate dominated the soil Pi pool (Figure 2M-O) possibly because of its lesser lability when compared to 

orthophosphate and polyphosphate. Pyrophosphate is less polymerized and potentially more susceptible to hydrolysis than 

polyphosphate. According to Savant and Racz (1972), Subbarao et al. (1977) and Dick (1985), pyrophosphate is hydrolyzed 
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more rapidly than polyphosphate because pyrophosphate is an intermediate product of polyphosphate hydrolysis until the 

final orthophosphate produced.  

 

As time passes after the onset of pedogenesis, modifications in the soil Po composition were possibly related to the 

investment necessary for the P acquisition, and the acidifying environment in soils. Plant and microorganism breakdown 5 

diesters need a higher investment for the P acquisition than monoesters since they require hydrolysis by both 

phosphodiesterase and phosphomonoesterase to release available phosphate, whereas monoesters require only the last one, 

i.e., lower investment (Turner 2008a). According to Turner and Haygarth (2005) and Kunito et al. (2012), P limitation 

increased phosphoesterases synthesis as a way to increase the organic P breakdown to the bioavailable P. In our results, the 

DNA proportion increased as soil acidity got stronger and the P limitation increased (Figure 3D, T) in more weathered soil 10 

systems (Figure 4 and 5J). Investigations have shown that diester proportions, including phospholipids and DNA, increased 

as soil aged (Turner et al. 2014; Vincent et al. 2013; Turner et al. 2007; McDowell et al. 2007). Therefore, we hypothesize 

that as P got scarcer, plant and soil microorganisms may have been stimulated to produce phosphomonoesterases in greater 

amounts compared to phosphodiesterase because of the lower investment required for the organic P acquisition. Even though 

acid phosphatases require greater activation energy than alkaline phosphatases (Hui et al. 2013), breaking down diesters 15 

would require both enzymes; therefore, a greater investment in energy. 

 

Moreover, the increasingly acidic pH could have favored phosphomonoesterase activity (Turner and Haygarth 2005), and 

therefore facilitated DNA accumulation. As demonstrated for temperate pasture soils, phosphomonoesterase activity 

increased in acidic soil environments, and phosphodiesterase is higher in neutral to basic soils (Turner and Haygarth 2005). 20 

Fungi are well known for their capacity to secrete acid phosphatases (Rosling et al. 2016) and are usually the predominant 

microorganisms in acidic natural soils, while alkaline phosphatase and phytase genes are distributed across a broad 

phylogenetic range and display a high level of microdiversity (Zimmerman et al. 2013, George et al. 2017). Our findings of 

pH influence on DNA (Figure 3D) are in keeping with Turner and Engelbrecht’s observations (2011) for tropical forest soils, 

and with Turner and Blackwell’s observations (2013) for temperate arable soils, where the most acidic soils contained an 25 

increasing proportion of Po as diesters (mostly DNA).  

 

Although inositol phosphates are also classified as part of monoesters, they need a higher investment in organic P acquisition 

than other monoesters and diesters because they can be strongly bounded by metal oxides, clays and organic matter, 

requiring both solubilization and hydrolysis by the phytase to release a free orthophosphate (Turner 2008a). This would 30 

suggest that as soil gets more weathered, inositol phosphates accumulate more than other organic P compounds; however, 

some authors described that inositol phosphates declined to lower concentrations in older soils (Turner et al. 2014; Turner et 

al. 2007). They found that for fine textured soils, a decrease in inositol phosphate concentrations (mg kg-1) was mirrored by a 

decline in amorphous Al and Fe oxides, which may have declined sorption sites for inositol phosphates and weakened 
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protection from plant and microbial enzymatic attack (Turner et al. 2014; Turner et al. 2007). In addition, mineralization of 

myo-inositol hexakisphosphate by ectomycorrhizal fungi (Chen et al. 2004; Huang et al. 2017) may also have contributed to 

its decline in more weathered, acidic soils, due to fungi predominance in these environments. In fact, under natural 

conditions, most tropical soils have negligible inositol hexakisphosphate contribution (e.g., Turner and Engelbrecht 2011). In 

contrast, coarse textured soils had an increase in Al and Fe oxide concentrations as soils aged, and inositol phosphate decline 5 

was attributed to changes in its inputs into soil, either from plant seeds or microbial synthesis, including through shifts in 

plant or microbial communities (Jangid et al. 2013, Turner et al. 2012, and Turner et al. 2014).  

 

Inositol phosphate concentration (mg kg-1) may decrease in more weathered, acidic soil systems, mirroring the decline of the 

soil Po (mg kg-1) (Figure 3A) and soil organic matter concentrations, but we found that there is an increasing proportion of 10 

inositol phosphates in the Po pool (% of NaOH EDTA P), in acidic soils, in non-tropical ecosystems (Figure 3C). Therefore, 

we believe that as pedogenesis progressed, the decaying degree of inositol phosphates was lower than the other monoesters 

mostly because of the hierarchy of investment for the P acquisition. Nonetheless, inositol phosphates can persist up to a 

certain point and then decline because there were no inositol phosphates on tropical, more weathered soils. Declining 

phosphorus availability may favor organisms’ use of inositol hexakisphosphate despite its abundant stabilization potential 15 

(Vincent et al. 2013; Turner et al. 2014). Other P compounds such as DNA (Figure 3D) and pyrophosphate (Figure 2D) will 

prevail in more weathered systems.  

 

Soil clay concentration affected both soil total Po and Pi concentrations (Figures 2F and 3E), but had a minor association with 

soil P compounds. Recent investigations have contradicted the often-cited literature that clay concentration is a major driver 20 

of organic compound stabilization, which in fact may be mainly driven by other factors, such as short-range-ordered 

minerals (i.e., poorly crystalline minerals often estimated with oxalate extraction) that are typically a minor component of the 

clay-sized fraction by mass, but a highly reactive component. Vogel et al. (2014) showed that organic matter is preferentially 

stabilized in certain hot-spot zones (i.e., rough surfaces), and that only a limited portion of clay-sized surfaces contributed to 

soil organic matter stabilization. This concept was further tested for P by Werner et al. (2017) who found that microscale 25 

spatial heterogeneity influences P accessibility and bioavailability in soil aggregates, depending on soil substrate and depth. 

They also found that in P-rich areas of soil aggregates, the P was predominantly co-located with Al and Fe oxides, while in 

low-P topsoil aggregates, most of the P was organically bound (Werner et al. 2017). Yang et al. (2016) also showed that only 

limited portions of fine mineral surfaces contributed to soil organic matter stabilization. So, these facts could justify the 

minor association between bulk soil clay concentration and soil P compounds. 30 

 

Soil organic matter stabilization could be facilitated in more weathered soils by the potential increase in amorphous Al and 

Fe oxides (Albrecht 1957; Walker 1965), and consequently more reactive surface area availability to absorb and stabilize soil 

organic matter; however, we did not observe a significant overall soil weathering effect on Al and Fe oxide concentrations 
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(additional Appendix S9), suggesting that it may depend on other factors such as the parent rock material or specific soil 

orders. Moreover, contrasting soil organic matter responses to short-range-ordered (amorphous) Fe or Al oxides have been 

found in literature. Some investigations found a pronounced role promoted by Al oxides (Heister 2016; Kaiser et al. 2016), 

whereas others found Fe oxides as the main soil organic matter stabilizing mechanism (Wilson et al. 2013; Catoni et al. 

2016; Deiss et al. 2017). Investigations also found no apparent relationship between soil organic matter and both Al and Fe 5 

oxides (Cloy et al. 2014; Vogel et al. 2015; Rumpel et al. 2016). Therefore, we could not confirm the role of Al and Fe 

oxides as influenced by soil weathering stages over the soil P composition.  

 

4.2 Climate and the soil P composition 

Climatic variables exerted an important role on the soil P composition but to a lesser extent when compared to soil variables 10 

(Figure 6). Contradicting what we expected, our results showed that temperatures ranging from -0.4 to 27 Cº had no effect on 

both Pi and Po pools and their compounds (additional Appendices S7 and S8). It was expected that the soil organic P 

concentration would decrease with increasing temperatures because higher temperatures are optimal for the breakdown of 

the soil organic P by the microbial biomass through phosphatase enzymes release (Turner et al. 2002). Another investigation 

confirmed that greater maximum phosphatase activity occurred at incubation temperatures >25oC when compared to 20oC, 15 

but no differences were observed among temperatures greater than 25oC (Hui et al. 2013). Therefore, phosphatase activity 

may depend on the range and magnitude of temperatures; and our results covered a greater range of markedly lower 

temperatures, which may reduce microbial activity variability even more due to a slowdown in the microorganisms’ 

metabolism. 

 20 

In contrast, precipitation affected several variables in the soil Pi pool. This result was also expected based on the classic 

paper of Walker and Syers (1976), which suggested that pedogenesis depends predominantly on the volume of water leached 

through soil. In our results, precipitation was negatively related to the soil total P concentration and pH (Figure 7), and 

decreased orthophosphate proportion (additional Appendix S7C). As precipitation increased (additional Appendix 7C) and 

the soil was in a higher weathering stage (Figure 5C), the orthophosphate proportion (% of NaOH EDTA P) possibly 25 

decreased because of increased leaching (Walker and Syers 1976; Feng et al. 2016). Feng et al. (2016) evaluated P 

transformations along a climosequence and observed that greater soil wetness reduced the inorganic concentration of P 

linked to Ca, corresponding to a marked decline in soil exchangeable Ca and suggesting an enhanced leaching of P along 

with weatherable cations. Moreover, greater water availability, and consequent greater primary productivity, may have 

increased the demand for P in its bioavailable form and contributed to the orthophosphate depletion.  30 

 

As the orthophosphate percentage decreased following greater precipitation, the pyrophosphate percentage increased 

suggesting that this compound predominates in soils under greater soil wetness. As previously described, this may be due to 
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the incorporation of these compounds into recalcitrant soil organic matter (Turner et al. 2007). Moreover, given the 

microbial origin of pyrophosphate and its association with the microbial P biomass (Koukol et al. 2008; Turner and 

Engelbrecht 2011; Reitzel and Turner 2014), pyrophosphate (additional Appendix 7D) possibly mirrored the response of the 

organic P (additional Appendix 8B) to climatic variables, which may have resulted from greater soil organic matter 

accumulation following greater productivity (i.e., plants and organisms) on these ecosystems with greater water availability. 5 

Evaluating the phosphorus budget of the whole ecosystem, Turner et al. (2013) demonstrated the dominance of microbial 

phosphorus in mature soils. Wang et al. (2014) found that greater organic P concentrations were associated with increasing 

biomass production (i.e., primary production and microbial biomass) because plants and microbes incorporate P into biomass 

and return it to the soil.  

 10 

Finally, we expect future research to provide results of as many soil P species as they can find rather than functional groups 

only (i.e., diesters and monoesters), even when species concentrations are low (and describe when main soil species are not 

detected), which may enable future analyses to avoid possible confounding effects of P compounds inside functional groups 

(e.g., inositol phosphates and monoesters) and to make a more precise correction for potential degraded peaks occurring 

during the alkaline extraction and reading process. We also urge researchers to determine variances or standard errors for 15 

soils with distinctive properties. Then, as stated by Stewart (2010), future analyses could use the different information 

provided by studies of different scopes and quality in a meta-analytical approach. 

 

5 CONCLUSION 

We conclude that edaphic and climatic properties are important factors in determining soil Pi and Po pools as well as their 20 

compounds, since they regulate key ecological processes governing their presence, transformation and persistence on soils. 

These processes are related to the source of P inputs, primarily determined by parent material and soil forming factors, after 

altogether with plant and microbe coexistence, the bio-physico-chemical properties governing soil phosphatase activity, soil 

solid surface specific reactivity and P losses through leaching, and finally the P persistence induced by increasing complexity 

of P organic and inorganic compounds as pedogenesis evolve. Soil drivers that played a preeminent role were soil 25 

acidification, C concentration, P limitation determined as CP ratio, soil weathering as the temporal variable, while 

precipitation was the climatic variables that most influenced soil P composition. Soil P composition was more influenced by 

soil variables than both climatic variables and weathering stages, however combined effects among these factors also 

contributed to explain soil P variability on these ecosystems. Therefore, knowing how environmental drivers affect soil P 

composition enabled a comprehensive understanding of soil P dynamics in terrestrial natural ecosystems. 30 
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6 APPENDICES (SUPPLEMENTARY FILES) 

Appendix S1 – Dataset: The dataset is attached as a supplementary Excel file. 

Appendix S2 – Global biomes comprised in our dataset according to the Whittaker' diagram. 

Appendix S3 – Soil depth effect on soil P composition. 

Appendix S4 – Latitude effect on soil P composition. 5 

Appendix S5 – Percentage of P extracted with NaOH EDTA effect on soil P composition. 

Appendix S6 – Soil properties and soil organic phosphonates. 

Appendix S7 – Climatic properties and soil inorganic phosphorus. 

Appendix S8 – Climatic properties and soil organic phosphorus. 

Appendix S9 – Soil weathering stages and poorly crystalline Al and Fe concentration. 10 

Appendix S10 – Models tested to explore the interdependences between edaphic and climatic variables (path analysis) as the 

main environmental predictors of soil inorganic and organic P compounds. 

7 ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the Coordination for the Improvement of Higher Education Personnel (CAPES-Brazil) 

and the National Council for Scientific and Technological Development (CNPq-Brazil) for funding this research. Maire is 15 

funded by the NSERC-Discover (2016-05716) grant. 

8 REFERENCES 

Agbenin, J.O., and Tiessen, H.: Phosphorus forms in particle-size fractions of a toposequence from northeast Brazil, Soil Sci. 

Soc. Am. J., 59, 1687-1693, doi:10.2136/sssaj1995.03615995005900060026x, 1995. 

Albrecht, W.A.: Soil fertility and biotic geography, Geogr. Rev., 47, 86–106, doi: 10.2307/212191, 1957. 20 

Backnäs, S., Laine-Kaulio, H., and Kløve, B.: Phosphorus forms and related soil chemistry in preferential flowpaths and the 

soil matrix of a forested podzolic till soil profile, Geoderma, 189-190, 50–64, doi: 10.1016/j.geoderma.2012.04.016, 

2012. 

Batjes, N.H.: Global distribution of soil phosphorus retention potential. ISRIC Report, World Soil Information, Wageningen, 

06, 42 pp, 2011. 25 

Bünemann, E.K.: Enzyme additions as a tool to assess the potential bioavailability of organically bound nutrients, Soil Biol. 

Biochem., 40, 2116–2129, doi: 10.1016/j.soilbio.2008.03.001, 2008. 

Cade-Menun, B., and Liu, C.W.: Solution phosphorus-31 nuclear magnetic resonance spectroscopy of soils from 2005 to 

2013: A review of sample preparation and experimental parameters, Soil Sci. Soc. Am. J., 78, 19–37, 

doi:10.2136/sssaj2013.05.0187dgs, 2014. 30 



17 
 

Cade-Menun B.J., Berch S.M., Preston C.M., and Lavkulich L.M.: Phosphorus forms and related soil chemistry of Podzolic 

soils on northern Vancouver Island. 1. A comparison of two forest types, Can. J. For. Res., 30:1714–1725, doi: 

10.1139/cjfr-30-11-1714, 2000. 

Cade-Menun, B.J., and Preston, C.M.: A Comparison of Soil Extraction Procedures for 31P NMR Spectroscopy, Soil Sci., 

161, 770-785, doi: 10.1097/00010694-199611000-00006, 1996. 5 

Catoni, M., Amico, M.E.D., Zanini, E., and Bonifacio, E.: Effect of pedogenic processes and formation factors on organic 

matter stabilization in alpine forest soils, Geoderma, 263, 151–160, doi: 10.1016/j.geoderma.2015.09.005, 2016. 

Celi, L., Cerli, C., Turner, B.L., Santoni, S., and Bonifacio, E.: Biogeochemical cycling of soil phosphorus during natural 

revegetation of Pinus sylvestris on disused sand quarries in Northwestern Russia, Plant Soil, 367, 121–134, doi : 

10.1007/s11104-013-1627-y, 2013. 10 

Cheesman, A.W., Turner, B.L., and Reddy, K.R.: Forms of organic phosphorus in wetland soils, Biogeosciences Discuss., 

11, 8569–8605, doi: 10.5194/bg-11-6697-2014, 2014. 

Chen, C.R., Condron, L.M., Turner, B.L., Mahieu, N., Davis, M.R., Xu, Z.H., and Sherlock, R.R.: Mineralization of soil 

orthophosphate monoesters under pine seedlings and ryegrass. Aust J Soil Res, 42, 189–196, doi: 10.1071/SR03018, 

2004.  15 

Cloy, J.M., Wilson, C. A., and Graham, M.C.: Stabilization of Organic Carbon via Chemical Interactions with Fe and Al 

Oxides in Gley Soils, Soil Sci., 179, 547–560, doi: 10.1097/SS.0000000000000096, 2014. 

Crews, T., Kitayama, K., Fownes, J., Riley, R., Herbert, D., Mueller-Dombois, D., and Vitousek, P.: Changes in soil 

phosphorus fractions and ecosystem dynamics across a long chronosequence in Hawaii, Ecology, 76, 1407–1424, 

doi:10.2307/1938144, 1995.  20 

Cross, A. and Schlesinger, W.: A literature review and evaluation of the Hedley fractionation: Applications to the 

biogeochemical cycle of soil phosphorus in natural ecosystems, Geoderma, 64, 197–214, doi: 10.1016/0016-

7061(94)00023-4, 1995. 

Deiss, L., Franzluebbers, A.J., Amoozegar, A., Hesterberg, D., Polizzotto, M., and Cubbage, F.: Soil carbon fractions from 

an alluvial soil texture gradient in North Carolina, Soil Sci. Soc. Am. J., doi:10.2136/sssaj2016.09.0304, 2017. 25 

Damon, P.M., Bowden, B., Rose, T, and Rengel, Z.: Crop residue contributions to phosphorus pools in agricultural soils: A 

review, Soil Biol. Biochem., 74, 127–137, doi: 10.1016/j.soilbio.2014.03.003, 2014. 

Dick, R.P.: Hydrolysis and availability to plants of polyphosphates added to soils, Retrospective Theses and Dissertations, 

Paper 12054, 1985. 

Doolette, A.L., Smernik, R.J., and McLaren, T.I.: The composition of organic phosphorus in soils of the Snowy Mountains 30 

region of south-eastern Australia, Soil Res., 10, doi: 10.1071/SR16058, 2016. 

Feng, J., Turner, B.L., Lü, X., Chen, Z., Wei, K., Tian, J., Wang, C., Luo, W., and Chen, L.: Phosphorus transformations 

along a large-scale climosequence in arid and semiarid grasslands of northern China, Global Biogeochem. Cycles, 30, 

1264–1275, doi: 10.1002/2015GB005331, 2016. 



18 
 

George, T. S., Giles, C. D. and Condron, L. M.: Organic phosphorus in the terrestrial environment: a perspective on the state 

of the art and future priorities, 1-18, doi:10.1007/s11104-017-3391-x, 2017. 

Heister, K.: How accessible is the specific surface area of minerals? A comparative study with Al-containing minerals as 

model substances, Geoderma, 263, 8–15, doi: 10.1016/j.geoderma.2015.09.001, 2016. 

Hengl, T., Mendes de Jesus, J., Heuvelink, G.B.M., Ruiperez Gonzalez, M., Kilibarda, M., Blagotić, A., Shangguan, W., 5 

Wright, M.N., Geng, X., Bauer-Marschallinger, B., Guevara, M.A., Vargas, R., MacMillan, R.A., Batjes, N.B., 

Leenaars, J.G.B., Ribeiro, E., Wheeler,I., Mantel, S., and Bas Kempen, B.: SoilGrids250m: global gridded soil 

information based on Machine Learning, PLOS ONE, 12, e0169748, doi: 10.1371/journal.pone.0169748, 2017. 

Huang, L., Jia, X. and Zhang, G.: Soil organic phosphorus transformation during ecosystem development : A review Soil 

organic phosphorus transformation during ecosystem development: A review, Plant Soil, 417, 17–42, 10 

doi:10.1007/s11104-017-3240-y, 2017. 

Hui, D., Mayes, M.A., and Wang, G. Kinetic parameters of phosphatase: A quantitative synthesis, Soil Biol. Biochem., 65, 

105–113, doi: 10.1016/j.soilbio.2013.05.017, 2013. 

Jangid K., Whitman W. B., Condron L. M., Turner B. L., and Williams, M. E.: Progressive and retrogressive ecosystem 

development coincide with soil bacterial community change in a dune system under lowland temperate rainforest in 15 

New Zealand, Plant Soil, 367, 235–247, doi: 10.1007/s11104-013-1720-2, 2013. 

Jenny, H.: Factors of soil formation: a system of quantitative pedology. Dover, New York, 1941. 

Kaiser, M., Zederer, D.P., Ellerbrock, R.H., Sommer, M., and Ludwig, B.: Effects of mineral characteristics on content, 

composition, and stability of organic matter fractions separated from seven forest topsoils of different pedogenesis, 

Geoderma, 263, 1–7, doi: 10.1016/j.geoderma.2015.08.029, 2016. 20 

Kizewski, F., Liu, Y.-T., Morris, A. and Hesterberg, D.: Spectroscopic Approaches for Phosphorus Speciation in Soils and 

Other Environmental Systems, J. Environ. Qual., 40, 751-766, doi: 10.2134/jeq2010.0169, 2011. 

Koukol, O., Novak, F., Hrabal, R.: Composition of the organic phosphorus fraction in basidiocarps of saprotrophic and 

mycorrhizal fungi, Soil Biol Biochem, 40, 2464–2467, doi: 10.1016/j.soilbio.2008.04.021, 2008. 

Kornberg, A., Rao, N.N., and Ault-Riche, D.: Inorganic polyphosphate: a molecule of many functions, Annu. Rev. 25 

Biochem., 68, 89–125, doi: 10.1146/annurev.biochem.68.1.89, 1999. 

Kunito, T., Tobitani, T., Moro, H., and Toda H.: Phosphorus limitation in microorganisms leads to high 

phosphomonoesterase activity in acid forest soils, Pedobiologia, 55, 263–270, doi: 10.1016/j.pedobi.2012.05.002, 2012. 

Kunstler, G.  2014: BIOMEplot: R package to plot Whittaker' biomes (Whittaker 1975). 

https://github.com/kunstler/BIOMEplot. Access in December 8, 2017. 30 

Legendre, P. and Legendre, L.: Numerical ecology, 3rd Engl edn. Elsevier Science, Amsterdam, 2012. 

Li, M., Mazzei, P., Cozzolino, V., Monda, H., Hu, Z., and Piccolo, A.: Optimized procedure for the determination of P 

species in soil by liquid-state 31P-NMR spectroscopy, Chem. Biol. Technol. Agric., doi: 10.1186/s40538-014-0027-8, 

2015. 



19 
 

Laliberté, E., Kardol, P., Didham, R. K., Teste, F. P., Turner, B. L. and Wardle, D. A.: Soil fertility shapes belowground 

food webs across a regional climate gradient, Ecol. Lett., 20(10), 1273–1284, doi:10.1111/ele.12823, 2017. 

Maire, V., Wright, I.J., Prentice, I.C., Batjes, N.H., Bhaskar, R., van Bodegom, P.M., Cornwell, W.K., Ellsworth, D., 

Niinemets, Ulo, Ordonez, A., Reich, P.B., and Santiago, L.S.: Global effects of soil and climate on leaf photosynthetic 

traits and rates, Glob. Ecol. Biogeogr., 24, 706–717, doi: 10.1111/geb.12296, 2015. 5 

McDowell, R.W., Cade-Menun, B., and Stewart, I.: Organic phosphorus speciation and pedogenesis: Analysis by solution 

31P nuclear magnetic resonance spectroscopy, Eur. J. Soil Sci., 58, 1348–1357, doi: 10.1111/j.1365-

2389.2007.00933.x, 2007. 

McDowell, R.W. and Stewart, I.: The phosphorus composition of contrasting soils in pastoral, native and forest management 

in Otago, New Zealand: Sequential extraction and 31P NMR, Geoderma, 130, 176–189, doi: 10 

10.1016/j.geoderma.2005.01.020, 2006. 

McDowell, R.W., Stewart, I., and Cade-Menun, B.J.: An examination of spin-lattice relaxation times for analysis of soil and 

manure extracts by liquid state phosphorus-31 nuclear magnetic resonance spectroscopy, J. Environ. Qual., 35, 293–

302, doi: 10.2134/jeq2005.0285, 2006.  

Nash, D.M., Haygarth, P.M., Turner, B.L., Condron, L.M., McDowell, R.W., Richardson, A.E., Watkins, M., and Heaven, 15 

M.W.: Using organic phosphorus to sustain pasture productivity: A perspective, Geoderma, 221-222, 11–19, doi: 

10.2136/sssaj2013.2105.0187dgs, 2014. 

Noack, S.R., McLaughlin, M.J., Smernik, R.J., McBeath, T.M., and Armstrong, R.D.: Crop residue phosphorus: Speciation 

and potential bio-availability, Plant Soil, 359, 375–385, doi: 10.1007/s11104-012-1216-5, 2012. 

Reitzel, K. and Turner, B.L.: Quantification of pyrophosphate in soil solution by pyrophosphatase hydrolysis, Soil Biol 20 

Biochem., 74, 95–97, doi: 10.1016/j.soilbio.2014.03.001, 2014. 

Rosling, A., Midgley, M.G., Cheeke, T., Urbina, H., Fransson, P., and Phillips, R.P.: Phosphorus cycling in deciduous forest 

soil differs between stands dominated by ecto- and arbuscular mycorrhizal trees. New Phytol, 209, 1184–1195, doi: 

org/10.1111/nph.13720, 2016. 

Rumpel, C., Baumann, K., Remusat, L., Dignac, M.F., Barré, P., Deldicque, D., Glasser, G., Lieberwirth, I., and Chabbi, A.: 25 

Nanoscale evidence of contrasted processes for root-derived organic matter stabilization by mineral interactions 

depending on soil depth, Soil Biol. Biochem., 85, 82–88, doi: 10.1016/j.soilbio.2015.02.017, 2015. 

Savant, N. K. and Racz, G. J.: Hydrolysis of sodium pyrophosphate and tripolyphosphate by plant roots, Soil Sci., 113, 18-

22, 1972. 

Stewart, G.: Meta-analysis in applied ecology, Biol. Lett., 6, 78–81, doi: 10.1098/rsbl.2009.0546, 2010. 30 

Subbarao, Y.V., Ellis Jr., R., Paulsen, G.M., and Paukstellis, J. V.: Kinetics of pyro- and tripolyphosphate hydrolysis in the 

presence of corn and soybean roots as determined by NMR spectroscopy, Soil Sci. Soc. Am. J., 41, 315–318, 1977. 

Sutton, C. D. and Larsen, S.: Pyrophosphate as a source of phosphorus for plants, Soil Sci., 97, 196–201, 1964. 



20 
 

Turner B. L. and Laliberté, E.: Soil development and nutrient availability along a two million year coastal dune 

chronosequence under species‐ rich Mediterranean shrubland in southwestern Australia, Ecosystems, 18, 287–309, doi: 

10.1007/s10021-014-9830-0, 2015.  

Turner, B.L., Wells, A., and Condron, L.M.: Soil organic phosphorus transformations along a coastal dune chronosequence 

under New Zealand temperate rain forest, Biogeochemistry, 121, 595–611, doi: 10.1007/s10533-014-0025-8, 2014. 5 

Turner, B.L., and Blackwell, M.S.: Isolating the influence of pH on the amounts and forms of soil organic phosphorus, Eur. 

J. Soil Sci., 64, 249–259, doi: 10.1111/ejss.12026, 2013. 

Turner, B.L. and Condron, L.M.: Pedogenesis, nutrient dynamics, and ecosystem development: the legacy of T. W. Walker 

and J. K. Syers, Plant Soil, 367, 1–10, doi: 10.1007/s11104-013-1750-9, 2013. 

Turner, B.L., Lambers, H., Condron, L.M., Cramer, M.D., Leake, J.R., Richardson, A.E., and Smith, S.E.: Soil microbial 10 

biomass and the fate of phosphorus during long-term ecosystem development, Plant Soil, 367, 225–234, 

10.1007/s11104-012-1493-z, 2013. 

Turner, B.L., Wells, A., Andersen, K.M., and Condron, L.M.: Patterns of tree community composition along a coastal dune 

chronosequence in lowland temperate rain forest in New Zealand, Plant Ecol., 213, 1525–1541, doi: 10.1007/ s11258-

012-0108-3, 2012. 15 

Turner, B.L. and Engelbrecht, B.M.J.: Soil organic phosphorus in lowland tropical rain forests, Biogeochemistry, 103, 297–

315, doi: 10.1007/s10533-010- 9466-x., 2011. 

Turner, B.L.: Resource partitioning for soil phosphorus: a hypothesis, J. Ecol., 296, 698–702, doi: 10.1111/j.1365-

2745.2008.01384.x, 2008a. 

Turner, B.L.: Soil organic phosphorus in tropical forests: An assessment of the NaOH-EDTA extraction procedure for 20 

quantitative analysis by solution 31P NMR spectroscopy, Eur. J. Soil Sci., 59, 453–466, doi: 10.1111/j.1365-

2389.2007.00994.x, 2008b. 

Turner, B.L., Condron, L.M., Richardson, S.J., Peltzer, D. A., and Allison, V.J.: Soil organic phosphorus transformations 

during pedogenesis, Ecosystems, 10, 1166–1181, doi: 10.1007/s10021-007-9086-z, 2007. 

Turner, B.L. and Haygarth, P.M.: Phosphatase activity in temperate pasture soils: Potential regulation of labile organic 25 

phosphorus turnover by phosphodiesterase activity, Sci. Total Environ., 344, 27–36, doi: 

10.1016/j.scitotenv.2005.02.003, 2005. 

Turner, B.L., Baxter, R., Mahieu, N., Sjogersten, S., and Whitton, B.A.: Phosphorus compounds in subarctic Fennoscandian 

soils at the mountain birch (Betula pubescens)–tundra ecotone, Soil Biol. Biochem., 36, 815–823, doi: 

10.1016/j.soilbio.2004.01.011, 2004. 30 

Turner, B.L., Cade-Menun, B.J., and Westermann, D.T.: Organic Phosphorus Composition and Potential Bioavailability in 

Semi-Arid Arable Soils of the Western United States, Soil Sci. Soc. Am. J., 67, 1168-1179, doi: 

10.2136/sssaj2003.1168, 2003. 



21 
 

Turner, B.L., Paphazy, M.J., and Mckelvie, I.D.: Inositol phosphates in the environment, Philos. Trans. R. Soc. Lond. B. 

Biol. Sci., 357, 449–469, doi: 10.1098/rstb, 2002. 

Vincent, A.G., Vestergren, J., Gröbner, G., Persson, P., Schleucher, J., and Giesler, R.: Soil organic phosphorus 

transformations in a boreal forest chronosequence, Plant Soil, 367, 149–162, doi: 10.1007/s11104-013-1731-z, 2013. 

Vincent, A.G., Turner, B.L., and Tanner, E.V.J.: Soil organic phosphorus dynamics following perturbation of litter cycling in 5 

a tropical moist forest, Eur. J. Soil Sci., 61, 48–57, doi: 10.1111/j.1365-2389.2009.01200.x, 2010. 

Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A.: Terrestrial phosphorus limitation: Mechanisms, 

implications, and nitrogen-phosphorus interactions, Ecol. Appl., 20, 5–15, doi: 10.1890/08-0127.1, 2010. 

Vogel, C., Mueller, C.W., Höschen, C., Buegger, F., Heister, K., Schulz, S., Schloter, M., and Kögel-Knabner, I.: Submicron 

structures provide preferential spots for carbon and nitrogen sequestration in soils, Nat. Commun., 5, 2947, 10 

doi:10.1038/ncomms3947, 2014. 

Vogel, C., Heister, K., Buegger, F., Tanuwidjaja, I., Haug, S., Schloter, M., and Kögel-Knabner, I.: Clay mineral 

composition modifies decomposition and sequestration of organic carbon and nitrogen in fine soil fractions, Biol. 

Fertil. Soils, 51, 427–442, doi: 10.1007/s00374-014-0987-7, 2015. 

Yang, X.M., Drury, C.F., Reynolds, W.D., and Yang, J.Y.: How do changes in bulk soil organic carbon content affect carbon 15 

concentrations in individual soil particle fractions?, Sci. Rep., 6, 27173, doi: 10.1038/srep27173, 2016. 

Yang, X. and Post, W.M.: Phosphorus transformations as a function of pedogenesis: A synthesis of soil phosphorus data 

using Hedley fractionation method, Biogeosciences, 8, 2907-2916, doi: 10.5194/bg-8-2907-2011, 2011. 

Yu, W.H., Li, N., Tong, D.S., Zhou, C.H., Lin, C.X., and Xu, C.Y.: Adsorption of proteins and nucleic acids on clay 

minerals and their interactions: a review, Appl. Clay Sci., 80–81, 443–452, doi: 10.1016/j.clay.2013.06.003, 2013. 20 

Walker, T. and Adams, A. R.: Studies on soil organic matter: I. Influence of phosphorus content of parent materials on 

accumulations of carbon, nitrogen, sulfur, and organic phosphorus in grassland soils, Soil Sci., 85, 307–318, 1958. 

Walker, T. and Syers, J.: The fate of phosphorus during pedogenesis, Geoderma, 15, 1–19, doi: 10.1016/0016-

7061(76)90066-5, 1976. 

Walker, T.W.: The significance of phosphorus in pedogenesis. In: Hallsworth EG (ed) Experimental pedology. Butterworths, 25 

London, pp 295–315, 1965. 

Wang, H., Prentice, I.C., and Davis T.W.: Biophsyical constraints on gross primary production by the terrestrial biosphere, 

Biogeosciences, 11, 5987–6001, doi:10.5194/bg-11-5987-2014, 2014. 

Wang, B. and Qiu, Y.-L.: Phylogenetic distribution and evolution of mycorrhizas in land plants, Mycorrhiza, 16, 299–363, 
doi:10.1007/s00572-005-0033-6, 2006. 30 

Werner, F., Mueller, C. W., Thieme, J., Gianoncelli, A., Rivard, C., Höschen, C. and Prietzel, J.: Micro-scale heterogeneity 

of soil phosphorus depends on soil substrate and depth, Sci. Rep., 7, 1–9, doi:10.1038/s41598-017-03537-8, 2017. 



22 
 

Wilson, C.A., Cloy, J.M., Graham, M.C., and Hamlet, L.E.: A microanalytical study of iron, aluminium and organic matter 

relationships in soils with contrasting hydrological regimes, Geoderma, 202, 71–81, doi: 
10.1016/j.geoderma.2013.03.020, 2013. 

Whittaker, R.H.: Communities and Ecosystems. 2nd ed. Macmillan, New York, 1975. 

Zimmerman, A.E., Martiny, A.C., Allison, S.D.: Microdiversity of extracellular enzyme genes among sequenced prokaryotic 5 

genomes. ISME, 7, 1187–1199, https://doi.org/10.1038 /ismej.2012.176, 2013.  

 

  



23 
 

 

 

 

 
Figure 1: Conceptual diagrams of the changes in soil P fractions (above) and NaOH-EDTA extractable P compounds (excluding 5 
orthophosphate) (below) with time (redrawn from Walker and Syers, 1976, with permission from Elsevier, and McDowell et al., 
2007, with permission from John Wiley and Sons, respectivelly).  
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Figure 2: Relationship between edaphic properties and soil inorganic phosphorus (P) composition in NaOH EDTA extract from 
soil mineral and organic layers on terrestrial natural ecosystems. Note that the reported total P is the one obtained by digestion 
and usually comprise the residual P non-recovered by the NaOH EDTA extractant. Regression models (n = 80 mineral layer and n 
= 20 mineral layer): mineral layer, log(total Pi mg kg−1) = -1.62 + 1.28 pH – 0.11 pH 2, r2 = 0.33; mineral layer, total Pi (%) = 7.21 + 5 
7.12 pH, r2 = 0.34; mineral layer, orthophosphate = 79.7 + 2.00 pH, r2 = 0.11; mineral layer, pyrophosphate = 20.8 – 2.23 pH, r2 = 
0.11; mineral layer, log(total Pi mg kg−1) = 1.68 + 0.028 – 0.00041 clay 2, r2 = 0.23; mineral layer, log(total Pi mg kg−1) = 1.22 + 0.46 
log(total C), r2 = 0.32; mineral layer, total Pi (%) = 68.0 - 17.2 log(total C), r2 = 0.14; mineral layer, orthophosphate = 97.6 – 4.74 
log(total C), r2 = 0.08; organic layer, orthophosphate = 348.0 – 113.4 log(total C), r2 = 0.30; mineral layer, pyrophosphate = 1.85 + 
4.74 log(total C), r2 = 0.08; organic layer, pyrophosphate = 151.7 – 53.0 * log(total C), r2 = 0.34; organic layer, polyphosphate = -10 
446.4 + 184.4 log(total C), r2 = 0.45; mineral layer, log(total Pi mg kg−1) = -0.63 + 0.97 log(total P), r2 = 0.73; organic layer, log(total 
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Pi mg kg−1) = -0.50 + 1.00 log(total P), r2 =0.27; organic layer, log(total Pi mg kg−1) = 2.51 – 0.00033 CP ratio, r2 = 0.26; mineral 
layer, total Pi (%)  = 77.0 – 7.88 * log(CP ratio), r2 = 0.33; mineral layer, orthophosphate = 94.0 – 0.0353 CP ratio, r2 = 0.37; 
organic layer, orthophosphate = 91.1 – 0.00057 CP ratio, r2 = 0.19; mineral layer, pyrophosphate = 5.04+ 0.0359 CP ratio, r2 = 
0.37; organic layer, polyphosphate = -20.5 + 0.079 CP ratio, r2 = 0.31. 

 5 

 

 

 

 

 10 
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Figure 3: Relationship between edaphic properties and soil organic phosphorus (P) composition in NaOH EDTA extract from soil 
mineral and organic layers on terrestrial natural ecosystems. Note that the reported total P (x axis) is the one obtained by digestion 
and usually comprise the residual P non-recovered by the NaOH EDTA extractant. Regression models: mineral layer, log(total Po 
mg kg−1) = -3.61 + 2.27 pH – 0.22 pH 2, r2 = 0.34 (n=80); mineral layer, total Po (%) = 93.4 – 7.24 pH, r2 = 0.35 (n=80); mineral 5 
layer, inositol =66.4 - 6.94 pH, r2 = 0.16 (n=52); mineral layer, DNA = 27.8 – 3.63 pH, r2 = 0.19 (n=64); organic layer, DNA = 27.4 – 
3.83 pH, r2 =0.10 (n=20); mineral layer, log(total Po mg kg−1) = 1.75 + 0.035 clay – 0.00049 clay 2, r2 = 0.16 (n=80); mineral layer, 
log(total Po mg kg−1) = 31.2 + 120.5 log(total C), r2 = 0.60 (n=80); mineral layer, total Po (%) = 32.4 + 17.0 log(total C), r2 = 0.12 
(n=80); mineral layer, log(total Po mg kg−1) = -0.55 + 0.97 log(total P), r2 = 0.29 (n=80); organic layer, log(total Po mg kg−1) = -0.89 
+ 1.19 log(total P), r2 = 0.68 (n=20); mineral layer, DNA = 34.2 – 9.27 log(total P), r2 = 0.18 (n=64); organic layer, log(total Po mg 10 
kg−1) = 2.69 – 3.58*10-4 CP ratio, r2 =0.48  (n=20); mineral layer, total Po (%) =23.0 + 7.90 * log(CP ratio), r2 = 0.33 (n=80); mineral 
layer, DNA = 6.53 + 0.029 CP ratio, r2 = 0.34 (n=64). 
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Figure 4: Soil weathering stage relationship with soil age (n = 33) and CP ratio (n = 78) on terrestrial natural ecosystems. 5 
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Figure 5: Soil inorganic and organic phosphorus (P) composition in NaOH EDTA extract as influenced by weathering stages on 
terrestrial natural ecosystems. 
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Figure 6: Variation partitioning among edaphic, climatic, and weathering stages on soil inorganic and organic P composition in 
NaOH EDTA extract on terrestrial natural ecosystems. Soil organic and inorganic P forms and compounds were in mg kg-1, and 
the other variables followed units described on Figures 2 and 3. 
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Figure 7: Path analysis describing the direct and indirect effects of the main environmental predictors of soil inorganic and 
organic P compounds (mg kg-1) as influenced by edaphic and climatic drivers on terrestrial natural ecosystems. Solid and dashed 
lines represent positive and negative relationships, respectively. Soil organic and inorganic P compounds were in mg kg-1, and the 5 
other variables followed units described on Figures 2 and 3. 
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