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In or Out of Equilibrium? How Microbial Activity Controls the Oxygen Isotopic Composition of Phosphate in Forest Organic Horizons With Low and High Phosphorus Availability
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While there are estimates of the abiotic processes contribution to soil phosphorus (P) availability, less is known about the contribution of biological processes. Two main enzymatic processes involved in soil P cycling are known to alter the oxygen isotopic composition of phosphate (δ18O-P), each in a different way, through the cleavage of the P–O bond: the intracellular P turnover and the organic P hydrolysis. The former induces isotopic equilibration between phosphate and water and is considered the major process affecting soil available P via microbial P release. The latter induces depleted δ18O-P in the phosphate released from the mineralization of organic P. We studied P dynamics in organic horizons of two contrasting soils (low- and high-P availability) from temperate beech forests. We labeled the soil with 18O-enriched water and followed changes in the δ18O-P of different soil P pools in the presence or absence of added leaf litter during 3 months of incubation. δ18O-P values of almost all P pools progressively increased indicating oxygen incorporation from the enriched soil water into phosphate via the above-mentioned enzymatic processes. δ18O-P of available P increased more in the P-rich soil than in the P-poor soil and approached the isotopic equilibrium between phosphate and water, revealing the impact of microbial P release into the available P pool. However, in the P-poor soil, the available P brought the isotopic signature induced by phosphatase enzymes, indicating that it was mostly originated from the hydrolysis of organic P. Therefore, under P-limiting conditions, the isotopic effect of organic P hydrolysis can outweigh the isotopic equilibrium effect. Finally, two independent isotopic approaches with 33P and δ18O-P provided very similar estimates of P exchanged between the available P and other inorganic soil pools. This suggests that δ18O-P can be successfully used to trace P fluxes, provided that the underlying processes do not break the P–O bonds of the phosphate molecule.
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INTRODUCTION

In forest ecosystems, plants and their mycorrhizae take up most of their phosphorus (P) as dissolved orthophosphate (PO43–, hereafter phosphate) from the soil solution, which represents often a small proportion of the total P in soil. The soil solution is continuously replenished by abiotic processes, such as the release of P from sorbed phases, by the dissolution of P containing minerals, and by biological processes, namely mineralization of organic P (Po). Microbes mineralize Po from plant litter and soil organic matter via enzymatic hydrolysis. The newly released P is taken up by microbes (immobilization), sorbed to the soil solid phases or replenishes the soil solution. Upon cell death, microbial P ultimately enters the non-living Po and inorganic P pools, thus constituting a potentially available P pool.

While there are estimates of the contribution of abiotic inorganic P pools to P availability (Helfenstein et al., 2020), less is known about the contribution of biological processes. This contribution varies widely, depending on factors such as land-use and inorganic P availability (Becquer et al., 2014; Bünemann, 2015; Pistocchi et al., 2018). Integrating this knowledge into soil P cycling models is crucial to predict the effects of changing environmental conditions, such as the ones induced by climate change, or of global P resources scarcity on net primary production.

Assessing soil P dynamics is challenging, because exchanges between P pools often occur without net changes in pool size. The use of radioactive tracers 33P and 32P is to date the sole option to quantify gross P fluxes, such as gross P immobilization and mineralization (Bünemann, 2015 and references therein), the transfer from the soil to the plant (Frossard et al., 2011 and references therein) and the fate of P added with plant residues or fertilizers (Fardeau et al., 1995; Daroub et al., 2000; Pistocchi et al., 2018). Studies on various forest soils have highlighted the impact of Po mineralization on P fluxes notably when inorganic P availability is low (Achat et al., 2009; Mooshammer et al., 2012; Spohn et al., 2013; Bünemann et al., 2016; Pistocchi et al., 2018).

Although radioisotopes have several advantages (e.g., negligible P mass addition, direct P tracing, simple to analyze), they also have several drawbacks related to safety issues, short half-lives, and low sensitivity to biological P fluxes when the baseline of isotopic dilution, i.e., the flux due to abiotic processes, is high (Pistocchi et al., 2018; Siegenthaler et al., 2020).

In the last two decades, many studies have shown that biological processes involved in soil P cycling alter the isotopic composition of oxygen in phosphate (δ18O-P) through the cleavage of the P–O bond and the incorporation of O atoms from water (Tamburini et al., 2012 and references therein). Whereas in the absence of biological activity, the P–O bond is stable and exchanges of oxygen (O) between phosphate and water are negligible. Two main enzyme-mediated processes have an impact on δ18O-P. Firstly, intracellular P turnover controlled by the enzyme inorganic pyrophosphatase leads to the complete exchange of the four O atoms in phosphate with O from water. This reaction produces a temperature-dependent isotopic equilibrium between phosphate and water (Longinelli and Nuti, 1973; Chang and Blake, 2015).

Secondly, the intra- and extracellular phosphatase enzymes incorporate one or two O atoms from water into phosphate released by the breakdown of Po compounds (P mono- and diesters). One O atom is incorporated during the hydrolysis of a phosphomonoester and two O atoms are incorporated during the hydrolysis of a phosphodiester. These transfers are associated with an enzyme-dependent fractionation. Most phosphatase enzymes (e.g., alkaline and acid phosphatase and phytase) have a negative fractionation factor, meaning they release phosphate with a depleted δ18O-P (Liang and Blake, 2006b; von Sperber et al., 2014, 2015).

The δ18O-P of available P in the soil can be affected by these processes through various mechanisms. Phosphate ions released by microorganisms to the soil solution potentially contribute a δ18O-P close to isotopic equilibrium, as influenced by the intracellular inorganic pyrophosphatase (Zohar et al., 2010; Poll et al., 2006). Negative offsets from isotopic equilibrium may be caused by the hydrolysis of Po compounds by extracellular or intracellular phosphatase enzymes (Helfenstein et al., 2018). Positive offsets might result from the uptake of phosphate by organisms, as they preferentially take up lighter phosphate isotopologues, thus increasing the δ18O-P of the extracellular phosphate pool (Blake et al., 2005; Lis et al., 2019).

An approach used to detect the main biological processes affecting soil P cycling consists of labeling the soil solution with 18O-enriched water (Bauke et al., 2017; Siebers et al., 2018; Siegenthaler et al., 2020). Enzyme-mediated processes inducing the P–O bond cleavage are therefore detected by tracing the incorporation of O from water into specific phosphate pools.

Tracing P fluxes with this approach is possible provided that the process generating the P flux does not induce a cleavage of the P–O bond, i.e., phosphate is transferred as intact molecule. Abiotic processes, such as sorption/desorption and precipitation/dissolution meet this condition. Additionally, phosphate ions are sorbed or precipitate with negligible isotopologues discrimination (Liang and Blake, 2006b; Jaisi et al., 2010). Through these abiotic processes, the δ18O-P of phosphate acquired via biological processes can be transferred to other inorganic P pools present in the solid phase. This was observed in a study on Andosols along a rainfall gradient, where P bound to calcium was found to carry an equilibrium isotopic signature after losing the δ18O-P of the original parent material (Helfenstein et al., 2018).

Within the German Priority Program SPP1685 “Ecosystem Nutrition: Forest Strategies for Limited Phosphorus Resources” we studied P dynamics and the biological contribution to P availability in organic horizons (Oe) of two contrasting (low- and high-P availability) and well-characterized soils from temperate forests. We chose organic horizons, as they are essential for the recycling of nutrients in forests, supplying up to 99% of plant P demand where inorganic P availability is low (Brandtberg et al., 2004; Jonard et al., 2009; Hauenstein et al., 2018).

We labeled the soil with 18O-enriched water and measured the δ18O-P from different soil P pools in the presence or absence of added leaf litter at several time points during 3 months of incubation. In parallel, we conducted an identical incubation with 33P to quantify P fluxes, as reported in Pistocchi et al. (2018). The results of the present study will be discussed also in relation to this parallel study and the analysis of microbial community composition of Mészáros et al. (2020).

Our hypothesis was that under low P availability, the prevalence of Po mineralization on P fluxes would cause a negative offset in the δ18O-P of the available P due to the negative fractionation of phosphatase enzymes. Under high P availability conditions, we expected the δ18O-P of available P pool to be affected by either (i) abiotic exchanges with mineral phases: in this case, we would observe no incorporation of oxygen from water into phosphate; or (ii) microbial P turnover: in this case, the δ18O-P of the available P would approach isotopic equilibrium. Additionally, we measured the δ18O-P in alkaline and acid-extractable P to trace abiotic exchanges of these pools with the available P. Finally, we made the hypothesis that O incorporation from labeled water into P pools is proportional to microbial activity as suggested by Melby et al. (2013).



MATERIALS AND METHODS


Sites, Soil Sampling and Preparation

The soil organic horizons come from two European Beech forest sites in Germany (Fagus sylvatica L., 100–120 years old). The site Bad Brückenau (BBR) is located at about 800 m above sea level (asl) in Northern Bavaria (50°21′7.26″N, 9°55′44.53″E). The site Lüss (LUE) is located at 100 m asl in Lower Saxony (52°50′21.77″N, 10°16′2.37″E). The soils are classified as Dystric Skeletic Cambisol (Hyperhumic, Loamic; IUSS Working Group WRB, 2006) and developed on basalt bedrock, and as a Hyperdystric Folic Cambisol (Arenic, Loamic, Nechic, Protospodic), developed on Pleistocene sand, respectively. The texture of the mineral topsoil in BBR is silty clay loam, while in LUE is loamy sand. A detailed description of the two sites is reported in Lang et al. (2017).

At each site, we collected samples from the leaf litter deposited during the previous autumn and from the organic horizons, in April, 2015 at LUE and May, 2015 at BBR. Litter was collected from the soil surface, and then five to six subsamples were taken from the Oe horizon at each site and bulked into a composite sample (hereafter referred to as BBR and LUE soil, respectively).

The soil was sieved while moist to < 5 mm. The litter was dried at 35°C, manually crushed and sieved twice to collect the fraction between 20 and 5 mm. Soil and litter samples were stored at 4°C for a period of 2 weeks (BBR) to 1 month (LUE) before the experiment.

The gravimetric water content of field moist soil was determined by drying for 20 h at 105°C. The water holding capacity (WHC) of the field moist soils was determined by saturating the soils with water and then allowing gravitational water to drain by putting them in a sand bath for 4 h.



Experimental Design and Incubation Experiment

The soils were split in two and two incubations were undertaken. The first was the labeling experiment with 18O enriched water. The second was a soil respiration experiment to measure CO2 produced as an indicator of microbial activity under the same condition of the labeling experiment. The two incubations lasted 93 and 97 days, respectively.

In both cases, the experiment design had two factors: the soil (BBR and LUE) and the litter treatment, which included the absence [non-amended treatment (NL)] or presence [leaf-litter amended treatment (L)] of leaf litter amendment. All treatments were replicated three times for the labeling experiment and four times for the respiration experiment.

Before splitting the soil, a 3-week pre-incubation at approximately 40% of the maximum WHC was undertaken, during which we monitored the respiration to obtain constant soil respiration rates (Oehl et al., 2001).

For the labeling experiment, soils were weighed in polyethylene zip lock bags (equivalent of 108 g dry soil each) and randomly assigned to the treatments. The labeling solution was prepared with 98% 18O-enriched water (Sercon Limited, Crewe, United Kingdom, the final δ18O in the labeling water was = 34.30‰). Three ml of the labeling solution was added to each of the three replicate bags, spread on the top of the soil by pipetting and then mixed for 1 min by hand through agitating the bag. This process was then repeated to add a total of nine and 12 ml of labeling solution per bag, for BBR and LUE soils, respectively. The added volumes increased the BBR and LUE soils water content to approximately 50% of their WHC. Finally, litter was added to half of the bags, in the ratio of 10 mg per g of dry soil, equivalent to 4.6 mg C g–1 soil, which corresponds approximately to natural leaf litter inputs at the two sites (Lang et al., 2017). The bags were left slightly open and arranged in a completely randomized design, in plastic trays which were covered and incubated in the dark at 19°C. To reduce evaporation, which affects the δ18O of soil water, the air moisture was kept approximately constant by placing a beaker with water in each tray.

The labeling experiment was combined with sequential extractions. Concentrations of P were measured in resin-extractable P (inorganic available P, hereafter referred to as Pres) and hexanol-labile P pools (Phex) at days 0, 4, 11, 29, and 93 after labeling. Additionally, at days 0, 4, and 93 we performed a modified Hedley sequential extraction (Tiessen and Moir, 1993; Tamburini et al., 2018) to follow the fate of 18O into other P pools (see section “Soil Phosphorus Pools Concentrations”).

For the soil respiration experiment, a set of subsamples (10 g dry weight equivalent) including all soil × litter treatment combinations was prepared on day 0 adding ultrapure H2O instead of the labeling solution. Each sample was placed in an air-tight jar (1 L volume) with an alkaline trap made of 20 ml 0.2 M NaOH solution, including four blanks without soil. The jars were then incubated together with the labeled samples. The CO2 emitted by the soil was measured at weekly intervals by back titration of the trapping solution (Alef, 1995).



Analytical Methods


Soil General Characteristics and Phosphatase Activity

For a detailed description of soil general characteristics and of the corresponding analytical methods refer to Pistocchi et al. (2018).

Potential acid and alkaline phosphatase activities were determined on soil/water suspensions by microplate fluorescence assay (Marx et al., 2001; Poll et al., 2006). A 4-methylumbelliferon (MUF) substrate was added to six replicates of soil/water suspensions under either acidic (pH 6.1) or alkaline (pH 11) conditions. Fluorescence was read on a fluorescence plate reader (Biotek FLx800, Fisher Scientific GmbH, Schwerte, Germany). The analysis was done on 1 g dry weight equivalent samples taken at days 0, 4, 11, 29, and 93 and subsequently frozen until analyzed.



Soil Phosphorus Pools Concentrations

The Hedley sequential extraction scheme was upscaled and adapted for δ18O-P analysis (Tamburini et al., 2018). The initial step of the sequential extraction follows the method proposed by Kouno et al. (1995) and modified by Bünemann et al. (2004). First, two moist soil subsamples were treated in parallel: one subsample was extracted with anion exchange resins (BDH #55164, 12 cm × 4 cm, Pres), the other was fumigated with liquid hexanol and extracted with anion exchange resins (Phex). In the upscaled version, the amount of soil, resins and hexanol were adapted to obtain sufficient amount of P for isotope analyses, e.g., up to 100 g equivalent dry soil for LUE, keeping the solid to liquid ratio 1:15 (Tamburini et al., 2018). We did not include a P spiked subsample for quantifying the P recovery according to the method, as this was done in the parallel experiment with 33P tracing (Pistocchi et al., 2018). The Pres is a proxy of the available P, while the difference between Phex and Pres provides an estimate of the microbial P (Pmic).

The soil residue of the subsample extracted with hexanol was used for the subsequent steps of the sequential extraction. First, it was extracted with NaOH/EDTA, targeting the inorganic and organic P bound to Fe and Al oxides (hereafter PiNaOH and PoNaOH). After removing the resins, NaOH and EDTA disodium salt were added to the soil suspensions in solid form to reach the required concentration (0.25 M NaOH and 0.05 M EDTA). After 16 h shaking, the samples were centrifuged (5300 g for 15 min), filtered through Millipore nylon filters (0.8 μm), and the filtrates were collected for PiNaOH and PoNaOH determination and purification for isotopes analyses.

Subsequently, the soil residue was extracted with 1 M HCl, targeting sparingly soluble P bound to Ca (PiHCl), but in acidic soil likely including P bound to Fe and Al oxyhydroxides not entirely extracted during the previous step (Werner et al., 2017). A volume of 1 M HCl was added to the soil residue in the proportion of 10–1 and the extracts collected after shaking overnight and filtering using glass fiber filters (0.8 μm, Millipore).

The concentrations of Pres, Phex, PiNaOH, and PiHCl were determined colorimetrically (UV-1800, Shimadzu, Canby, United States) with the malachite green method (Ohno and Zibilske, 1991). The organic fraction, PoNaOH, was determined by difference with the total P concentration in the NaOH–EDTA extract, measured after liquid digestion with concentrated nitric acid and potassium persulfate.



Oxygen Isotopic Values


Oxygen isotopic values in soil water and phosphate

Soil water was quantitatively extracted by cryogenic vacuum extraction (Orlowski et al., 2013) for each combination of soil per treatment at days 0, 4, 11, 29, and 93 after labeling. Oxygen isotopic composition of the soil water (δ18Ow) was measured by equilibration with CO2 using a gas bench (Thermo Scientific GasBench II) connected to an isotope ratio mass spectrometer (Thermo Scientific Delta V plus) at the facilities of the Department of Earth Science of the ETH Zürich (Seth et al., 2006). Calibration was made with international standards SMOW (Standard Mean Ocean Water), SLAP (Standard Light Antarctic Precipitation), and GISP (Greenland Ice Sheet Precipitation), distributed by the International Atomic Energy Agency (IAEA, Vienna, Austria). Results are reported in the standard delta notation (δ18O) as per mill deviation to the Vienna Standard Mean Ocean Water (VSMOW). Reproducibility of the measurements based on repeated measurements of internal standards was better than 0.03‰.

The Pres, Phex, and PiHCl extracts were purified following the protocol of Tamburini et al. (2010) and modified by Pistocchi et al. (2014). In NaOH–EDTA extracts, both PoNaOH and PiNaOH are present and a separation prior the purification is needed. According to Tamburini et al. (2018), the NaOH–EDTA pool was divided into high-molecular weight (mostly organic) and low-molecular weight (mostly inorganic) compounds using size exclusion gel chromatography with a Sephadex G25 Medium, presenting a 5 KDa cut-off (ÄKTAprime plus, GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The inorganic pool was purified following the standard protocol, after a precipitation of magnesium ammonium phosphate, which targets inorganic P. The organic pool was hydrolysed by UV radiation, with one split containing 18O-enriched water to check for possible incorporation of O into the newly formed inorganic phosphate.

The P concentration in NaOH–EDTA extracts from LUE was not high enough for the separation–purification procedure and therefore only the δ18O-P values of the initial PoNaOH (δ18O-PoNaOH) are presented.

Purified phosphate in the form of Ag3PO4 was weighted in silver capsules in two or three analytical replicates each consisting in 300–600 μg of Ag3PO4 and a small amount of glassy carbon powder. Samples were analyzed on a thermal conversion elemental analyzer (vario PYRO cube, Elementar Analysensysteme GmbH, Langenselbold, Germany), coupled to an IsoPrime 100 isotopic ratio mass spectrometer (IRMS) at the Laboratory of the Plant Nutrition Group (ETH Zürich). In each run, repeated measurements of internal Ag3PO4 standard (Acros Organics, Geel, Belgium, δ18O = 14.2‰), two benzoic acid international standards (IAEA 601: δ18O = 23.1‰, IAEA 602 δ18O = 71.3‰), and in-house made standards were included for instrumental drift correction and calibration. The δ18O composition is expressed in the delta notation with respect to VSMOW (Vienna Standard Mean Ocean Water). The δ18O-P of a specific P pool is referred to as: δ18O-Ppool identification. Analytical uncertainties, as determined from the replicate analysis of the standards, were of 0.4‰.



Oxygen isotopic values in leaf litter

Samples of the LUE and BBR leaf litter used in the incubation were extracted and purified according to the protocol of Tamburini et al. (2018). The protocol targets two pools extracted sequentially: the metabolic Pi with trichloroacetic acid (TCA) and the organic P with NaOH–EDTA. In detail, plant material weighed in duplicate (6 g each) was first crushed with the help of liquid N2 and then extracted with either 18O-labeled or unlabeled 0.3 M TCA. The supernatants were separated after homogenization with a Polytron (Kinematica AG, Lucerne, Switzerland) and shaking (0.5 h) via filtration with glass fiber filters (APFF04700 Merck Millipore). The residue was further extracted with 0.25 M NaOH – 0.05 M Na2(EDTA)2⋅H2O, following the protocol described in Noack et al. (2014).

The TCA and NaOH–EDTA supernatants were measured for Pi (PiTCA, PiNaOH_litter) and Po (PoTCA, PoNaOH_litter) and purified for δ18O-P analysis, following the procedure described by Pfahler et al. (2013) and Tamburini et al. (2018), respectively.



Data Analyses


Expected δ18O-P at Isotopic Equilibrium and From Organic P Hydrolysis

The expected δ18O-P of phosphate in equilibrium with soil water (δ18O-Peq) was calculated for each time point rearranging the equation from Chang and Blake (2015) as follows:

[image: image]

where T is the temperature in K during the incubation and δ18Ow (‰) is the measured oxygen isotopic composition of soil water.

The expected δ18O-P of phosphate released from hydrolysis of phosphoesters (δ18O-PPase) via phosphatase enzymes was calculated according to this equation:

[image: image]

where x is the proportion of O atoms inherited from the phosphate group in the Po compound (0.75 for phosphomonoester and 0.5 for phosphodiester), δ18O-Po (‰) is the O isotopic composition of the phosphate group in the Po compound, δ18Ow (‰) is the measured O isotopic composition of soil water, and ε (‰) is the enzyme-specific fractionation factor. Here we estimated δ18O-Po as the measured isotopic composition of Po extracted by NaOH–EDTA (δ18O-PoNaOH) either from soil or leaf litter (see Table 1 and sections “Oxygen isotopic values in soil water and phosphate” and “Oxygen isotopic values in leaf litter”).


TABLE 1. General characteristics of the two studied Oe horizons at site Lüss (LUE) and Bad Brückenau (BBR).

[image: Table 1]


Calculation of δ18O-P

The oxygen isotopic composition of phosphate in the Pmic pool (δ18O-Pmic), was calculated with a mass balance equation (Tamburini et al., 2012):

[image: image]

where δ18O-Phex (‰) and δ18O-Pres (‰) are the oxygen isotopic composition of phosphate in the hexanol and resin extracts, respectively, and Phex (mg P kg–1) and Pres (mg P kg–1) are the P concentrations in the corresponding extracts. When δ18O-Phex and δ18O-Pres were close, i.e., a difference of less than twice the standard deviation of analytical replicates (< 0.8‰), the δ18O-Phex was taken directly as δ18O-Pmic. We did not apply any conversion factor (Kp) to correct for incomplete recovery of Pmic due to possible ineffectiveness of the fumigant. Indeed, we cannot assume that all Pmic compartments, including the ones non-extractable with hexanol, have the same isotopic composition.

Some extractions were done in duplicate with 18O labeled and unlabeled reagents, i.e., TCA, UV digestion of the organic pool of NaOH–EDTA and HCl, to track the incorporation of labeled oxygen into the δ18O-P via inorganic hydrolysis (Tamburini et al., 2010). If incorporation was detected, the actual δ18O-P was calculated according to Pistocchi et al. (2017):

[image: image]

where δ18O-Pl (‰) and δ18O-Pnl (‰) are the oxygen isotopic composition of phosphate for the labeled and unlabeled samples, respectively, and accordingly δ18Owl (‰) and δ18Ownl (‰) the oxygen isotopic composition of labeled and unlabeled extraction solution. When hydrolysis was negligible, as in most cases, the subsamples were considered as duplicates.



Incorporation of O From Water Into Phosphate

Through the process of labeling with 18O-enriched water, it is possible to calculate how much O from soil water was incorporated into phosphate molecules of a specific P pool over time. Oxygen incorporation (%) was calculated as the slope of the straight line between two points in the δ18Ow-δ18O-P plot (Liang and Blake, 2006a):

[image: image]

Where δ18Owt and δ18Owt0 are the oxygen isotopic compositions of soil water and δ18O-Pt and δ18O-Pt0 are the oxygen isotopic compositions of phosphate in a given pool at time point t and at day 0, respectively.

Incorporations of 25 or 50% indicate that overall one out of four or two out of four O atoms, respectively, are incorporated from water into phosphate. 100% O incorporation indicates all four O of phosphate derived from water.

For δ18O-P values obtained with the Equations 3, 4, and 5 the mean and standard deviation per sample were obtained with a Monte Carlo error propagation simulation (Anderson, 1976). Calculations were repeated 10 million times by varying the δ18O signatures according to their mean and standard deviations. For the δ18Ows, we assumed a standard deviation of 0.03‰ corresponding to the analytical error.



Statistical Analyses

A two-way ANOVA (1st factor = litter application, 2nd factor = date) was applied to analyze the variables measured during the incubation for each soil separately except the respiration rates. These latter were analyzed with a mixed model, where the litter amendment was the fixed factor and the time of the measurement (weekly) a random factor with the replicate nested in it. Model simplification (one-way ANOVA) was done when possible or when data were missing, e.g., δ18O-PoNaOH in LUE soil. In some cases, there were not enough replicates for statistical tests. These results are discussed qualitatively. The Tukey test was used for post hoc comparison. The Student’s paired t-test was used when comparing single dates and cumulative values, after checking for homogeneity of variances. The Shapiro–Wilk test was used to assess normality of the data. All analyses were performed in R 3.1.1 (R version 3.1.1, R Core Team).



RESULTS


Soil Respiration

The soil respiration declined during the first 3–4 weeks by approximately 10 and 25% for LUE and BBR soils, respectively. After the first month, the respiration remained approximately constant (Figure 1). The soil respiration of LUE soil was almost double that of the one measured for BBR soil. Similarly, the metabolic quotient cCO2, calculated with the average respiration rates over the last 8 weeks, was almost double in LUE soil (Table 1).


[image: image]

FIGURE 1. CO2 emitted from Lüss (LUE; A) and Bad Brückenau (BBR; B) soils during the incubation. Gray circles indicate respiration rates during the pre-incubation period, white circles the respiration rates in the non-amended treatment (NL) and black circles in the leaf-litter amended treatment (L). Error bars indicate replicates standard deviation.


During the first 4 weeks, differences between treatments were detectable, with leaf litter-amended soils showing higher respiration rates (Figure 1). This resulted in a cumulative additional carbon (C) release for the litter-amended soils of 3.4 and 11.1% for LUE and BBR soils, respectively, significant only for the latter (Supplementary Table 1 SI).



Soil General Characteristics and Potential Phosphatases Activity

The two soils were acidic (3.77 and 3.65 for BBR and LUE soil, respectively) but differed in almost all considered variables (Table 1). In particular, concentration of total, organic and available P was much higher in BBR than in LUE soil.

Potential acid phosphatase activity was similar for LUE and BBR soils, while potential alkaline phosphatase activity was double in LUE soil, although much lower than the acid phosphatase activity (Table 1 and Supplementary Figure 1SI). Therefore, for the calculation of the expected value from Po hydrolysis by phosphatases with Equation 2 we used the fractionation factor (ε) of – 10‰ attributed to acid phosphatases (von Sperber et al., 2014). No differences were found between litter treatments.



The Concentration and δ18O-P of Resin-Extractable and Microbial P Pools

In both LUE and BBR soils the concentration of Pres increased, while Pmic remained largely stable over the study time with small fluctuation in the low P LUE soil and decreased significantly in the high P BBR soil (Supplementary Table 2 SI). In the litter-amended BBR soil the Pres was slightly higher, with a mean effect size of + 2.1 mg kg–1. The litter addition increased the Pmic slightly in both soils, with a mean effect size of + 4.9 and + 4.4 mg kg–1 for LUE and BBR, respectively (Supplementary Table 2 SI).

The δ18O-Pres and δ18O-Pmic increased by several units during the incubation in both LUE and BBR soils (Figure 2). Therefore, incorporation of O from labeled soil water into phosphate occurred.


[image: image]

FIGURE 2. The δ18O-P of available P (Pres) and microbial P (Pmic) pools in Lüss (LUE; A) and Bad Brückenau (BBR; B) soils over the course of the incubation. The expected isotopic equilibrium between phosphate and water (Equation 1) is indicated by the red dotted line and the expected isotopic signature of phosphate from organic P (Po) hydrolysis of soil organic matter via acid phosphatase (Equation 2) is indicated by the green dotted line. Error bars indicate replicates standard deviation. NL, non-amended; L, leaf litter-amended.


For the low P LUE soil, both δ18O-Pres and δ18O-Pmic had a similar initial value (13.9 and 12.7‰, respectively) and both followed a slight increasing trend over the duration irrespective of the application of leaf litter. This change in value was similar to that predicted by the δ18O-PPase, i.e., expected from the hydrolysis of Po via acid phosphatases (Equation 2; Figure 2A).

For the high P BBR soil, however, the initial values of δ18O-Pres and δ18O-Pmic were different: 19.9‰ vs. 14.0‰, respectively. The δ18O-Pmic increased slightly over time and remained below the expected equilibrium between phosphate and water (δ18O-Peq in Equation 1), whereas the δ18O-Pres approached and exceeded the δ18O-Peq by day 93 (Figure 2B). The δ18O-Pmic values were in average lower for the non-amended treatment (p < 0.05).

For both soils, the picture does not change if we consider the δ18O-PPase values calculated using the Po in the litter, as they are similar to the ones from soil Po (see δ18O-PPase litter, Supplementary Table 2 SI).



The Concentration and δ18O-P of NaOH- and HCl-Extractable Pools

In the LUE soil incubation, concentrations of the inorganic pools PiNaOH and PiHCl remained approximately stable during the incubation. The organic pool, PoNaOH, increased slightly (+ 36.8 mg kg–1 at day 93). No differences were detected between the litter amended and non-amended treatments (Table 3).

In BBR, a slight increase (mean effect size of + 49.0 mg kg–1 at day 93) of the PiNaOH was registered over the incubation time. The PiHCl and PoNaOH remained stable over the incubation time. No differences due to the leaf litter addition were observed (Table 3).

The δ18O-PiHCl in the LUE soil incubation had a slight increase (+ 1‰). We could not analyze the δ18O-PiNaOH or δ18O-PoNaOH in LUE soil because of the insufficient amount of P extracted. In the BBR soil, we detected a significant increase of the δ18O-P of both inorganic and organic pools. The δ18O-PiNaOH increased by 4.4‰, as an average of the L and NL treatments. A similar increase was measured for the δ18O-PiHCl (Table 3). Despite those increases neither δ18O-PiNaOH nor δ18O-PiHCl reached the corresponding value of the available P (Pres) at day 93, meaning that they did not completely equilibrate with the Pres at the end of the incubation. Similarly, the δ18O-PoNaOH also increased slightly, but by only approximately 1‰ at the end of the incubation.

Differences due to the litter addition were found in the BBR soil for the δ18O-PoNaOH (+ 1‰ for the L treatment at day 4) and for the δ18O-PiHCl (−2.3‰ for the L treatment at day 93).



18O Incorporation Into P Pools

The addition of 18O-enriched water successfully increased O isotopic ratio of soil water (Supplementary Table 3 SI) and resulted in incorporation of 18O from water into major soil P pools. The trend, however, differed in the two soils. In LUE, both the Pres and Pmic incorporated O at similar rate: around one out of four O atoms per phosphate (25%) were exchanged in the first 20–30 days of incubation and up to two out of four (50%) were exchanged after 93 days (Figure 3A). In BBR instead, the 18O from water was incorporated faster, but it did not exceed 50% in the Pmic by day 93, while it had reached 90% in the Pres, suggesting an almost complete exchange of the four O of phosphate with water (Figure 3B). A decline of the O incorporation in Pmic in the BBR soil was observed between the second-last and the last sampling. This decline was more pronounced in the treatment without litter. A stronger relationship was found between O incorporation in Pres and cumulated respiration in BBR soil as compared to LUE (Figure 4A).


[image: image]

FIGURE 3. Oxygen incorporation from water into available P (Pres) and microbial P (Pmic) pools according to Equation 5 in Lüss (LUE; A) and Bad Brückenau (BBR; B) soils during the incubation. Error bars indicate standard deviation from Monte Carlo error propagation. NL, non-amended; L, leaf litter-amended.



[image: image]

FIGURE 4. Oxygen incorporation from labeled water into the available (Pres; A) and microbial P (Pmic; B) in Bad Brückenau (BBR) and Lüss (LUE) soils against cumulated respiration. NL, non-amended; L, leaf litter-amended.




DISCUSSION

The increase in δ18O-P value of almost all P pools indicates that biological processes were involved in P cycling in both soils, as the exchange of oxygen between soil phosphate and water involves enzymatic reactions (Tudge, 1960).


Biological Processes Affecting Available P in the Low P Availability LUE Soil

Under low P availability, δ18O-Pmic and δ18O-Pres were very similar and followed the same temporal trend (Figure 2A). There are three potential explanations for this pattern: (i) There was phosphate efflux from Pmic to Pres, so the Pres pool was strongly influenced by the Pmic pool as observed in other P-poor soils (Tamburini et al., 2012; Weiner et al., 2018); (ii) There was no phosphate efflux from Pmic to Pres, but the dominant enzymatic processes were the same in both pools, thus imprinting the same isotopic signature; finally (iii) There was no phosphate efflux from Pmic to Pres, and the two pools were impacted by different enzymatic processes which resulted in similar δ18O-P just by chance.

The parallel 33P dilution experiment showed that gross mineralization strongly contributed to the Pres pool. It also highlighted a fast and important P immobilization into the microbial biomass (around 95% of gross mineralization, see Pistocchi et al., 2018). The 33P experiment, however, gave no direct evidence of an efflux from Pmic to Pres. This may point either to the first or to the second explanation. Lis et al. (2019) observed in an in vitro experiment that cyanobacteria growing under P-depleted conditions took up P through phosphate specific transporters (Pst) without leaking it. Therefore, the second explanation, i.e., no or little phosphate efflux from Pmic to Pres and same dominant enzymatic processes, is more likely (see Figure 5A modified after Lis et al., 2019). However, compared to their study we did not observe isotopic equilibrium in the intracellular and extracellular P.
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FIGURE 5. Schematic representation of microbial processes under active stressed or dormant status and their effect on δ18O-Pres and δ18O-Pmic adapted with permission from Lis et al. (2019). Copyright (2019) American Chemical Society. (A) Case of microbes under low P conditions [e.g., Lüss (LUE) soil]. Intracellular P is not at isotopic equilibrium, since inorganic pyrophosphatase (PPase) is not dominant and other enzymes, e.g., phosphomonoesterase, are controlling the δ18O-Pmic. Only influx of phosphate ions is observed through phosphate specific transporters (high and low affinity Pst) and cell lysis might be limited. Phosphatase enzymes are actively excreted by the cells to hydrolyse Po compounds. These enzymatic reactions imprint an isotopic kinetic effect on the δ18O-Pres. (B) Case of microbes not limited by any environmental factor [e.g., active microbes in Bad Brückenau (BBR) soils]. Oxygen in intracellular phosphate is equilibrated with oxygen in water via the action of PPase. Intracellular phosphate is leaked out to the soil environment by either the low affinity Pit transporter or cell lysis (see Lis et al., 2019). δ18O-Pres is controlled by the intracellular P and exhibits an equilibrium signature. (C) Case of microbes in a dormant state (limited by factors other than P availability, such as in BBR soils): uptake from the soil solution is limited and intracellular processes (e.g., phosphatases catalyzed reactions or other processes guaranteeing the minimal functioning of the cell; see Blagodatskaya and Kuzyakov (2013)] are imprinting an isotopic kinetic effect on δ18O-Pmic. This portion of the microbial biomass have little impact on the Pres. EquilP, phosphate with oxygen at equilibrium with oxygen in water; εP, phosphate released from hydrolysis of Po with a kinetic isotope imprint.


Of further consideration is that both δ18O-Pmic and δ18O-Pres were similar to the value expected for phosphomonoester hydrolysis over the first 30 days of incubation (one out of four O was exchanged with water, see Figure 2A). According to a two end-members mass balance including the isotopic equilibrium (δ18O-Peq, Equation 1) and the δ18O-PPase (Equation 2), this contribution represented almost 100% of the Pres over this period.

By the end of the incubation, the O incorporation into Pres had attained 50% (two out of four O atoms exchanged with water; Figure 3A), suggesting the contribution of other processes. There are two possible explanations: (i) that a single enzymatic process which incorporates two O atoms from water into phosphate was prevailing; or (ii) two or more processes contributed, resulting in 50% average O incorporation. The first explanation would be that the extracellular hydrolysis of phosphodiesters was occurring. However, Lang et al. (2017) found that the potential activity of phosphodiesterases over phosphomonoesterases was very low at this site. The contribution of multiple processes is, therefore, more likely. A two end-members balance including δ18O-Peq and δ18O-PPase as previously hypothesized, suggests that phosphate derived from monoester hydrolysis constitutes about 80% of the Pres at the end of the incubation. Interestingly, this value agrees with the results of parallel 33P incubation, where 94% of P exchanged with the soil solution came from gross mineralization (Pistocchi et al., 2018).

We conclude that under low P availability, both the Pres and the Pmic pools were dominated by phosphomonoesterase catalyzed reactions.

The attainment of the isotopic equilibrium was until now considered the main biological effect influencing the available P, corresponding to Pres as defined in this study, via the release of intracellular phosphate ions (Zohar et al., 2010; Tamburini et al., 2012; Stout et al., 2014; Weiner et al., 2018; Lis et al., 2019). Our results support the hypothesis that under P-limiting conditions, the isotopic effect of Po hydrolysis can outweigh the isotopic equilibrium effect driven by inorganic pyrophosphatase in both Pmic and Pres pools (Figure 5A).



Biological Processes Affecting Available P in the High P Availability BBR Soil

Under high P availability, the Pres pool carried a very distinct isotopic signature from the Pmic pool (Figure 2B). The δ18O-Pres was close to or higher than the δ18O-Peq (isotopic equilibrium between phosphate and water, Equation 1), while δ18O-Pmic was in between δ18O-Peq and the δ18O-PPase (Equation 2).

The contribution of P from leaf litter does not explain the δ18O-Pres values, as we did not find significant differences between litter treatments. The exchange with other soil P pools via sorption/desorption or precipitation/dissolution does not explain them either, as the PiNaOH and PiHCl all had lower δ18O-P than δ18O-Pres (see Table 2), although these P pools likely exchanged phosphate ions with the Pres pool (see section “Exchanges Between Available P and Other Inorganic and Organic P Pools”).


TABLE 2. Concentration and δ18O-P values of inorganic and organic P pools over the incubation period.

[image: Table 2]The incorporation of O atoms from labeled water was around 90% in the Pres pool by day 93, suggesting the prevalence of a process that leads to an exchange of all four O atoms. The only known enzyme which could cause a complete exchange of O atoms with water is the inorganic pyrophosphatase (Cohn, 1958), which is mostly intracellular (Poll et al., 2006). However, the Pmic pool in the BBR soil, showed consistently lower O incorporation when compared to the Pres. The presence of different microorganisms in either active or dormant states, all extracted with hexanol but carrying different isotopic signatures, could possibly explain the difference in δ18O-P between Pres and Pmic pools. However, only the active microbial community would carry a signature close to δ18O-Peq and contribute to the Pres via P uptake, intracellular turnover and release (Siegenthaler et al., 2020). Indeed, inorganic pyrophosphatase is involved in DNA synthesis, amongst other processes, and therefore is more active when cells are growing (Kottur and Nair, 2018). The microorganisms in a dormant state would interact poorly with the Pres pool and incorporate less O from water (see section “δ18O-P and Microbial Activity” for more discussion).

The O incorporation of close to 90% (Figure 2B) implies that almost all the phosphate in the final Pres pool (i.e., 45.8 and 49.8 mg kg–1, for the NL and L treatment, respectively) underwent intracellular P turnover catalyzed by inorganic pyrophosphatases over the investigated period. Part of this efflux from Pmic corresponded to a net loss, more pronounced in the NL treatment, which in turn translated in a net increase of Pres (Supplementary Table 2 SI) and a transfer to other Pi or Po pools (see section “Exchanges Between Available P and Other Inorganic and Organic P Pools”).

At the end of the incubation, the δ18O-Pres was higher than the expected equilibrium by + 3.0‰. Recent studies on temperate forest soils reported enriched isotopic ratios compared to expected equilibrium after a period of incubation (Gross and Angert, 2017; Weiner et al., 2018). They attributed this positive offset to the steady-state between the efflux of intracellular P at isotopic equilibrium and the P uptake by microbes inducing isotopic enrichment of the extracellular phosphate ions (Blake et al., 2005; Lis et al., 2019). Although this effect could explain our finding, this explanation appears unlikely. Firstly, in our system Pres increased during the incubation period, which does not fit into a Rayleigh fractionation model, which describes the kinetic fractionation induced by P uptake (Blake et al., 2005). Secondly, the mentioned studies observed the effect of P uptake by cells mostly under low environmental P conditions, which is not the case in the BBR soil.

It can also not be ruled out that a possible contribution from an unknown extracellular process occurred, leading to the exchange of four O atoms between phosphate and water, and/or the partial contribution of mineralization of Po compounds with heavy δ18O-P.



δ18O-P and Microbial Activity

Saaby Johansen et al. (1991) and Melby et al. (2013) showed a positive relationship between δ18O-P de-labeling and respiration in incubation experiments with addition of 18O-labeled phosphate. Siegenthaler et al. (2020) suggested that a high incorporation of O from labeled water into the Pmic pool reflects a high microbial activity.

In this study, we observed a higher respiration rate, therefore a higher microbial activity, in the low P LUE soil when compared to the high P BBR soil. Similarly, the microbial respiration per unit microbial biomass (metabolic quotient, cCO2) of the LUE soil was twice the value recorded for the BBR soil (Table 1). In contrast, the O incorporation into the Pres per unit CO2 respired was lower in LUE soil (Figure 4A).

The dominance of phosphomonoesterase catalyzed reactions in the Pres pool of the LUE soil (see section “Biological Processes Affecting Available P in the Low P Availability LUE Soil”) explains the lower O incorporation. This together with the higher cCO2 might indicate differences in the microbial communities composition and/or a stronger investment of the LUE microbial community into Po mining via the production of extracellular phosphatase enzymes (Manzoni et al., 2010; Spohn and Chodak, 2015). The community composition analyses of Mészáros et al. (2020) and the δ18O-P data of the present study suggest that both factors possibly contribute simultaneously.

The O incorporation into the Pmic pool was similar in the two soils during the first month of incubation, then lower in the BBR soil, which showed a strong decrease in the non-amended treatment (Figures 3B, 4B).

We assumed earlier (section “Biological Processes Affecting Available P in the High P Availability BBR Soil”) that in the BBR soil only part of the microbial community was actively turning over P and imprinting an isotopic equilibrium signature on it. The below-equilibrium δ18O-Pmic and corresponding O incorporation resulted, therefore, from the relative contribution of δ18O-Pmic at the isotopic equilibrium and δ18O-Pmic below isotopic equilibrium. Lower δ18O-Pmic would either occur because of the dominance of intracellular phosphomonoesterase reactions or because of little exchange of O between intracellular phosphate and labeled water (Chen et al., 2019). Since the δ18O-Pmic was lower than isotopic equilibrium already before the labeling, the first explanation seems more likely. The two typologies outlined in Figures 5B,C would, therefore, contribute to the δ18O-Pmic in the BBR soil.

The decrease in the O incorporation in the δ18O-Pmic of the non-amended BBR soil by the end of the incubation was concomitant with a strong decrease in Pmic concentration (Supplementary Table 2 SI). These effects could be determined by a decrease in the activity of microbial cells or a shift in the microbial community composition in response to less favorable environmental conditions (Fanin et al., 2013; Mooshammer et al., 2014). The respiration rates were very similar between treatments over the last 2 months of incubation (Figure 1). However, the analysis of microbial community composition showed a shift in both the fungal and bacterial communities. Additionally, the bacterial community changed differently in the amended and non-amended treatments over the last incubation period (Mészáros et al., 2020). The second explanation seems, therefore, more likely.

In LUE the incorporation of O from labeled water into Pmic was driven by phosphomonoesterase catalyzed reactions as for Pres (see section “Biological Processes Affecting Available P in the Low P Availability LUE Soil”). Pfahler et al. (2013) reported δ18O-P of soybean leaves decreased under P-limiting conditions and suggested this was the result of increased recycling of Po within plant tissue. Therefore, P-limiting conditions might induce a tighter intracellular Po recycling and translate in below-equilibrium δ18O-Pmic values (Figure 5A). Interestingly, we found below-equilibrium δ18O-Pmic also in non-incubated samples taken at the site LUE at two different dates (unpublished results), which suggests this effect is not an artifact of the incubation.

In summary, despite similar below-equilibrium δ18O-Pmic in LUE and BBR soils, data such as δ18O-Pres, respiration rates and microbial communities composition, suggest a tighter P cycling in LUE. Interestingly, such differences were not reflected in different potential acid phosphatases activities (Table 1 and Supplementary Figure 1 in SI). Our data also suggest that the relationship between microbial activity and O incorporation into phosphate is not simply proportional as we initially hypothesized but likely modulated by P availability.



Exchanges Between Available P and Other Inorganic and Organic P Pools

Due to the low extractable P concentration in LUE, we can only discuss results from the BBR soil.

In the parallel 33P experiment the Pres and the PiNaOH were shown to exchange rapidly in the BBR soil, with the tracer found in the PiNaOH pool after 4 days. This suggests a fast exchange process, such as sorption/desorption. However, 3-months of incubation were not sufficient to attain a complete exchange between these two pools (Pistocchi et al., 2018).

As these exchanges are abiotic, i.e., without P–O bond cleavage, it is possible to trace P fluxes also with the δ18O-P, provided that the two exchanging pools have different initial isotopic signatures.

The increase of the δ18O-PiNaOH suggests that phosphate ions were transferred from an enriched P pool, presumably Pres. As was found with the 33P, the PiNaOH and the Pres did not attain similar isotopic compositions by the end of the incubation. On the contrary, their isotopic signature diverged, due to a large increase of the δ18O-Pres (see Table 3 and Supplementary Table 2 SI). It would appear that over the time scale of this incubation study, the biological processes that led to the isotopic enrichment of the Pres had a stronger effect than the ions exchange with the PiNaOH pool.


TABLE 3. Estimation of P exchange fluxes in the Bad Brückenau (BBR) soil between the available and other inorganic P pools over 93 days according to a mass balance (δ18O-P data from this study) or to an isotopic dilution approach (33P data from Pistocchi et al., 2018).

[image: Table 3]
A mass balance, assuming constant P concentrations over the incubation, yields an exchange flux between Pres and PiNaOH of approximately 3.5–3.9 mg kg–1 day–1, which is similar to estimates provided by the 33P tracing experiment (Table 3).

The δ18O-PiHCl also increased over time, suggesting an exchange with an isotopically enriched P pool. Similarly, we assume that the PiHCl exchanged phosphate ions with the Pres pool via abiotic reactions, allowing us to trace P fluxes via the δ18O-P. Through a mass balance calculation, we estimated 0.3–0.5 mg kg–1 day–1 of P was exchanged on average between these two P pools (Table 3).

The addition of leaf litter resulted in a slightly lower δ18O-PiHCl at the end of the incubation (Table 2). To explain this, we have to assume that an abiotic transfer of depleted phosphate from the litter to the PiHCl has occurred. Although the inorganic P in the litter had a slightly depleted δ18O-P (17.06‰ for the TCA extract, see Table 1), the amount of inorganic P contained within the litter was small compared to the PiHCl pool. Furthermore, no other differences in other inorganic P pools of the leaf litter-amended soils were observed. Therefore, we cannot exclude the lower δ18O-PHCl was not simply a processing error.

In summary, the Pres exchanged mostly with the PiNaOH pool, which is in agreement with previous studies on BBR (Lang et al., 2017; Pistocchi et al., 2018) or on low-pH and Fe/Al oxides-rich soils (Buehler et al., 2002; Helfenstein et al., 2020).

The δ18O-PoNaOH increased slightly in the BBR soil (+ 1.1–1.3‰ in the NL and L treatment, respectively). The effect of leaf litter on the δ18O-PoNaOH was minor, as a difference between the treatments was only observed at day 4, and this subsequently leveled out. The increase in microbial activity observed in the first few weeks after the addition of the litter could have determined a faster turnover of Po derived from microbes. If the microbial Po was isotopically enriched as a consequence of the incorporation of O from labeled water, it would enrich the δ18O-PoNaOH once released from cells. Unfortunately, the δ18O-P of microbial Po is unknown, which prevents the calculation of its contribution to the PoNaOH pool. Measuring the isotopic signature of microbial Po or single microbial metabolites constitutes a major research gap that needs to be investigated in order to better clarify Po dynamics (Tamburini et al., 2018).



CONCLUSION

Until now the isotopic equilibrium between phosphate and water was believed to be the main biological effect on microbial and available P. Here, we show that a below-equilibrium signature can be still an indicator of control of microbial P on the available P via Po hydrolysis reactions. This effect is possibly induced by P limiting conditions for microbes.

Labeling with 18O-water allowed the identification of the major biological process contributing to available P where radioisotope tracers fail because of low sensitivity, i.e., high baseline of isotopic dilution, as in the case of P-rich soils. Two independent isotopic approaches (33P and δ18O-P) provided very similar estimates of P exchanged between the Pres and PiNaOH pools. This suggests that δ18O-P can be successfully used to trace P fluxes, provided that the underlying processes do not break the P – O bonds of the phosphate molecule.
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Soil Property or Variable Unit LUE BBR

Humus form and humus layer thickness - Mor-like Moder (13 cm) Mull-like Moder (5 cm)
Water holding capacity gg’ 2.92 3.26
pHHZO - 3.55 3.70
Organic Carbon gCkg™! 364 237
Organic Nitrogen gNkg™! 16.7 14.8
Microbial Carbon (Cpic) mg C kg~ 1,047 844
Microbial Nitrogen mg N kg™ 238 162
Microbial P (Pyic) mg P kg~ 55.6 98.8
Total P mg P kg~ 485 2,564
Organic P mg P kg~ 371 1,523
Available P (Pres) mg P kg*1 3.0 34.7
Corg: Norg mol/mol 254 18.7
Crmic: Nmic mol/mol 5. 6.5
Corg: Porg mol/mol 2,949 426.4
Chmic: Prmic mol/mol 48.6 211
Acid phosphatase potential activity (day 1) nmolg="! h—1 19,207 16,098
Alkaline phosphatase potential activity (day 1) nmolg~' h~' 146 74
Metabolic quotient (cCO»; 1) g C-CO» pg~' Cmic h~1 4.5 2.6
3180-P of organic P (2) Yoo 22.47 17.22
3'80-P of leaf litter, TCA (3) ) 13.48 17.06
3180-P of leaf litter, NaOH (3) Yoo 20.42 18.58

(1) Unit CO, respired per unit microbial carbon. Calculated using steady respiration rate measured in the present study. (2) Oxygen isotopes composition of organic P
from 25 M sodium hydroxide — 0.05 M sodium EDTA soil extract. (3) Oxygen isotopes composition of P in leaf litter, TCA, 0.3 M Trichloroacetic acid extract; NaOH, 0.25 M
sodium hydroxide — 0.05 M sodium EDTA extract.
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Treatment Days 8180-PiNaoH 8180-PON30H 8180-PiHc| PinaoH PonaoH Piyci
Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n
LUE LUE
0 nm nm - 2247 nm 1 21.82 012 2 95 3 3 168 37 3 7.2 0.1 3
NL 4 nm nm - nm nm - 19.30 0.29 2 105 3 3 176 17 3 5.7 0.3 3
L nm nm - nm nm - nm nm 106 2 3 150 32 3 558 0.3 3
NL 93 nm nm - nm nm - 2268 0.51 2 102 5 3 203 7 3 75 17 3
L 93 nm nm - nm nm - 22.55 0.24 2 105 4 3 206 45 3 52 0.3 3
Time effect Time effect
- - (1) ns o ns
Litter effect Litter effect
= = ns (1) ns ns ns
BBR BBR
0 16.52 0.85 2 17.22 0.81 3 17.47 036 2 658 9 3 1,320 68 3 98.6 102 3
NL 4 18.65 0.80 2 16.90 0.29 3 19.17 nm 1 621 39 3 1,426 118 8 83.4 9.4 3
L 4 18.92 nm 1 17.93 0.91 2 19.23 nm 1 660 10 2 1,386 186 8 81.1 237 3
NL 93 21.12 nm 1 18.34 0.38 2 21.94 0.21 3 720 50 3 1,569 342 3 911 18.8 3
L 93 22.38 nm 1 18.55 0.37 2 19.67 030 8 699 13 3 1,652 248 3 114.7 9.8 3
Time effect Time effect
) o fa ns
Litter effect Litter effect
= i s ns ns ns

PinaoH, NaOH-EDTA-extractable inorganic P; PonaorH, NaOH-EDTA-extractable organic P; Piycy, HCl-extractable inorganic P; L, leaf litter-amended; NL, non-amended.
Significance levels according to two-way ANOVA, where not differently specified: ** p < 0.001; ™ p < 0.01; * p < 0.05; ns, non-significant; nm, not measurable. (1)

Significance value from a 1-way ANOVA.
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3180-P Mass Balance 33p |sotopic Dilution

P pool Treatment Proportion of the P pool mgkg=1day-1P Proportion of the P pool mg kg~1 day-1P
exchanged (1) exchanged exchanged (2) exchanged
Pineon NL 0.47 35 0.47 3.5
L 0.53 3.9 0.54 4.0
Pibc NL 0.51 0.5 0.29 0.8
L 0.22 0.3 0.31 0.9

L, leaf ltterramended; NL, non-amended. (1) proportion of the P pool exchanged = (5'80-P (target pool), — d70-P (target pool) y))/( 9’ O-Pres(t) —
5780-P (target pool) ), where 0 and t represent the day O and a time t (93 days), respectively, and 5780—Pres(f) is the oxygen isotopes ratio of the available P

at time t. (2) According to the equation of Fardeau et al. (1995) qg = Q (r(t) /R), where qt) Is the proportion of P exchanged in the target pool at time t, r is the
radioactivity in the target pool, R is the total radioactivity introduced, and Q is the mass of the labeled pool (in this case the available P).





