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ABSTRACT
Placement and acidification can improve phosphorus (P) availability from biowastes. However, little is known about how the place-
ment of acidified biowastes affects biotic and abiotic processes in the soil. Thus, we selected two biowastes: digestate solid fraction 
(DSF) and meat and bone meal (MBM). Both were applied in their untreated and acidified forms. We hypothesised that the acidifica-
tion would affect biotic and abiotic processes and, consequently, the P dynamics in the soil. All fertilisers were incubated for 12 days 
to evaluate abiotic and biotic processes in the placement zone and in the adjacent soil. Assessments included resin-extractable P (resin 
P) and microbial P contents and δ18O values at different distances from the placement zone. Microbial respiration was also measured. 
Acidification significantly increased P release for DSF and MBM. The soil resin P content of acidified biowastes was larger even at 
greater distances (10–12 mm). For untreated MBM, soil resin P was significantly larger than the negative control up to 4 mm from 
the placement zone (50–60 mg kg−1). For this treatment, microbial P was relatively increased even at greater distances (150 mg kg−1 
at 6–8 mm). Acidification suppressed microbial activity and resulted in lower respiration rates for both MBM and DSF. In addition 
to that, our results showed a significant correlation between 18O incorporation into microbial P and microbial respiration. Thus, the 
greater the microbial activity, the more P is biologically cycled in the microbial biomass. However, no correlation was found between 
respiration and 18O incorporation into resin P. These results may indicate an insufficient incubation time for microbes to release P into 
the soil and/or the co-occurrence of abiotic processes which are not exchanging oxygen between water and phosphate (e.g., desorp-
tion). We conclude that for untreated MBM, biotic processes may be the main driver of P movement in the soil. In the case of acidified 
biowaste, diffusion is the main process moving the P in the soil. This research shows that acidifying biowastes like DSF and MBM 
boosts P availability through abiotic processes. These findings suggest that acidification can enhance nutrient use efficiency and 
improve soil fertility. However, further studies are needed to assess the long-term effects on microbial communities and soil health.

1   |   Introduction

Mineral phosphorus (P) fertiliser prices have fluctuated consid-
erably in recent years (Baffes and Koh 2022; Ibendahl 2022). On 

the one hand, the European Union is highly dependent on the 
imports of these materials. On the other hand, large amounts 
of P-biowastes are generated in this region (Salas et al.  2024). 
Efficient recycling of P from organic materials—such as animal 
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manures, meat and bone meal, and sewage sludge—has the po-
tential to meet most of the European Union's annual P demand, 
estimated at approximately 3300 Gg P (van Dijk et  al.  2016). 
These organic sources and animal-derived biowastes could col-
lectively contribute up to 2950 Gg P per year. Therefore, animal-
derived biowastes, such as meat and bone meal and digestates, 
may be able to replace mineral P fertilisers in agriculture and 
reduce the European Union's dependence on mineral P fertiliser 
imports (Recena et al. 2022).

Meat and bone meal is a biowaste composed of dried and 
ground bones, blood, and residual meats from slaughterhouses 
(Christiansen et  al.  2020). It has large carbon (C) (~40%) and 
nitrogen (N) (~10%) contents, which are mainly derived from 
organic compounds in the meat and blood (Kivelä et al. 2015), 
while its P is mainly derived from the bones (Jeng et al. 2007) in 
the form of hydroxyapatite (Hernandez-Mora et al. 2024).

Another example of a relevant animal-derived biowaste is the 
digestate solid fraction. The solid–liquid separation of animal 
slurry, manure, and digestate is a simple technology that facil-
itates the recovery of most N and dissolved organic matter in 
the liquid fraction, while P and more stable forms of organic 
matter remain in the solid fraction (Tambone et al. 2017; Chuda 
et al. 2021). As a result, this approach allows for more efficient 
management of digestate nutrients, as the solid fraction con-
tains high P content, mainly formed by Ca- and Mg-bound P and 
struvite precipitated in the anaerobic digestion reactor (Möller 
and Müller 2012; Bruun et al. 2017).

In both meat and bone meal and the solid fraction of digestate, 
P is poorly soluble in water (Christiansen et al. 2020; Regueiro 
et al. 2020; Sica, Kopp, Müller-Stöver, et al. 2023). Consequently, 
both biowastes have a lesser P fertiliser value compared to 
mineral fertilisers. As an alternative to increasing their P fer-
tiliser value, Sica, Kopp, Müller-Stöver, et  al.  (2023) identified 
acidification with sulphuric acid among different treatments as 
the most promising method for increasing the P solubility and 
availability of meat and bone meal and digestate solid fraction 
when placed in the soil (Sica, Kopp, Müller-Stöver, et al. 2023; 
Sica, Kopp, Magid, et al. 2023; Sica and Magid 2024). Thus, the 
acidification of biowastes may be an approach to increase their 
fertiliser value and formulate P-efficient biobased fertilisers.

However, little is known regarding the effects of acidification 
on physical, chemical, and biological interactions between the 
soil and the applied fertiliser within the placement zone and 
its adjacent soil. Studies to elucidate these interactions are 

essential to uncover the mechanisms responsible for affecting 
P availability to crops and assess the potential effects on plant 
growth (Meyer et al. 2020, 2021, 2023; Sica, Kopp, Müller-Stöver, 
et al. 2023). The placement of biowastes will create a nutrient-
rich patch in the placement zone that may expand through the 
soil, releasing N, P, and C, which may favour microbial growth 
and intensify chemical and physical processes in this “hot-spot” 
(Pedersen et al. 2020; Baral et al. 2021; Sica, Kopp, Müller-Stöver, 
et al. 2023). Thus, while diffusion is the primary driver of abi-
otic P transport in soils, P immobilisation and microbial growth 
can also affect transport through the soil via fungal highways 
(Ruess and Ferris 2004).

For instance, Sica, Kopp, Müller-Stöver, et al. (2023) observed a 
considerable microbial growth in the placement zone and sur-
rounding soil of meat and bone meal. The authors suggested 
that microbes grow from the placement zone, taking up nutri-
ents from the meat and bone meal, including P, and transporting 
them through the soil. However, it is difficult to (i) distinguish 
the effects of physical processes (diffusion) from biological pro-
cesses on the transport of P from the placement zone through the 
soil, and (ii) determine whether the P is transported away from 
the fertiliser by the movement of the microbes or whether there 
is a sequence of processes: uptake, intracellular cycling, release, 
diffusion, cycle starts again. For that, analyses of microbial P at 
different distances from the fertiliser placement zone (fertiliser 
layer) and the determination of the oxygen isotope composition 
of soil resin and microbial P pools (δ18O-P) after labelling the 
soil solution with 18O-enriched water are tools to assess biotic P 
turnover in soil (Tamburini et al. 2012).

The δ18O-P value refers to the ratio of stable oxygen isotopes 
(16O and 18O), in phosphate (PO4

3−) in a sample, compared to the 
Vienna Standard Mean Ocean Water (VSMOW) standard (Blake 
et al. 2005). The δ18O-P value undergoes changes due to biologi-
cal processes incorporating oxygen from water, while negligible 
fractionation occurs due to abiotic processes (e.g., sorption and 
desorption from solid particles) at ambient temperatures com-
pared to biotic processes (Blake et al. 2005). In the placement 
zone of fertilisers in soils, two main effects related to microbial 
P cycling are expected to occur: (i) The pyrophosphatase-driven 
isotopic equilibrium between oxygen in water and phosphate. 
In soils, δ18O-P values are typically found in equilibrium with 
soil water. This equilibrium is driven by the intracellular en-
zyme pyrophosphatase. This enzyme catalyses the hydrolysis 
of pyrophosphates, commonly formed during cell metabolic 
processes, into two separate phosphates, requiring the acqui-
sition of an oxygen atom from the surrounding water. As this 
process is rapid and continuous, it eventually exchanges all ox-
ygen atoms in the phosphate with those from the surrounding 
water, resulting in isotopic equilibrium (Chang and Blake 2015). 
(ii) The release of 18O-depleted phosphate deriving from the ac-
tivity of extracellular phosphatase as a strategy to solubilise and 
acquire inorganic phosphate (von Sperber et al. 2014). Oxygen 
isotopes can be used to trace both processes, making them a 
valuable tool for discerning the role of microorganisms in soil 
P cycling (Frossard et al. 2011; Tamburini et al. 2012; Pistocchi 
et al. 2020; Siegenthaler et al. 2020).

Based on this background, this study aimed to elucidate the ef-
fects of both biotic and abiotic processes on P dynamics within 

Summary

•	 Acidification inhibited microbial activity and affected 
C, N, and P dynamics in the soil.

•	 Acidification increased P released from the fertiliser 
and diffusion through the soil.

•	 For untreated meat and bone meal, microbial growth 
transported P through the soil.

•	 18O incorporation into the microbial P was signifi-
cantly correlated with microbial respiration.
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the placement zone and surrounding soil of untreated and acid-
ified biowastes. We hypothesised that:

1.	 Fertliser composition and acidification pre-treatment will 
affect biotic and abiotic processes in the placement zone 
and surrounding soil.

2.	 For untreated biowastes, P movement from the placement 
zone through the soil is primarily driven by biotic pro-
cesses (as indicated by intracellular isotopic equilibration 
of oxygen between water and phosphate and by released of 
phosphate by hydrolytic enzymes), with microbial growth 
serving as the principal transport mechanism.

3.	 The placement of acidified biowastes will increase the 
soluble P applied and lower the soil pH surrounding the 
placement zone to levels that inhibit microbial activity. 
As a result, the movement of P from the placement zone 
through the soil will be primarily driven by abiotic pro-
cesses, with diffusion as the main transport mechanism.

To test these hypotheses, this study consisted of incubation ex-
periments combining analyses such as P release from fertiliser 
to soil, P diffusion through abiotic processes (measured with 
resin-P) and biotic processes (measured with microbial-P) and 
pH at different distances, up to 12 mm from the placement zone, 
as well as microbial respiration. In addition, 18O-enriched water 
was used to evaluate the changes in resin and microbial δ18O-P 
values after 12 days of incubation.

Understanding the interactions between acidified biowastes 
and soil processes has practical implications for both agriculture 
and environmental management. By enhancing P availability 
and minimising microbial P immobilisation, this knowledge 
can improve nutrient use efficiency, reduce the need for syn-
thetic fertilisers, and promote more sustainable agricultural 
practices. In addition, optimising the use of animal-derived 
biowastes as fertilisers can help to mitigate biowaste disposal 
issues, potentially reduce the associated environmental pollu-
tion, and promote circular resource management, contributing 
to more sustainable agricultural systems. However, it is worth 
noting that further studies may be needed to investigate the 
long-term effect of acidification on soil fertility, P dynamics, 
and soil health.

2   |   Materials and Methods

2.1   |   Fertilisers and Soil

In this study, two biowastes—digestate solid fraction and meat 
and bone meal—were selected and applied in two forms: un-
treated and acidified, to evaluate the effects of acidification on 
soil P dynamics. Hereafter, untreated and acidified biowastes 
are also denominated as ‘fertilisers’. Triple super phosphate 
(hereafter ‘TSP’) was selected as a control mineral because it 
is a typical commercial mineral P fertiliser used in agriculture 
due to its high P content, solubility, and availability. A nega-
tive control, with no fertiliser application, was also included. 
This treatment was used as a reference and baseline to evaluate 
the effects of the treatments on the soil parameters analysed in 
this study.

The mineral fertiliser (TSP) was purchased in granular form, 
ground, and sieved (< 2 mm) before being applied in each ex-
periment. It had 20.8% of total P, of which 80% was soluble in 
water. The digestate solid fraction (hereafter ‘DSF’) was col-
lected from Maabjerg Energy Center, Holstebro, Denmark. 
This plant uses as substrate about 70% cattle manure, 20% pig 
slurry, 8%–9% chicken manure, and 1%–2% food waste (see Liu 
et al.  (2019)). The meat and bone meal (hereafter ‘MBM’) was 
sourced from the Daka SecAnim plant, Hedensted, Denmark, 
predominantly being composed of bones and meat residues from 
slaughterhouses.

The total C, N, sulphur (S), and P (mg g−1), the resin-P (anion 
exchange resin), organic P (% of the total P), and δ18O-P (in the 
‰ notation) of both untreated and acidified biowastes and the 
soil used in this study (T0) are shown in Table 1 (more details 
in Table S1).

Sulphuric acid and the concentration used in this study were 
chosen based on the results of Sica, Kopp, Magid, et al. (2023) 
and Sica, Kopp, Müller-Stöver, et  al.  (2023), who showed that 
these were the more efficient treatment and concentration for 
increasing the solubility and availability of P in MBM and DSF. 
Acidification of both MBM and DSF followed the procedure by 
Sica, Kopp, Müller-Stöver, et al.  (2023) and Kopp et al.  (2023). 
Briefly, 1.5 M sulphuric acid was homogeneously mixed with 
untreated MBM (one part of acid to two parts MBM by weight) 
and DSF (1:1 ratio by volume to weight). This application corre-
sponds to 75 and 150 g of sulphuric acid per kg of dried material 
for MBM and DSF, respectively. After acid treatment, the acid-
ified biowastes were oven-dried at 65°C for 48 h and stored in 
sealed containers at room temperature.

In this study, we chose a nutrient-poor soil (a sandy loam, 
Luvisol, FAO), sampled from the negative control plot of the 
long-term CRUCIAL trial from the university of Copenhagen 
(for more details, see López-Rayo et  al.  2016 and Lemming 
et al. 2019). This plot has not been fertilised since 2003 and was 
primarily used for cultivating spring cereals.

After sampling, the soil was air-dried and sieved through a 
4-mm mesh. Prior to each incubation, the soil was brought to a 
moisture level of 45% of its water holding capacity (30 g 100 g−1) 
and pre-incubated at 15°C for 2 weeks to reactivate the microbial 
community (Oehl et al. 2004). The pre-incubated soil is hereaf-
ter called ‘T0’, representing the soil just before the beginning of 
each incubation. The soil composition at time zero (T0) is pre-
sented in Table 1.

2.2   |   Experimental Setup

In the experimental setup, incubations were performed in a sys-
tem similar to the methodology described by Sica, Kopp, Müller-
Stöver, et al. (2023). This setup consists of a 2-mm fertiliser layer 
that is incubated between two soil columns. The 2-mm fertiliser 
layer was chosen on the basis of preliminary studies carried out 
by Sica, Kopp, Müller-Stöver, et al. (2023), with the aim of allow-
ing an appropriate amount of biowaste to be used in this study 
and ensuring full contact between the fertiliser layer and the soil 
interface on both sides. This system is designed to evaluate soil 
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P movement perpendicular to the fertiliser layer (in one dimen-
sion), which allows the sampling and analysis of soil layers at 
different distances from the fertiliser layer. Each experimental 
unit (soil column) consisted of two PVC discs: the first PVC disc 
(60 mm diameter × 18 mm height, total volume: 50.9 cm3) filled 
with soil at 60% of its water-holding capacity (WHC), packed to 
a bulk density of 1.3 g cm−3 (66 g of dried soil). The second disc 
was also filled with soil up to 16 mm (45.2 cm3, 58.8 g of dried 
soil). The 2-mm fertiliser layer was placed on top of the second 
disc and a 45 μm nylon mesh was used to prevent direct contact 
between the fertiliser placement layer and the soil (Figure 1a).

The total amount of fertiliser applied was calculated based on 
the total P content with the goal of achieving 100 mg of total 
P per experimental unit. The amount of C, N, and S applied is 
represented in Table 1. The soil discs were kept together with 
tape (Figure 1a,c). The columns were incubated in the vertical 
position inside sealed jars and glasses together with a 20 mL 
container filled with water (Figure 1b) in an incubator at 15°C. 
This temperature represents the average temperature during the 
Danish summer and is commonly used in studies to mimic these 
environmental conditions. For the negative control, the same 
procedure was followed, but no fertiliser was applied between 
the soil discs. For the analyses of the negative control, the soil 
was homogenised after incubation, and a subsample was col-
lected from each experimental unit.

After 12 days of incubation, the soil discs were separated and in-
serted into a specially designed slicing piston that moves the soil 
column 1 mm upward with each 360° rotation (Figure 1c). For this 
study, the soil was sliced into 2 mm layers. For each experimen-
tal unit, at each distance from the fertiliser, two layers were ob-
tained from the discs. These layers were thoroughly mixed with 

their corresponding layers from the other disc before conducting 
the analyses. The same experimental procedure was repeated 
four times, aiming to provide enough material for all analyses. 

TABLE 1    |    Soil, biogas digestate solid fraction (DSF) and meat and bone meal (MBM) untreated and acidified, respectively, and triple 
superphosphate (TSP) sulphur (S), carbon (C), nitrogen (N), and phosphorus (P) contents, the amount applied in each incubation, and the variation 
in the soil after 12 days of incubation. This table also provides the biowastes resin P (in % of total P), δ18O-P, and pH before and after acidification.

S C N P δ18O Resin-P Organic-P

pHmg g−1 ‰ % of the total P

Soil and fertilisers' composition

Soil T0 0.21 13 16 0.51 14.6 0.8 25 6.6

TSP — — — 208 21.7 73 0 —

DSF Untreated 9.1 340 26.5 34.0 15.7 14 13.6 9.1

Acidified 112 271 20.6 28.7 15.7 59 9.7 1.6

MBM Untreated 4.9 428 98.4 34.2 12.1 2.3 12.6 5.8

Acidified 41.7 401 90.3 28.6 12.1 82 9.3 3.9

Total amount applied (mg)

TSP — — — 100 — 73 0 —

DSF Untreated 4.3 1000 78 100 — 14 13.6 —

Acidified 329 944 72 100 — 59 9.7 —

MBM Untreated 17.1 1251 288 100 — 2.3 12.6 —

Acidified 122 1402 316 100 — 82 9.3 —

Note: Total S and P determined by ICP-OES (Agilent 5100) and C and N by an elemental analyser (Vario macro cube, Elementar Analysensysteme GmbH, Germany).

FIGURE 1    |    Overview of the experimental setup (a), demonstrating 
the fertiliser layer incubated between two soil discs, with the P moving 
from the fertiliser layer through the soil discs (b), and the soil slicing of 
2 mm soil layers to assess P movement through the soil (adapted from 
Sica et al. 2023).
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All incubation experiments were conducted under the same con-
trolled conditions and treatments. An overview of the experimen-
tal setup can be seen in Figure 1 and Table 2.

2.3   |   δ18O In Phosphates of Soils and Fertilisers 
(Incubation 1)

After the pre-incubation, 18O enriched water [δ18O = +70‰] 
(Sercon Limited, Crewe, UK) was applied to increase the soil 
moisture from 45% to 60% of its WHC. The soil at time zero (T0) 
had a water δ18O value of −10‰, while for the incubated soils, 
the water δ18O value was increased to +10.3‰. The expected 
isotopic equilibrium of oxygen in phosphate with soil water at 
T0 was +13.6‰, and + 30.9‰ for the soils with labelled water. 
The expected isotopic equilibrium values were calculated ac-
cording to the following equation (Chang and Blake 2015):

where Pws is the expected δ18O value at equilibrium with soil 
water  (in  ‰), T is the incubation temperature (in Kelvin), 
and δ18Osoilwater is the soil water δ18O value (in ‰). More in-
formation about  Equation  (1) can be found in Chang and 
Blake (2015).

Extraction for resin-P followed a 1:10 ratio (wv−1) and for 
resin+hexanol-P, the 1:10 ratio consisted of 9 mL of water and 
1 mL of hexanol for each gram of dried soil. The samples were 
shaken in a horizontal shaker for 16 h in a cold room at 4°C. The 
amounts of fertiliser and soil extracted were adjusted based on pre-
liminary tests to ensure a minimum of 930 μg of P per replicate. 
After extraction, anion exchange resins were eluted for 2 h in a 
0.1 M NaCl + 0.1 M HCl using an end-over-end shaker. The ortho-
phosphate in solution was determined by a flow injection analyser 
(FIAstar 5000, Foss Analytical, Denmark), using the ammonium 
molybdate blue method, measured at 720 nm.

The δ18O-P was determined for: (i) resin-P of the five fer-
tilisers; (ii) resin-P and resin–hexanol P of the soil at T0, neg-
ative control, and fertilised soils at 0–2 and 4–6 mm from the 
fertiliser layer (Table 2).

The extracts were filtered sequentially through a glass fibre 
membrane and a 0.45 μm cellulose membrane, using a vacuum 
pump. The filtered samples were mixed with DAX resin, shaken 
for 2 h and filtered again with a glass fibre membrane to remove 
organic matter. For the meat and bone meal extracts, the DAX 
resin steps were repeated twice. The DAX resin was conditioned 
by shaking with methanol for 16 h and rinsed at least three 
times with milli-Q water before use. Based on the P contents 
(Table S2), an aliquot of each experimental unit was taken, the 
volume was determined aiming to an amount of 620 μg of P. If 
needed, the samples were concentrated to a volume < 10 mL in a 
water bath at 65°C. The protocol used to purify to obtain Ag3PO4 
from the extracted phosphates from soils and the fertilisers for 
isotope analysis is described by Rieckmann et  al.  (2024). The 
Ag3PO4 samples were vacuum-roasted before analysis to remove 
intracrystalline water and co-precipitated O-bearing contami-
nants (Rieckmann et al. 2024).

Stable oxygen isotopes of Ag3PO4 were measured on TC/EA 
PYRO Cube (Elementar, Hanau, Germany) coupled in con-
tinuous flow to an Isoprime100 isotope ratio mass spectrom-
eter (IRMS)—(Isoprime100, Elementar, Manchester, UK). 
Samples of 0.3–0.32 mg Ag3PO4 were packed into high-purity 
silver capsules and introduced into a 60°C heated autosampler 
(Elementar, Hanau, Germany) and the pyrolysis tube was set 
at 1450°C. Samples of in-house Ag3PO4 were used to correct 
for linearity and drift. Measured δ18O values were checked 
against certified reference material IAEA-601 (Benzoic acid, 
IAEA-International Atomic Energy Agency, Vienna, Austria), 
a reference Ag3PO4 purchased from Elemental Analytics 
(B2207, UK), and the in-house Ag3PO4 standard. Delta values 
are reported with respect to VSMOW and presented in ‰ no-
tation. The analytical error of replicate analyses of standards 
was better than ±0.3‰.

The δ18O composition of the phosphate in the microbial-P 
was calculated with a mass balance, according to Tamburini 
et al. (2012), in Equation (2) below:

where δ18OPmic is the microbial P δ18O (‰), δ18O-Phex and δ18O-
Presin are the isotopic values of resin-P + hexanol and resin-P 
δ18O (‰), respectively, and Phex and Presin are the resin-P plus 

(1)Pws= e

[(

14.43

T

)

−

(

26.54

1000

)]

×
(

δ18Osoilwater+1000
)

−1000

(2)δ18OPmic=

(

δ18O−Phex×Phex
)

−
(

δ18O−Presin×Presin
)

(

Phex−Presin
)

TABLE 2    |    Overview of the analyses performed in each incubation 
conducted in this study. All incubations were performed under the same 
conditions with the same treatments.

Incubation 1

Soil slices 0–2 and 4–6 mm from the fertiliser layer

Analyses Resin-P, Microbial-P and δ18O

Extraction ratio 1:10

Incubation 2

Figures/Tables Figure 2 and Table S2

Soil slices 0–2 and 4–6 mm from the fertiliser layer

Analyses Hedley (1:60) and Inorganic N (1:5)

Table Table S3

Incubation 3

Soil slices 0–2, 2–4, 4–6, 6–8, 8–10, 10–12 mm 
from the fertiliser layer

Analyses Resin-P, Microbial-P (1:10) and pH

Figures Figures 5, 6, and 7

Incubation 4

Soil Bulk soil: both discs homogenised

Analyses Respiration, ICP-OES and 
elemental analyser: P, S, C, and 
N; P release and mass balance

Tables Table 3 and Figure 4
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hexanol and the resin-P concentrations in the extracts, respec-
tively. More information about Equation  (2) can be found in 
Tamburini et al. (2012).

The incorporation of 18O into the phosphate from resin-P 
and microbial-P pools was calculated according to Liang and 
Blake (2006), using the following equation:

This calculation was made based on the differences in the 
soil resin-P and microbial-P δ18O at the end and start of the 
experiment (δ18O-Pt1—δ18O-Pt0), divided by the difference 
between soil water δ18O at the end and start of the experi-
ment (δ18Osoilwatert1—δ18Osoilwatert0), where the δ18Osoilwatert1 
and δ18Osoilwatert0 were +10.3‰ and −10‰, respectively. More 
information about Equation  (3) can be found in Liang and 
Blake (2006).

2.3.1   |   Isotopic Source Proportional Contributions

The source proportional contribution for resin-P and microbi-
al-P at T1 was calculated using stable isotope mixing models. 
For microbial-P, two isotopic sources were assumed: soil micro-
bial-P at T0 and intracellular phosphate at isotopic equilibrium 
with water, as driven by pyrophosphatase (δ18OEqwatersoil). Their 
proportional contribution was calculated using the following 
equation:

where δ18O-Pmic is the δ18O of the soil microbial-P for a certain 
treatment (in ‰ notation), δ18OsoilmicPT0 is the soil microbial-P 
δ18O at the beginning of the experiment (+8.6‰), and the δ18O-
Eqwatersoil is the expected isotopic equilibrium of oxygen in phos-
phate with soil water (+30.9‰; Equation  1). The proportional 
contribution of soil microbial-P and δ18OEqwatersoil are repre-
sented by x and y, respectively (x + y = 100).

For soil resin-P, three isotopic sources were assumed: fertiliser, 
δ18O-Eq, and soil resin-P at T0. The software IsoSource 1.3 was 
used to perform the isotope mixing model and determine the 
range of proportional contributions for each of the three sources, 
according to the model represented in the following equation:

where δ18O-Presin is the δ18O of the soil resin-P for a certain treat-
ment (in ‰ notation), δ18OsoilresinPT0 is the soil resin-P δ18O at T0 
(+14.6‰), the δ18Ofertiliser is the δ18O of the fertiliser applied to 
the specific treatment, and the δ18OEqwatersoil is the expected iso-
topic equilibrium of oxygen in phosphate with soil water, δ18O-
Eqwatersoil (+30.9‰, Equation 1). The proportional contributions 
of soil resin-P, the fertiliser, and δ18OEqwatersoil are represented 
by x, y, and z, respectively (x + y + z = 100).

For the acidified DSF, the soil resin-P δ18O was lower than the 
δ18O of the three sources assumed, and the soil pH dropped 
to ~4; therefore, we assumed that it may have dissolved or ex-
changed P with the HCl-P pool. Thus, we assumed the HCl-P 
pool as a fourth source, with the δ18O for the soil used in this 
study being previously determined as +10.8‰.

2.4   |   Sequential Extractions (Incubation 2)

The sequential extractions, adapted from Hedley et  al.  (1982) 
were performed in triplicates on soil slices of 0–2 and 4–6 mm 
from the fertiliser layer (Table 2). This methodology helps assess 
the potential impact of treatments on soil P availability and re-
sponses at different distances from the fertiliser layer. Shortly, 
an equivalent of 0.5 g of dried soil was added to a 50 mL cen-
trifuge tube and was sequentially extracted with: (1) anion ex-
change resin; (2) 0.5 M NaHCO3; (3) 0.1 M NaOH; and (4) HCl. 
For each step, the extraction was performed in a 1:60 ratio by 
shaking for 16 h in an end-over-end shaker. For the first step, the 
anion exchange resins were carefully removed from the tubes, 
rinsed with Milli-Q water, and eluted in 0.1 M HCl by shaking 
in an end-over-end shaker for 2 h. After that, the falcon tubes 
were centrifuged at 7000 rpm for 10 min, and the supernatant 
was discarded. For steps 2, 3, and 4, samples were centrifuged at 
7000 rpm for 10 min and filtered through Whatman filter papers 
(number 5). The ortho-phosphate in solution was determined 
by a flow injection analyser (FIAstar 5000, Foss Analytical, 
Denmark), using the ammonium molybdate blue method, mea-
sured at 720 nm.

The total P of the resin-P, NaHCO3-P, and NaOH-P pools was 
determined by digesting the extracts with 2.5 M H2SO4 and po-
tassium persulphate in Pyrex tubes at 110°C for 60 min. After 
that, the tubes were removed, cooled down, and 10% NaOH 
solution was added to each tube, and total P, as orthophosphate, 
was measured as described above. Organic P was determined as 
the difference between total P and inorganic P. This method was 
adapted from Ebina et al. (1983).

2.5   |   P Movement in the Soil—pH, Resin, 
and Microbial P (Incubation 3)

Soils were sliced at 0–2, 2–4, 4–6, 6–8, 8–10, and 10–12 mm from 
the fertiliser layer. For each distance, resin-P, microbial-P, and 
pH were determined (Table 2). Resin-P is considered a proxy for 
abiotic P movement in the soil, while microbial-P is a proxy for P 
movement via microbial pathways. The pH is relevant to demon-
strate the effects of the placement of untreated and acidified bio-
waste on chemical processes in the soil, and it will also affect P 
solubility. For the pH, the soil was shaken with Milli-Q water at 
a 1:5 ratio in falcon tubes for 1 h. For resin-P and microbial-P, 
each sample was split into two subsamples equivalent to 3 g of 
dried soil. The subsamples were extracted as follows: (1) resin-P: 
1:10 ratio, with one anion exchange membrane added for each 
gram of dried soil; (2) resin + hexanol: 1:10 ratio, with one anion 
exchange membrane added for each gram of soil, and 27 mL of 
Milli-Q water plus 3 mL of hexanol. Microbial-P was determined 
as the difference between the Phex and Presin subsamples and by 

(3)

Incorporation of18O (%) =
100 ×

(

δ18O − Pt1 − δ18O − Pt0
)

(

δ18Osoilwatert1 − δ18Osoilwatert0
)

(4)100×δ18O−Pmic=
(

x×δ18OsoilmicPt0

)

+
(

y×δ18OEqwatersoil
)

(5)

100×δ18O−Presin

=
(

x×δ18O−PsoilresinPt0
)

+
(

y×δ18Ofertiliser

)

+
(

z×δ18O−Eqwatersoil
)
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the soil P sorption correction factor (Bünemann et al. 2016), ac-
cording to the following equation:

where Pmic is in mg kg soil−1, the Phex and Presin were determined 
in mg kg soil−1, as previously described, and the P sorption 
capacity of the soil was used as a correction factor (in %) and 
was determined by applying P spiking solutions in a third in-
dependent resin extraction and calculated as the difference be-
tween the measured value and the spike (NSW 1995; Sica, Kopp, 
Müller-Stöver, et al. 2023).

The 3-parameter exponential decay equation (Equation  7) is 
used to model water-extractable P diffusion in the soil (Hao 
et al. 2002). In this study, it was adapted, and this equation was 
used to fit the curves for the resin-P and microbial-P movement 
in the soil, as represented in Equation (7):

where y is the resin-P or microbial-P concentration at a certain 
distance from the biowaste layer (mg kg soil−1); x is the distance 
from the biomaterial layer (mm); y0 is the soil background (mg kg 
soil−1); a and b are obtained by fitting the data in Equation (7), 
with b representing the slope of the curve.

2.6   |   Total P, S, C, and N in the Soil (Incubation 4)

The C and N contents were determined by an elemental anal-
yser (Vario macro cube, Elementar Analysensysteme GmbH, 
Germany). The P and S contents were determined by ICP-OES 
(Agilent 5100) after microwave digestion with HNO3, H2O2, 
and HF.

The total P released from the fertiliser to the soil was calculated 
according to Equation (8):

which represents the difference in the total P in the soil before and 
after incubation in mg, divided by the total P applied (100 mg).

The apparent recovery determined the percentage of the total 
P applied that was recovered in the different P pools from the 
Hedley sequential extraction in the bulk soil and the microbial-P 
in the first 12 mm of soil from the placement zone and was calcu-
lated as in the following equation:

where the total amount of P in the P pools of the bulk soil and 
microbial-P at the 0–12 mm from the fertiliser layer (in mg) and 
the negative control (Neg.) respective values are divided by the 
total amount of P applied (100 mg).

2.7   |   Soil Respiration

The soil respiration was measured by adding 10 mL of 1 M NaOH 
to a plastic container placed inside a sealed jars containing its re-
spective experimental unit. The NaOH samples were collected at 
6 and 12 days of incubation. Barium chloride and phenolphthalein 
were added to the NaOH solution. After that, the NaOH solution 
was titrated with 1 M HCl, and respired CO2 (mg per kg of soil) was 
calculated following Alef (1995). Linear regressions and Pearson 
correlations were performed to assess the correlation between the 
microbial respiration and the 18O incorporation from water into 
the resin-P and microbial-P. Since the soil was sieved and there 
was no presence of mesofauna or plant roots, the CO2 released 
during the incubations can be considered as coming mainly or 
exclusively from soil respiration and, therefore, derived from mi-
crobial activity.

2.8   |   Statistics

The statistical analyses were performed on IBM SPSS Statistics 
27.0, conducting one-way ANOVA. Data homogeneity of 

(6)Pmic =

(

Phex − Presin
)

P sorption correction factor

(7)y = a × e−bx + y0

(8)

P released (%)=100

×
(Total amount of P after incubation−Total amount of P t0)

Total amount of P applied

(9)

Apparent recovery (%)=100

×
(Total amount of microbial or resin−P at 0−12 mm− total amount P neg. )

total amount of P applied
.

FIGURE 2    |    δ18OResin-P and δ18OMicrobial-P values of the soil at different 
distances (0–2 and 4–6 mm) from the fertiliser layer after 12 days of in-
cubation. Dashed lines represent the fertiliser δ18OResin-P s before being 
applied to the soil and solid (dark green) lines represent the expected δ18O 
value of phosphate in equilibrium with soil water (n = 3). TSP: Triple super 
phosphate; Time 0: Soil before incubation; Negative control: Soil incubat-
ed for 12 days with no fertiliser applied. 0 indicate a significant different 
to Time zero, N to the negative control (Dunnet's test, < 0.05). Different 
letters indicate a significant different between distances (T test, < 0.05).
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variance was validated through Levene's test, and normal 
distribution was verified via the Kolmogorov–Smirnov test. 
Differences in P movement and soil pH (Figures 3 and 4) were 
evaluated using Tukey's HSD test (p < 0.05). For parameters 
involving two distances (0–2 vs. 4–6 mm) or acidification ef-
fects (untreated vs. acidified), a t test was applied (< 0.05). The 
TSP treatment was used as a reference, and the biowastes were 
not statistically compared to it. Specific parameter-related sta-
tistical descriptions were included in the captions of respective 
graphs and figures. Graphs were generated using SigmaPlot 
version 14.0.

3   |   Results

3.1   |   δ18O In Phosphate

After the pre-incubation period, at T0, the soil resin δ18O-P value 
closely matched the calculated equilibrium value of +13.6‰. 
However, following a 12-day incubation with 18O enriched 
water, none of the treatments showed a δ18O-P values approach-
ing the equilibrium value of +33.6‰. Notably, in the negative 
control, both the resin-P and microbial-P δ18O decreased during 
incubation (from +14.6 at T0 to +13.6‰ and from +8.6 to +7.0‰, 
respectively); however, no significant difference was observed 
in comparison to their respective δ18O-P values at T0. For the 
TSP, the soil resin δ18O-P values at 0–2 and 4–6 mm from the 
fertiliser layer significantly increased compared to the resin-P 
at T0 and the negative control, reaching a similar value to the 
TSP resin-P δ18O value of +21.7‰. The microbial δ18O-P value 
at 4–6 mm was +9.0‰, significantly greater than the negative 
control (Figure 2).

For the DSF-untreated, the resin-P (+14.7‰) and microbial-P 
(+10.1‰) δ18O-P values were significantly greater than the neg-
ative control at 0–2 mm from the fertiliser layer. The microbial 
δ18O-P value was significantly less at 4–6 mm (+8.0‰) from the 
fertiliser layer compared to the 0–2 mm soil. For DSF-acidified, 
the resin δ18O-P value at 0–2 mm (+13.6‰) was significantly 
greater than at 4–6 mm. At both distances, the resin δ18O-P 
value was less than the fertiliser resin δ18O-P value (+16‰). The 
resin δ18O-P value at 4–6 mm (+12.3‰) was significantly less 

than the T0 and the negative control, whereas the microbial-P 
at 4–6 mm (+9.4‰) was significantly greater than the negative 
control microbial δ18O-P value (Figure 2).

TABLE 3    |    Microbial respiration at 0–6, 6–12 days of incubation (also total), total C, N, P, and S contents released from the fertiliser to the soil, soil 
and fertiliser layer pH, and soil resin-P after 12 days of incubation.

Respiration 
(mg CO2 

kg soil −1)

Content (mg kg soil−1) Inorganic N (mg kg soil −1)

Total N Total C Total S N–NO3
− N–NO4

+

Neg. 4.73 ± 0.5 1600 ± 10 13,466 ± 144 210 ± 26 — — — —

TSP 20 ± 2.5N 1689 ± 95 13,500 ± 45 243 ± 10 11.1 ± 0.2 17.7 ± 0.5

DSF Untreated 34.3a ± 0.5N 1700 ± 47 13,833 ± 593 275b ± 9 11.2 ± 1.4 5.3 ± 0.4 3.4 ± 0.1 3.1 ± 0.1

Acidified 5.91b ± 1.0 1766 ± 55 12,700 ± 492 1071a ± 23N 39 ± 3.2 18 ± 1.9 3.4 ± 0.1 2.7 ± 0.1

MBM Untreated 500a ± 14 N 2299 ± 38 N 15,233 ± 144 N 289b ± 23 436 ± 8 454 ± 9.9 21.6 ± 2 15.9 ± 2

Acidified 357b ± 5N 2467 ± 98N 15,566 ± 733 N 585a ± 39N 469 ± 9 498 ± 3 15.3 ± 0.2 17.2 ± 2.1

Note: Different letters indicate a significant difference between untreated and acidified biowastes (T test < 0.05); NA significant difference to the negative control; 0A 
significant difference to T0. ± after the averages indicate the standard errors (n = 3).
Abbreviations: DSF: digestate solid fraction; MBM: meat and bone meal; Neg.: negative control with soil incubated for 12 days with no fertiliser applied; TSP: triple 
superphosphate.

FIGURE 3    |    Correlation between microbial respiration and 18O in-
corporation in the resin-P (top) and microbial-P (bottom) pools after 
12 days of incubation. DSF: digestate solid fraction; MBM: meat and 
bone meal; TSP: triple superphosphate. *Significant Pearson correlation 
for the microbial-P (p = 0.004).
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In the MBM-untreated treatment, the resin δ18O-P values at 
both distances were greater than the fertiliser resin-P (+12.5‰). 
At both distances, microbial δ18O-P values were close to the fer-
tiliser's phosphate δ18O and significantly greater than the T0 
and negative control microbial-P. The microbial-P at 0–2 mm 
(+13.1‰) was significantly greater compared to the 4–6 mm 
microbial δ18O-P (+12.3‰). For the MBM-acidified, the resin 
δ18O-P values at both distances were 14.3‰ and significantly 
greater than the negative control (Figure 2).

Therefore, this study found that after 12 days of incubation with 
18O-enriched water, none of the treatments reached the ex-
pected isotopic equilibrium value of +33.6‰ for δ18O-P. Despite 
this, treatments with TSP, DSF, and MBM showed significantly 
greater δ18O-P values than the negative control, particularly 
near the fertiliser layer. Acidified treatments generally exhibited 
greater resin-P δ18O values than untreated ones, though micro-
bial δ18O-P values varied across distances, with notable differ-
ences between treatments and the control. This suggests that 
both biotic and abiotic processes influenced P dynamics, with 
variations in P movement and microbial activity depending on 
fertiliser type and treatment.

3.2   |   Soil Respiration and 18O Incorporation

The DSF-acidified treatment was the only treatment that did 
not show a significant difference in cumulative microbial res-
piration after 12 days of incubation compared to the negative 
control and was significantly lower than DSF-untreated. The 
accumulated microbial respiration of MBM-untreated was 
the highest among treatments and significantly greater than 
MBM-acidified (Table  3). The microbial respiration showed 
a significant and positive correlation with the incorporation 
of soil water 18O into microbial biomass P (Pearson = 0.751; 
p < 0.04). However, the correlation between 18O incorporation 

into resin-P and respiration was not significant (p = 0.874) 
and tended to be negative (Pearson = −0.342) (Figure  3). In 
summary, the DSF-acidified treatment showed no significant 
difference in microbial respiration compared to the negative 
control, while MBM-untreated had the highest respiration, 
with a positive correlation between microbial respiration and 
18O incorporation into microbial biomass P, but not into resin-P.

3.3   |   Isotope Source Proportional Contribution to 
Soil Phosphate δ18O

After 12 days of incubation, for MBM-untreated, δ18OEqwatersoil 
contributed to 19.9% and 15.9% of the microbial-P δ18O value at 
0–2 and 4–6 mm, respectively (Table  S4). For soil resin-P, the 
fertiliser was the main source contributing to the TSP δ18O-P 
value at both distances. For DSF-untreated at 0–2 mm and 
MBM-acidified and MBM-untreated at both distances, both the 
fertiliser and the initial soil resin-P were the main sources con-
tributing to soil resin-P after incubation (T1). Whereas for DSF-
untreated (4–6 mm) and DSF-acidified (both distances) the soil 
HCl-P pool at T0 was likely to be the main source contributing 
to the δ18O-P value at the end of the incubation (Table S3). In 
summary, after 12 days of incubation, microbial δ18O-P value in 
MBM-untreated was mainly influenced by δ18OEqwatersoil, while 
soil resin-P for TSP was mainly derived from fertiliser, and for 
DSF-untreated and MBM-acidified, both fertiliser and initial 
soil resin-P contributed significantly to resin-P levels.

3.4   |   Phosphorus Distribution: Mass Balance 
and Pools

After 12 days of incubation, all treatments, including the neg-
ative control, exhibited a significant increase in the inorganic 
resin-P pool concentration compared to T0, notably TSP, 

FIGURE 4    |    Mass balance between P released from the fertiliser layer (total P applied 100 mg) and the soil pools (Hedley inorganic and organic, 
and microbial) where the released P was recovered. Only for TSP and acidified MBM was a considerable amount of P not recovered.
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DSF-acidified, and MBM-acidified. These same treatments 
showed substantial increases in the inorganic NaHCO3-P and 
NaOH-P pool concentrations at both distances, significantly 
higher than the negative control. For DSF-untreated and MBM-
untreated treatments, both pools were significantly larger than 
T0 but had no difference to the negative control. NaOH organic 
P significantly increased compared to T0 and showed no differ-
ence from the negative control for all treatments, except for TSP 
at 0–2 mm, which was notably less than the negative control but 
not different from T0. However, none of the treatments led to a 

significant increase in the HCl-P pool compared to the negative 
control (Table S4).

After 12 days of incubation, 91% of the total P applied with TSP 
was released to the soil, with 31.5% being recovered in the res-
in-P and 33.7% recovered in the NaHCO3-P and NaOH-P pools. 
For both biowastes, acidification increased the total P released 
to the soil and the apparent recovery in the soil resin-P. However, 
for the MBM, acidification reduced the P recovered from the mi-
crobial biomass (Figure 4).

In summary, after 12 days of incubation, TSP, DSF-acidified, 
and MBM-acidified treatments significantly increased res-
in-P, NaHCO3-P, and NaOH-P pools compared to T0 and the 
control, while acidification enhanced P release and recovery 
in the soil. However, MBM-acidified treatments reduced P re-
covery from microbial biomass, and no treatments increased 
the HCl-P pool.

3.5   |   P Movement in the Soil

Figure  5 shows the resin-P and microbial-P at different dis-
tances from the fertiliser layer, indicating the abiotic and biotic 
P movement in the soil after 12 days of incubation. Except for 
DSF-acidified, significant differences between distances were 
observed across all fertilisers, indicating a characteristic diffu-
sion pattern that fitted the three-parameter exponential decay 
curves. TSP, DSF-acidified, and MBM-acidified exhibited sub-
stantial resin-P concentrations at 0–2 mm (683, 387, and 292 mg 
P kg soil−1, respectively), with resin-P levels persisting even at 
the farthest distance (9–11 mm) (391, 296, and 33,292 mg P kg 
soil−1, respectively) (Figure 5).

In terms of microbial-P, high variability was evident among 
most fertilisers, with significant differences between distances 
only observed for MBM-untreated. The MBM-untreated treat-
ment, the only one fitting the three-parameter exponential 
decay model, displayed the largest content ranging from 337 to 
19 mg microbial-P kg soil−1 at 0–2 and 9–11 mm from the fer-
tiliser layer, respectively (Figure 5).

MBM-acidified and MBM-untreated treatments displayed 
microbial growth within the fertiliser layer, as well as at the 
soil–fertiliser interface. Remarkably, for the MBM-untreated 
treatment, microbial growth was observed across the entire disc 
(Figure 6).

In summary, TSP, DSF-acidified, and MBM-acidified showed 
significant resin-P diffusion, with large concentrations near 
the fertiliser layer and persistence at farther distances. MBM-
untreated had the greatest microbial-P content and exhibited 
microbial growth throughout the entire soil disc, unlike the 
other treatments.

3.6   |   Soil pH

Figure 7 shows the pH of the 2-mm soil layers at different dis-
tances from the placement zone after 12 days of incubation. 
The DSF-acidified considerably decreased the soil pH from the 

FIGURE 5    |    Soil resin-P (left) and microbial-P (right) concentrations 
in mg P kg dry soil−1 (y axis) at different distances (0–2, 2–4, 4–6, 6–8, 
8–10, and 10–12 mm) from the fertiliser layer (x axis) after 12 days of 
incubation. Solid lines represent the negative control resin-P and micro-
bial-P. Error bars indicate the standard errors (n = 3). Different letters 
indicate a significant difference between distances (Tukey HSD < 0.05). 
n.s. indicate that there were no significant differences between dis-
tances. The three-parameter exponential decay equation is represented 
above the curves to which it was fitted. The equation is not represented 
in the cases where the curve did not fit. DSF: digestate solid fraction; 
MBM: meat and bone meal; TSP: triple super phosphate.
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0–2 mm (3.45) to the 9–11 mm (4.54), compared to the initial soil 
pH (6.58), having a pH of 4.5 in the fertiliser layer after incuba-
tion. In contrast to it, the MBM-acidified and MBM-untreated 
showed an alkalinisation in the fertiliser layer (7.5 and 7.8, re-
spectively), and in its surrounding soil (Figure 7).

3.7   |   Nutrient Release to the Soil

The soil S content showed a significant increase only in the treat-
ments with acidified biowastes, indicating the effect of acidifica-
tion on S dynamics, as compared to the negative control, which 
showed no changes. In terms of total P content, the application 
of TSP and both acidified biowastes significantly increased soil 
P levels at all distances and the P release to the soil (Table 3). 

This increase highlights the potential of these treatments to im-
prove P availability in the soil.

Both MBM treatments also caused a substantial rise in total C 
and N contents in the soil when compared to the negative control, 
further emphasising the nutrient enrichment and increase in mi-
crobial activity provided by MBM. Additionally, these treatments 
showed elevated ammonium concentrations at both 0–2 and 
4–6 mm from the placement zone, indicating efficient N release 
from the biowaste. Despite this, the nitrate content remained 
consistently low for all treatments, with levels not exceeding 
21.6 mg kg soil−1 (Table 3), suggesting limited nitrification or slow 
nitrogen conversion processes during the incubation period. This 
balance between ammonium and nitrate could have implications 
for plant nitrogen uptake and soil fertility management.

FIGURE 6    |    Fertiliser layer with digestate solid fraction and meat and bone meal untreated and acidified, and soil columns of untreated biowaste 
after the incubation.
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4   |   Discussion

4.1   |   Chemical and Biological Changes in the Soil

4.1.1   |   P Release to the Soil

In this study, acidification significantly increased the release of 
P from the biomaterial layer to the soil for both MBM and DSF. 
These results are consistent with those of Sica, Kopp, Müller-
Stöver, et al. (2023), who reported that acidified MBM and diges-
tate solid fraction released 36% and 77% of the total P to the soil, 
respectively, in only 12 days. However, these values were lower 
than those observed for TSP, which released 93% of the total P 
after 12 days. Sica, Kopp, Müller-Stöver, et al. (2023) also found 
a high correlation between the release of P from the fertiliser to 
the soil and the water-extractable P of the fertiliser. In this study, 
MBM-acidified was the fertiliser with the largest resin-P content 

before application to the soil (82% of total P), even exceeding that 
of TSP (73%). However, MBM-acidified released 51% of the total 
P applied to the soil, which was significantly less than DSF-
acidified (69%) and TSP (93%).

Most of the P in MBM is derived from bones, primarily in the 
form of hydroxyapatite (Jeng et al. 2004, 2007), which can dis-
solve at a pH below 4.0 (Valsami-Jones et al. 1998; Sica, Kopp, 
Müller-Stöver, et al. 2023). The dissolution of hydroxyapatite, as 
observed with acidified MBM at pH 3.9, resulted in 82% of the 
total P being extracted by the resin. However, the pH of MBM 
acidified in the placement zone increased significantly during in-
cubation, reaching 6.5 after 12 days. This pH increase may have 
favoured the precipitation of dissolved P with calcium, thereby 
reducing the amount of P released from the fertiliser layer into 
the soil. This was not the case for DA, which maintained a pH 
of 2.1 even after 12 days and released 69% of the total P applied.

FIGURE 7    |    Soil pH at different distances (0–2, 2–4, 4–6, 6–8, 8–10, and 10–12 mm) from the fertiliser layer after 12 days of incubation. Solid lines 
represent the negative control pH. Error bars indicate the standard errors (n = 3). Different letters indicate a significant difference between distances 
(Tukey HSD < 0.05). n.s. indicate that there were no significant differences between distances. DSF: digestate solid fraction; MBM: meat and bone 
meal; TSP: triple super phosphate.
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Therefore, as demonstrated by Sica and Magid (2024), acidifica-
tion can increase the P release from biowastes in the early stages 
of plant growth, serving as an efficient starter fertiliser to boost 
plant and root growth. The remaining P in the placement zone 
may be able to sustain plant growth during the crop growing 
season.

4.1.2   |   Soil Respiration and Soil C and N

Acidification did not affect total soil C and N for DSF, and no 
significant differences were observed compared to the negative 
control. During the solid–liquid separation process, most of the 
dissolved C and N remain in the liquid fraction (Chuda et  al. 
2021). As a result, the solid fraction contains more fibrous ma-
terials (Al Seadi et al. 2013), with more stable and recalcitrant 
forms of C, such as lignin and non-hydrolyzable lipids, resulting 
in a relatively higher C/N ratio of approximately 16 (Tambone 
et al. 2009; Al Seadi et al. 2013).

For these reasons, despite the application of relatively large 
amounts of C and N (~1000 and ~75 mg, respectively), the or-
ganic matter in DSF remains stable (Panuccio et al. 2021), likely 
resulting in less C and N release into the soil and relatively low 
microbial respiration during the incubation period. Acidification 
of DSF significantly reduced microbial respiration, with values 
as low as the negative control and significantly less than those 
for DSF untreated. This suggests that the low pH of the place-
ment zone and soil, combined with the presence of more stable 
organic matter sources, created conditions that inhibited micro-
bial growth during incubation.

Similar to DSF, the acidification of MBM did not affect the total C 
and N contents in the soil. However, MBM primarily consists of 
C and N derived from meat and blood, with high protein content 
and a low C/N ratio (Brod, Øgaard, Hansen, et  al.  2015; Brod, 
Øgaard, Haraldsen, et  al.  2015). This composition stimulates 
microbial activity and increases N mineralisation rates (Chaves 
et al. 2006). In this study, acidification reduced microbial respira-
tion for both MBM and DSF; however, MBM-acidified microbial 
activity anyhow remained high compared to the negative con-
trol and TSP treatments. Additionally, for both MBM-acidified 
and MBM-untreated, the ammonium content in the soil at 0–2 
and 4–6 mm was relatively high, above 430 mg kg−1. Several 
studies have previously reported that a toxicity zone may de-
velop in N-rich soil zones with ammonium contents exceeding 
150–200 mg kg−1. These high N contents can potentially damage 
seeds if applied too close, and the plant root tips, prevent root 
access to the fertiliser placement zone, and compromise crop 
growth in the early stages (Pan et al. 2016; Pedersen et al. 2020). 
However, it is expected that over time, ammonium will be con-
verted into nitrate, reducing the toxic effect (Nkebiwe et al. 2017; 
Baral et al. 2021).

4.1.3   |   pH

The placement of TSP and DSF-untreated did not have any 
effect on soil pH. However, significant differences were ob-
served for DSF-acidified, MBM-acidified, and MBM-untreated. 

A similar increase in the soil pH for untreated and acidified 
meat and bone meal was also observed by Sica, Kopp, Müller-
Stöver, et al. (2023). Our results indicate that for both MA and 
MU, there was a high rate of N mineralisation, accompanied by 
high ammonium contents; however, the nitrification rates ap-
peared to be lower. In the soil, complex organic N undergoes a 
process of amminization, during which it is initially degraded 
into amines (R–NH2). Subsequently, these amino acids undergo 
hydrolysis, resulting in the production of ammonium and hy-
droxide ions (Girkin and Cooper 2022). This contributes to the 
soil alkalization that we observed for both MBM-acidified and 
MBM-untreated, suggesting that biological processes were driv-
ing changes in soil pH.

In the case of DSF-acidified, the changes in soil pH were more 
likely due to chemical processes, as the soil pH was significantly 
reduced up to 10–12 mm from the placement zone, probably be-
cause of the release of protons from the acidified biomaterial 
layer into the soil, diffusing throughout the soil disc. The low 
pH in the acidified DSF placement zone (2.1) and surrounding 
soil (0–2 and 4–6 mm < 4) may create a barrier for root growth 
in the placement zone and its surrounding soil, as it can be neg-
atively affected at a pH below 4.5 and completely inhibited when 
the soil pH is below 4 (Yan et al. 1992). As demonstrated by Sica 
and Magid (2024) compared to the untreated material, the place-
ment of acidified digestate solid fraction significantly reduced 
root growth in the placement zone due to the low pH. However, 
it significantly increased the total root length in the soil sur-
rounding the placement zone as well as the P and S uptake by 
broccoli, bean, pea, onion, and carrots at the early growth stages 
due to the increased P solubility and availability in the soil sur-
rounding the placement zone.

4.2   |   Soil P Fractionation

For TSP, DSF-acidified, and MBM-acidified significantly in-
creased the inorganic resin-P and NaHCO3-P pools in both dis-
tances analysed compared to the negative control. These pools 
are considered the labile P (Sharpley et  al.  1984) and can be 
correlated with plant available-P (Schoenau and Huang 1991), 
indicating that the acidification of MBM and DSF can increase 
not only the P solubility of these biowastes but also their P fer-
tiliser value when placed in the soil. Indeed, the soil used in this 
study has a low sorption capacity (Sica, Kopp, Müller-Stöver, 
et al. 2023), which explains the high P contents in these more 
labile pools. However, these values were less for both acidified 
biowastes than for the TSP in both distances, probably due to 
the co-application and release of other elements to the soil and 
changes in the pH (Sica, Kopp, Müller-Stöver, et al. 2023), which 
increase the P precipitation in the placement zone and sur-
rounding soil (Meyer et al. 2021).

The localised application of mineral and organic P fertilisers 
creates a nutrient-rich zone in the placement zone and its sur-
rounding soil, and the P interaction with other elements and the 
soil chemical properties has a strong influence on the P specia-
tion (Meyer et al. 2020). In this study, both acidified biowastes 
and the TSP had significant increases in the inorganic NaOH-P 
fractions compared to the negative control. This is in agreement 
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with Meyer et al. (2021), who found that in non-calcareous soils 
(the case of the one used in this study), precipitation of alumini-
um-P regulates P availability.

Although the accuracy and interpretation of the Hedley frac-
tions still generate debates in the literature (Barrow et al. 2020; 
Gu and Margenot 2020; Barrow and Debnath 2020), the NaOH-P 
fraction may extract Fe- and Al-bond P (Wang et al. 2013), which 
would confirm the tendency of soils from the CRUCIAL field 
experiment to precipitate Fe- and Al-P. In addition to that, the 
formation of more stable Ca-P species as hydroxyapatite in soils 
would require longer incubation times (Meyer et al. 2021, 2023) 
and is favoured by pH above 8 (Wang et al.  2010), which was 
not reached during our experiment. It is worth noting that the 
sum of the P recovered in the Hedley and microbial P pools was 
relatively lower than the amount of P released to the soil for the 
TSP and MBM-acidified. This could be because this methodol-
ogy may not be accurate in quantifying different P fractions and 
can under-estimate them (Barrow et al. 2020; Guppy 2021).

4.3   |   P Release and Movement in the Soil

Phosphorus diffusion in the soil solution is a physical process 
that can be substantially affected by chemical processes (Meyer 
et al. 2023), soil type, including its sorption capacity (Degryse 
and McLaughlin 2014; Meyer et al. 2020, 2023), and biotic pro-
cesses (Olander and Vitousek 2004). In our study, the TSP and 
the increased P solubility of MBM and DSF due to the acidifica-
tion clearly increased the P diffusion rates in the soil (Figure 4). 
For the TSP, the resin-P contents were considerably large even at 
10–12 mm from the placement zone after 12 days of incubation. 
These values are in agreement with Hao et al. (2002) and Rech 
et al.  (2018), who found that after 14 days, the P from mineral 
fertilisers diffused up to 17 and 20 mm, respectively. Thus, this 
indicates that for the TSP the P diffused to further distances 
than we analysed in this study. These high diffusion rates are 
likely due to the low P sorption capacity of the soil used in this 
study (Eghball et al. 1990; Meyer et al. 2023).

The DSF-acidified also had a relatively large resin-P content at 
10–12 mm. Interestingly, DSF-acidified was the only fertiliser 
that did not show a significant difference in resin-P between 
distances. Consequently, the resin-P concentration at different 
distances for DSF-acidified did not fit the three-parameter expo-
nential decay equation; instead, it resembled a flat line parallel 
to the x-axis. We speculate that the low soil pH could have in-
creased P precipitation, as at pH between 3 and 5 the P fixation 
by Al and Fe is favoured (Price 2006; Penn and Camberato 2019).

For both untreated biowastes, the P diffusion rate was con-
siderably less and mainly restricted to the first 8 mm from the 
placement zone. As demonstrated by Sica, Kopp, Müller-Stöver, 
et al. (2023), the P released from the fertiliser to the soil is highly 
correlated with the fertiliser P solubility, which is low for the 
untreated DSF and MBM, compared to their acidified counter-
parts. In addition to that, the diffusion rate in the soils is driven 
by the concentration gradient of labile-P between the source 
(fertiliser) and the soil (Degryse and McLaughlin 2014; Degryse 
et  al.  2017), which explains the effects of acidification on in-
creasing the P diffusion in the soil.

The measurements of microbial-P at various distances from the 
placement zone exhibited relatively high errors. While potential 
differences between distances were observed for fertilisers such 
as DSF-acidified and MBM-acidified, significant differences 
were found only for MBM-untreated. The data also revealed that 
the curve fitted the three-parameter exponential decay model for 
MBM-untreated. Specifically, for MBM-untreated, microbial-P 
levels remained relatively high up to 8 mm from the fertiliser 
layer, suggesting that P is being transported from the fertiliser 
placement zone through the soil due to microbial growth. This 
phenomenon may be attributed to the substantial release of C 
and N into the soil by MBM-untreated, which is subsequently in-
corporated by the microbial biomass, thus stimulating microbial 
activity and growth, as previously discussed and demonstrated 
in Figure 6.

In soils with low P availability, as the one used in this study, 
microbial immobilisation is the main P flux, with the labile P 
being rapidly biologically cycled (Pistocchi et al. 2018). Thus, it 
is likely that the C and N provided by the MBM-untreated and 
the low C/N ratio in the placement zone stimulated microbial 
growth, and the microorganisms incorporated the P from the 
MBM-untreated placement zone to sustain the high growth 
rates, transporting it through the soil disc, explaining the high 
microbial P content at different soil layers.

4.4   |   δ18O-P

In this study, the incubation was conducted at 15°C, and we 
initiated the experiment by introducing 18O-enriched water. 
According to Equation (1) (Chang and Blake 2015), we expected 
the soil δ18O-P to be +13.6‰ before incubation and +30.9‰ after 
12 days of incubation with the enriched water. This was based 
on the hypothesis of biological cycling of P and of the deriving 
isotopic equilibrium of oxygen between water and phosphate 
promoted by pyrophosphatase. However, in none of the treat-
ments were resin nor microbial δ18O-P close to the calculated 
equilibrium value.

The pyrophosphatase is a reversible, fast and ubiquitous enzyme 
that can hydrolyze pyrophosphate (P2O7

−4) and incorporates an 
oxygen atom from the surrounding water. Its continuous action of 
pyrophosphatase brings oxygen in phosphates into isotopic equilib-
rium between surrounding water. Also, as shown in Cohn (1958), 
oxygen exchange with water can occur at the mere docking of 
phosphate into the enzyme. The equilibrium of the phosphate 
δ18O and soil water can be reached within a scale of hours or just 
a few days under controlled conditions with sterilised and less 
complex substrate, with labile C, as demonstrated by Chang and 
Blake (2015) and von Sperber et al. (2017). It is further assumed 
that whenever biological activity is present, oxygen in phosphate 
readily reaches equilibrium with water because pyrophosphate 
is ubiquitously present in all cells. However, in complex media, 
particularly in soils, deviations from the oxygen isotope equilib-
rium are often observed (von Sperber et al. 2023). In incubation 
studies with soils, (Gross and Angert 2015) found that the resin 
δ18O-P values reached the expected equilibrium values within less 
than 14 days. Indeed, Pistocchi et al. (2020) observed that the resin 
δ18O-P values reached the expected equilibrium with soil water in 
a soil with high P availability within a few days. However, for a soil 
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with low available P, the resin δ18O-P did not reach the expected 
equilibrium even after 93 days of incubation.

In this study, the soil had low P availability and a low degree of P 
saturation (24%), according to Lemming et al. (2019). Thus, the 
soluble P applied can be sorbed onto the soil surfaces, preventing 
it from being exchanged with the soil solution and, therefore, 
being microbially processed (Sinaj et  al.  1997). Therefore, ac-
cording to Pistocchi et al. (2020), longer incubation periods may 
be required for the resin-P δ18O to reach the theoretical equilib-
rium of oxygen in phosphate with soil water in soils with low 
available P.

In a 34-day incubation involving four different soils, Siegenthaler 
et al. (2020) found an increase in microbial and resin-P δ18O val-
ues. However, they did not reach the expected soil-water equilib-
rium. According to them, their findings indicate that 18O from 
the water was incorporated into the microbial-P, but the com-
plete turnover of microbial-P did not occur even after 34 days. 
Thus, Siegenthaler et al. (2020) suggested that in heterogeneous 
and complex environments like soils, which host a diversity of 
active microorganisms (Tiedje et al. 1999), isotopic equilibration 
of oxygen between phosphate and water, as promoted by pyro-
phosphatase, can be slower and may require extended periods to 
be attained. In our study, the incubation period was even shorter, 
just 12 days. The untreated MBM was the treatment with the 
highest respiration at 12 days and had the highest contribution 
of δ18OEqwatersoil to the microbial-P δ18O values. However, when 
considering the source contribution to the resin-P δ18O values, 
for all treatments in this study, δ18OEqwatersoil had little or negli-
gible contribution.

Our results, particularly for MBM-untreated, indicate that this 
duration was adequate for microorganisms to thrive and assim-
ilate and biologically cycle P into the microbial biomass, as the 
microbial activity, expressed by respired CO2, was significant 
and positively correlated with the 18O incorporation into the 
microbial-P (Figure 3). Other incubation studies employing en-
riched 18O water have consistently shown a positive correlation 
between microbial respiration and the incorporation of oxygen 
from the water into microbial P (Melby et al. 2013; Siegenthaler 
et  al.  2020). Our findings align with this pattern, as MBM-
untreated exhibited the highest cumulative respiration, micro-
bial-P content in the soil, and a statistically significant increase 
in microbial-P δ18O at both distances, in comparison to the nega-
tive control. In contrast, the MBM-acidified also had a relatively 
high respiration and C and N release to the soil, but we did not 
observe significant changes in the microbial-P δ18O values nor 
in the soil microbial-P concentrations.

However, during this period, the equilibrated phosphate was 
not released to the soil solution. Thus, the soil solution did not 
reach the equilibrium values. This is confirmed by two of our 
findings. First, after 12 days, for all treatments, the main sources 
contributing to the resin-P δ18O values were the fertiliser and the 
initial soil resin-P. In the case of DSF-acidified, it was mainly 
the HCl-pool (Table S3). Second, 18O incorporation into the res-
in-P did not have a significant correlation with microbial res-
piration, being masked by the phosphates released abiotically 
from the fertiliser, mainly the TSP (Figure 3). The low nutrient 
concentration in the soil used in this study inherently restricts 

microbial growth (Muñoz et al. 2017; Gómez-Muñoz et al. 2018). 
Consequently, MBM-untreated provided a substantial amount 
of C, N, and P, enabling robust microbial growth and P assimi-
lation. Nevertheless, we suggest that over a more extended incu-
bation period, microorganisms would undergo turnover of these 
elements, potentially led by limitations in other nutrients, such 
as C and N and release P into the soil. This release would change 
the resin-P δ18O values, eventually approaching the expected 
equilibrium with soil water.

In this study, we observed the highest resin-P δ18O values for 
triple superphosphate (TSP) at 0–2 and 4–6 mm from the place-
ment zone. Interestingly, these values in the soil were approx-
imately +21‰, almost the same values as the initial δ18O-P 
values of the fertiliser. Gross et al. (2015) similarly reported the 
preservation of TSP resin-P δ18O values in the soil, even after 
8 weeks of incubation. They suggested that the large quantity of 
soluble P introduced into the soil along with the fertiliser might 
have masked microbial P turnover due to the low microbial ac-
tivity in the soil.

In contrast, for the DSF-acidified treatment, despite observing a 
high release of P to the soil and an increase in soil resin-P con-
tent, the resin-P δ18O values in the soil at both distances were 
lower than those of the fertiliser (+15.7‰), the soil resin-P at 
T0 (+14.6‰), and the theoretical equilibrium (+30.9‰), which 
made it not possible to run the proposed model with three 
sources on IsoSource. The HCl-P pool of the soil used in this 
study was previously determined as +10.8‰. Thus, for the DSF-
acidified treatment, we suggest that the HCl-P pool may have 
been a fourth source (Table S4), as the significant reduction in 
soil pH, reaching around 4 at both distances, could have con-
tributed to the release of P from the HCl-P pool (Wu et al. 2014).

However, the HCl-P pool concentration did not show a signif-
icant change compared to the negative control. Instead, pH 
variations may have increased the exchangeability between this 
pool and the P released from the fertiliser to the soil (Turner and 
Blackwell 2013). Therefore, even with the high amounts of P re-
leased from the fertiliser to the soil and a significant increase in 
soil resin-P, the DSF-acidified resin-P δ18O values were not im-
printed in the soil resin-P δ18O values, indicating that the place-
ment of DSF-acidified intensified abiotic processes compared to 
the placement of TSP, probably due to the strong effect on soil pH 
and the release of other elements.

4.5   |   Practical Application and Future Research

Replacing mineral P fertilisers is one approach to making ag-
riculture more sustainable, reducing dependence on external 
resources, and ensuring food security in importing countries 
(Salas et al. 2024). However, according to Moshkin et al. (2023), 
farmers are willing to pay 30%–46% less per unit of P from bio-
waste compared to mineral fertilisers. This is mainly due to the 
lower and uncertain P availability and content of these materials 
(Tur-Cardona et al. 2018). Therefore, increasing the P availabil-
ity of biowastes would also increase the interest of farmers and 
their potential to replace mineral P fertilisers. Our results show 
that acidification can significantly increase the P solubility of 
biowastes, their release to the soil and, consequently, the resin P 
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in the soil, which is highly correlated with the plant available P 
(Mallarino and Atia 2005).

These results are in agreement with Sica, Kopp, Magid, 
et  al.  (2023) and Sica and Magid  (2024) who found that the 
placement of acidified DSF and MBM significantly increased P 
uptake by 10 different crops compared to their respective un-
treated materials. The authors also point out that the increased 
P availability would allow farmers to apply lower amounts of P, 
especially in phosphorus-saturated soils. Thus, acidified bio-
waste could be used as a starter fertiliser (Regueiro et al. 2020), 
reducing the accumulation of P in soils around animal produc-
tion areas and reducing the risk of leaching and runoff and, con-
sequently, eutrophication (Fischer et al. 2017).

It is important to note that this study focused on understand-
ing the short-term biotic and abiotic processes influencing 
phosphorus dynamics in soil, with acidified biowastes used as 
starter fertilisers. The emphasis was on a short-term agronomic 
perspective. Consequently, further research is required to eval-
uate how acidification impacts additional factors related to soil 
health and microbial community and function, both in the short 
and long term, to fully understand its broader implications for 
sustainable soil management.

5   |   Conclusions

In conclusion, our results indicate that the placement of different 
fertilisers intensifies biogeochemical processes in the placement 
zone and surrounding soil. These processes were highly affected 
by the fertiliser composition and acidification (Hypothesis 1: 
Fertiliser composition and acidification pre-treatment will affect 
biotic and abiotic processes in the placement zone and surround-
ing soil).

After 12 days of incubation, our results demonstrate a signifi-
cant correlation between microbial respiration and 18O incorpo-
ration in microbial-P. Untreated meat and bone meal produced 
the highest respiration rates, and it was the only treatment with 
significant differences in microbial-P contents at different soil 
distances. Thus, these results indicate that for this fertiliser, the 
co-occurrence of diffusion and biotic processes such as micro-
bial growth could be the main P transport mechanisms through 
the soil (Hypothesis 2: For untreated biowastes, P movement 
from the placement zone through the soil is primarily driven by 
biotic processes (as indicated by intracellular isotopic equilibra-
tion of oxygen between water and phosphate and by released of 
phosphate by hydrolytic enzymes), with microbial growth serving 
as the principal transport mechanism).

Acidification significantly reduced microbial respiration by 82% 
and 29%, inhibiting microbial growth in the treatments with 
DSF and MBM, respectively. Acidification also significantly in-
creased the amount of P released (DSF: from 6.2% to 69% and for 
MBM: from 11% to 51% of the total P applied) from the fertiliser 
to the soil, as well as soil resin-P contents, indicating that for 
acidified biowastes (and triple superphosphate), the movement 
of P from the placement zone through the soil was primarily 
driven by abiotic processes, with diffusion as the main transport 
mechanism (Hypothesis 3: The placement of acidified biowastes 

will increase the soluble P applied and lower the soil pH surround-
ing the placement zone to levels that inhibit microbial activity. As 
a result, the movement of P from the placement zone through the 
soil will be primarily driven by abiotic processes, with diffusion as 
the main transport mechanism).

The observed effects on biogeochemical processes and nutrient 
dynamics highlight significant implications for agricultural prac-
tices and sustainable soil management. The study reveals that the 
placement of different fertilisers, particularly acidified biowastes, 
can profoundly influence both biotic and abiotic processes in the 
soil. Untreated meat and bone meal, which exhibited high mi-
crobial respiration and significant biotic activity, suggests that 
microbial growth can be a crucial driver of P transport through 
the soil. In contrast, acidification significantly reduces microbial 
respiration, indicating a shift towards abiotic processes like dif-
fusion for P movement. This underscores the potential of acidi-
fied biowastes to enhance P availability and recycling efficiency 
in agriculture. Integrating these findings into soil management 
strategies could improve fertiliser efficiency, optimise nutrient 
use, and promote sustainable agricultural practices by balancing 
biotic and abiotic mechanisms to maximise nutrient availability 
and reduce dependency on synthetic fertilisers.
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