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Abstract: Seeking to evaluate the hypothesis that biochar optimises the composting and vermi-
composting processes as well as their product quality, we carried out field and greenhouse experi-
ments. Four grass clipping composting treatments (only grass, grass + single superphosphate (SSP),
grass + biochar and grass + SSP + biochar) were evaluated. At the end of the maturation period
(150 days), the composts were submitted to vermicomposting (Eisenia fetida earthworm) for an
additional 90 days. Ordinary fine charcoal was selected due to its low cost (a by-product of charcoal
production) and great availability; this is important since the obtained product presents low commer-
cial value. A greater maturity of the organic matter (humification) was observed in the vermicompost
treatments compared with the compost-only treatments. The addition of phosphate significantly
reduced the pH (from 6.7 to 4.8), doubled the electrical conductivity and inhibited biological activity,
resulting in less than 2% of the number of earthworms found in the treatment without phosphate. The
addition of soluble phosphate inhibited the humification process, resulting in a less-stable compound
with the preservation of labile structures, primarily cellulose. The P species found corroborate these
findings because the pyrophosphate conversion from SSP in the absence of biochar may explain the
strong acidification and increased electric conductivity. Biochar appears to prevent this conversion,
thus mitigating the deleterious effects of SSP and favouring the formation of organic P species from
SSP (78.5% of P in organic form with biochar compared to only 12.8% in the treatments without
biochar). In short, biochar decreases pyrophosphate formation from SSP, avoiding acidification
and salinity; therefore, biochar improves the whole composting and vermicomposting process and
product quality. Vermicompost with SSP and biochar should be tested as a soil conditioner on account
of its greater proportion of stabilized C and organic P.

Keywords: 13C nuclear magnetic resonance; 31P nuclear magnetic resonance; charcoal; Eisenia fetida;
pyrogenic carbon

1. Introduction

Biochar is a C-rich product distinct from charcoal because it is produced for soil appli-
cation purposes in order to improve its quality (organic matter stability, cation exchange
capacity (CEC), soil fertility, water retention capacity, porosity and biological activity are
commonly increased), prevent nutrient leaching, improve C storage or purify the soil from
pollutants [1-3]. The uses of and studies regarding this pyrolyzed biomass for agricul-
ture have increased in recent decades, in part due to recognition of the role of carbonised
biomass in the high fertility of terra preta de indios soils, which are anthropic soils that had
a high input of carbonised biomass during the pre-Colombian period [4-6]. Although a
number of studies have investigated the effects of different pyrolyzed residues on plant
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productivity and chemical and physical soil properties [7-11], little is known about biochar
interactions with soil microbiota and fauna or with the native microorganisms from the
raw materials used in composting [8,12-14].

Composting is a technique in which microbial activity during organic material decay
is optimised and the material is transformed into either a fertiliser or soil conditioner.
Vermicomposting, on the other hand, is a process by which earthworms aid in recycling
and increase the velocity of organic matter stabilisation through residue homogenisation.
The degradation of cellulose and inoculation of other organisms are stimulated by these
macrofauna representatives, and humification tends to increase in the presence of these
organisms [15-17].

Although earthworms occur in most environments, these organisms are sensitive to
soil management practices [18,19], trace metals (mainly Cd) [20,21] and carbon polyaromatic-
containing substances [21,22]; thus, they can be used as quality indicators for soil or dif-
ferent organic substrates [21,23,24]. Fertilisers can affect the abundance and density of
earthworms in the soil, although limited studies have investigated the effect of soluble
sources, including phosphorus (P), on these soil organisms. Sarathchandra et al. [25] per-
formed field studies and did not observe changes in the populations of Lumbricus rubellus
or Aporrectodea caliginosa in either the adult or young forms after three years of single
superphosphate (SSP) and rock phosphate application in North Carolina. However, labora-
tory studies have shown that direct contact with SSP can be lethal to the Californian red
earthworm (Eisenia fetida), which has led to studies recommending the monitoring of these
animal populations after applications of inorganic and soluble sources of P to the field [26].

In order to find a way to minimise the external input (fertilisers and soil conditioner)
needed to maintain the extensive grasslands at the Rio de Janeiro International Airport in
Brazil, which produces approximately 2 Mg of grass clippings daily, and also to reduce the
disposal cost of this low-density raw material and hence reduce the environmental impact of
the airport, the potential use of grass clippings for compost was proposed [27,28]. Therefore,
this study aimed to evaluate the impact of using soluble phosphate and biochar on the
establishment and development of the Californian red earthworm E. fetida in compost and
vermicompost that included grass clippings from the Rio de Janeiro International Airport as
well as evaluate the final products using '3C and 3P solid-state nuclear magnetic resonance
spectroscopy. We hypothesized that the introduction of P in the composting process would
increase the nutritional status of the compost/vermicompost, since P is a limiting element
to plant growth in tropical oxidized soils, and that biochar would improve the composting
and vermicomposting processes as well as the soil conditions for grass growth in the airport
field area (not tested).

2. Materials and Methods
2.1. Composting Site and Origin of Raw Material

The experiment was conducted in a covered hangar of the Rio de Janeiro/Galedao
International Airport (—22.804114°; —43.229841°), which is located in Rio de Janeiro,
Brazil. Composting was performed using grass clippings obtained by mowing the airport’s
islands, i.e., the unused grassy areas between taxiways, between runways or between a
taxiway and a runway. The clippings were ground to homogenise the particle size. The
chemical composition of the residue (mean =+ standard deviation, n=20) was as follows [28]:
C=415+2gkg ;, N=11+2gkg ; K=107+07gkg };Ca=42+ 07 gkg };
Mg=13+0.1gkg !;P=05+0.1 gkg!; and C/N ratio =47 + 7.5. At the beginning of
the experiment, the average moisture and density of the grass clippings were 70-80% and
~80 kg m~3, respectively.

2.2. Composting of Grass Clippings

Four treatments arranged in a full factorial design (2%: two levels of phosphate and
of biochar in grass clipping composting) were tested: grass (G); grass + biochar (GB);
grass + phosphate (GP); and grass + biochar + phosphate (GBP). The phosphate used was
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single superphosphate (S5P) with 8.7% P, mainly in the form of monocalcium phosphate ().
Previous composting was performed in 2.5 m> piles. The charcoal used in the piles was
the residue of vegetable charcoal production (Eucalyptus sp., conventional carbonisation at
450 °C for six hours). This residue was a fine-grained charcoal, with a grain size usually
smaller than 5 mm. The used sample exhibited non-uniform and small grain sizes, with
only 10% of the mass retained on a 4-mm sieve. The quantities of each input used to prepare
the compost piles are presented in Table 1.

Table 1. Quantities (kg) of each material/input used in the composting piles (2.5 m?).

Treatments Grass (kg) Biochar (kg) Phosphate (kg)
Grass 200 - -
Grass + biochar 160 143 -
Grass + phosphate 200 - 25.6
Grass + phosphate + biochar 160 143 25.6

At the beginning of the process, the piles were manually turned every two days. After
30 days, the piles were turned every 10 days. After 120 days of composting, all of the piles
were ground to 5 cm, and the piles were turned twice a week for 30 days.

After 150 days of composting, six sub-samples of each pile were collected and trans-
ferred to plastic boxes for vermicomposting.

2.3. Vermicomposting

Vermicomposting was performed for 90 days using a completely randomised ex-
perimental design with six replicates. Twenty adult E. fetida were added to 10 L of the
different composts and placed in 20 L plastic boxes. E. fetida earthworms were chosen
because they exhibit high prolificacy, precociousness, survival rates and adaptability to
captivity [4]. The experimental design was a 2 x 4 full factorial design (with and with-
out earthworms X 4 former treatments, see Section 2.2) with 6 replicates and a total of
48 worm boxes.

Compost moisture was kept constant with frequent wettings. After 90 days, the
earthworms from each box were counted.

2.4. Physical, Chemical and Spectroscopy Characterisation

Sub-samples from each box were dried at 45 °C for 48 h and ground, and the C and N
concentrations were determined using a PerkinElmer 2400 CHNS (Waltham, MA, USA)
elemental analyser. The pH and electrical conductivity (EC) of the different composts
were determined as follows: approximately 15 g of compost was weighed in lidded plastic
containers and then 85 mL of distilled water was added. The samples were stirred using a
horizontal agitator for 30 min at 40 rpm and left to stand for 20 min, after which the EC
and pH were measured.

For spectroscopic characterisation, sub-samples of each treatment were freeze-dried
and ground in liquid N,. Solid-state 13C and 3! P nuclear magnetic resonance (NMR) spectra
were obtained with a Varian Inova (11.74 T) spectrometer at 13C,31P and 'H frequencies of
125.7,202.5 and 500.0 MHz, respectively. For this, a T3NB HXY with a 4-mm probe was
utilised to detect the '3C and 3!P nuclei and the rotors were spun using dry air at 15 kHz.
All experiments were carried out at room temperature.

Two NMR pulse procedures were applied: variable amplitude cross-polarisation (CP)
for 13C and direct polarisation (DP) for 3!P.

In the 13C CP-MAS experiment an optimised recycle delay (d1) of 500 ms was used;
the 1H 90-pulse was set to 3 us, the contact time value to 1 ms and the acquisition time to
15 ms. High-power two-pulse phase modulation (TPPM) 'H decoupling at 70 kHz was
employed. The cross-polarisation time was selected after variable contact time experiments
and the recycle delays were selected to be five times longer than the longest spin-lattice
relaxation time (T7), as determined by inversion recovery experiments.
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In the 3P DP-MAS experiment, the recycle delay was 10 min (after inversion-recovery
experiments), the 3!P 90-pulse was set to 3 ps and the acquisition time to 15 ms.

2.5. Data Analysis

The data from the vermicomposting experiment (pH, EC and number of earthworms)
were subjected to a multivariate analysis of variance (MANOVA), while the data from com-
posting and further vermicomposting were analysed using repeated measures MANOVA.
The normality and homoscedasticity of the residuals were tested and, when necessary,
appropriate data transformation (log for C and C/N ratio and square root for the number
of earthworms) was applied. When a statistically significant effect was detected, the means
were compared using Duncan’s test at p < 0.05. The software Statistica 7.1 [29] was used for
all statistical analyses.

The multivariate analysis of the spectral data was performed using the software
Unscrambler 10.4 (CAMO, Norway). Principal component analysis (PCA) was carried out
using the full 13C NMR spectra obtained, after area normalisation and mean-centring of the
data. To aid in the analyses of the 31P NMR results, the multivariate curve resolution (MCR)
procedure was carried out. The basic goals of MCR are: the determination of the number of
components co-existing in the chemical system; the extraction of the pure spectra of the
components (qualitative analysis); and the extraction of the concentration profiles of these
components (quantitative analysis). This analysis was preceded by PCA to estimate the
number of components in the mixture. After this, the rotation of the PC was calculated
without orthogonality constraints (in this way, it would have infinite solutions). To solve
this, new constraints were adopted (e.g., non-negative concentrations and /or non-negative
spectra). In this way, when the goals of MCR are achieved, it is possible to unravel the
“true” underlying sources of data variation, after which the results with physical meaning
are easily interpretable [18].

3. Results
3.1. Earthworm Reproduction with Different Substrates

The application of only phosphate drastically inhibited earthworm reproduction
(Figure 1a). However, the interaction between the main factors of phosphate and biochar
was statistically significant (p = 2.6 x 107°), with this detrimental effect mitigated by
biochar, resulting in significantly larger populations than the GP treatment but still lower
populations than the treatments without phosphate (G and GB).

3.2. Chemical and Spectroscopy Analysis of the Composts and Vermicomposts

The addition of phosphate fertiliser increased the medium’s acidity and the EC of
the vermicompost; however, biochar decreased these effects significantly (Figure 1b,c).
Biochar prevented the pronounced acidification caused by phosphate; however, the pH
was still lower than that of the treatments without phosphate (significant interaction,
p=2.0 x 10~%). Meanwhile, for EC just the main factors (phosphate and biochar) were
statistically significant (p = 5.5 x 107% and 9.9 x 107%, respectively), without significant
interaction; therefore, the biochar decreased the EC, fully mitigating the deleterious effect
of phosphate application on the vermicompost EC.
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Figure 1. Square root of earthworm number after inoculation for 90 days in different composted
substrates (a); pH (b) and electrical conductivity (EC) (c) of the vermicompost. G: grass clippings;
G + B: grass + biochar; G + P: grass + phosphate; and G + B + P: grass + biochar + phosphate. Columns
with the same lower-case letters (for earthworms, pH and biochar factor for EC) and upper-case
letters (for P factor for EC) indicate no statistical difference at p < 0.05 using Duncan test. Vertical bars
denote standard errors.

The introduction of biochar increased C concentrations in all substrates (Figure 2a),
and no significant effect was observed for phosphate or vermicomposting. Concerning
N concentration and C/N ratio, the interaction of phosphate x biochar was significant
(p=2.8 x 10~*and 2.5 x 1074, respectively), being that phosphate and biochar decreased
N and increased the C/N ratio (Figure 2b), with the strongest effect being from biochar. In
addition, further vermicomposting increased the N content and decreased the C/N ratio
(Figure 2c), indicating further humification.
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Figure 2. Biochar effect on C concentration (a), phosphate and biochar interaction effects on N
concentration and on C/N ratio (b), and effects of vermicomposting on these variables (c). G: grass
clippings; G + B: grass + biochar; G + P: grass + phosphate; and G + B + P: grass + biochar + phosphate;
Comp: composting; and Vermic: further vermicomposting. Columns with the same lower-case letters
(C and N) and symbols with the same upper-case letters (C/N ratio) indicate no statistical difference
at p < 0.05 using Duncan test. Vertical bars denote standard errors.

The change in humification was confirmed by the '3C and 3!P NMR spectra, which
are shown below. The C/N ratio increased in all treatments with biochar (Figure 2b),
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which was also explained by the inclusion of material rich in recalcitrant C and poor in N.
Meanwhile, a significant effect of vermicomposting we observed was that it decreased the
C/N ratio. The addition of phosphate to the substrates in the absence of biochar resulted
in higher C/N ratios in the compost and vermicompost (no interaction), confirming the
inhibition of humification by phosphate.

The organic chemical structures detected using '3C NMR (Figure 3) indicate that,
following composting, the material still exhibited significant amounts of labile structures,
mainly cellulose (O-alkyl, with signals at ~65 and 73 ppm and di-O-alkyl, with signal at
~105 ppm). The relative contribution of these regions varied between substrates, indicating
selective degradation of cellulose (higher biological activity and higher humification) in
certain substrates. For the substrates with biochar, a pronounced increase of the C-aryl
signal was observed (~125 ppm), which is a typical signal of condensed aromatic rings.
These differences were summarised and highlighted using PCA and are discussed in
detail below.

Compost
grass + biochar + P

Compost
grass + biochar,

Vermicompost

grass + biochar + P

Vermicompost
grass + biochar

220 200 180 160

100 80 60 40 20 0

140 120 220 200 180 160 140 120 100 80 60 40 20 0

"C chemical shift (ppm) "C chemical shift (ppm)

Figure 3. Solid state 13C NMR spectra of the different compost and vermicompost obtained. Without
biochar (A) and with biochar (B).

3.3. Progress of Humification According to Principal Component Analysis (PCA)

Using PCA, we were able to satisfactorily model the data (97% of variance captured)
with two principal components (PCs). The first PC (92% of total variance) identified the
different substrates exhibiting bipolar loadings (Figure 4A), with positive loadings for the
sp? C signals of biochar (aryl) and negative for the sp® hybridised C of grass cellulose (O-
alkyl and di-O-alkyl). The second PC (5% of total variance) was characterised by negative
loadings for the signals typical of labile structures (Figure 4A), primarily cellulose, that
were partially oxidised to uronic acids (O-alkyl, di-O-alkyl and carboxyl with a signal at
~173 ppm). Therefore, this PC served as an indicator of the progress of humification, since
less labile structures indicate the progression of the humification process.

The samples with biochar (GB, VGB, GBP, VGBP) presented the highest scores for PC1
(Figure 4B), confirming the contribution of polycondensed aryl structures towards their
13C NMR spectra.

The samples containing only grass, with and without earthworms, exhibited the
highest PC2 scores, indicating a lower proportion of labile structures and more advanced
humification (Figure 4B). Treatments with phosphate and without biochar (compost—GP
and vermicompost—VGP) exhibited the lowest scores for PC2 (Figure 4B), indicating that
phosphate inhibited the advance of humification by suppressing the biological activity of
micro- and macro-organisms (after the earthworm population decrease, Figure 1a), resulting
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in a material rich in labile structures, i.e., partially oxidised cellulose. This finding confirmed
the results for the N concentrations and C/N ratios as well as the detrimental effects on
earthworms. The samples with biochar (GB, VGB, GBP, VGBP) exhibited intermediate
scores (Figure 4B) for this component (uronic acids), indicating that the maturation of
the compost and vermicompost were similar for the samples with biochar, regardless of
phosphate presence.
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Q
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240 220 200 180 160 140 120 100 80 60 40 20 0 20
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Figure 4. (A) PCA loadings obtained from the '3C NMR spectra. (B) PCA scores. G: grass compost;
VG: grass vermicompost; GP: grass + phosphate compost; VGP: grass + phosphate vermicompost;
GBP: grass + biochar + phosphate compost; VGBP: grass + biochar + phosphate vermicompost.
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The 3'P NMR and its multivariate curve resolution analysis (Figure 5) indicate that, in
the absence of biochar, the addition of phosphate to the compost significantly changed the
distribution of P species, with a likely predominance of pyrophosphate (with a chemical
shift of approximately —1.3 ppm). Moreover, in samples without phosphate or with
phosphate and biochar, the predominant form was likely organic (mono and di-ester
phosphate, with chemical shifts of approximately 0.96 ppm and 2 ppm, respectively) or
mixed with non-hydrolysed monobasic phosphate (chemical shift of 0.96 ppm).

O
)
o

B

— Estimated spectrum 2 [ Component 1

p-nitrophenyl phosphate ] Component 2
NH4H2PO.|

®©
b

60+

40

20+

-1.3
Component proportion (%)

Estimated spectrum 1
NaP O,

G VG VGBP GBP VGP GP

o 8 6 4 2 0 2 -4 -6 -8
*'P chemical shift (ppm)

Figure 5. Multivariate curve resolution results obtained from the 3'P NMR spectra showing
the two component solutions. (A): estimated component spectra; discontinued lines show the
3P NMR spectra of 3P standards. (B): estimated concentrations. G: grass compost; VG: grass
vermicompost; GP: grass + phosphate compost; VGP: grass + phosphate vermicompost; GBP:
grass + biochar + phosphate compost; and VGBP: grass + biochar + phosphate vermicompost.

4. Discussion

The grass clipping compost obtained from the International Airport of Rio de Janeiro
did not exhibit limitations for composting, which was consistent with many other
works [27,28]. We found that grass clippings could also be used for vermicomposting
because a statistically significant increase of 400% of the earthworm population was ob-
served during the studied period (Figure 1a). Curry and Schmidt [30] cited, amongst a
wide range of organic materials, the presence of grass in the digestive tract of these soil
animals, which indicates that grass clipping material can be used to feed earthworms and
then in vermicomposting.

However, when SSP was added to the composting substrate, a detrimental effect was
observed. The acid reaction from the sulphate present in the phosphate inhibited microbial
activity, with the resulting compost exhibiting lower N concentrations, higher C/N ratios
(Figure 2b) and higher levels of labile structures (uronic acids—Figure 4). Moreover, the
phosphate severely inhibited earthworm reproduction and led to a significant decrease
in the earthworm population (i.e., death or escape of the earthworms, Figure 1a). The
phosphate dosage (1 kg m~3) used in the present experiment resulted in a significant
increase in compost acidity (pH < 5) and in the ionic strength of the substrates (Figure 1b,c),
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which are factors that negatively affect the development and reproduction of earthworms
of this genus [31]. This acidification may result from the conversion of applied phosphate
into pyrophosphate in the absence of biochar, as detected by 3!P NMR (Figure 5). On the
other hand, in the absence of phosphate or in the presence of biochar, the predominant
forms of P were organic or non-hydrolysed monobasic phosphate, indicating the highest
biological activity and incorporation of P into biological tissues.

In addition, the presence of certain metals (Cd, Cu, Ni, As, Cr and Pb) and radionu-
clides (*?°Ra, 2*8Ra and 2!°Pb) has been reported in phosphate fertilisers commercialised in
Brazil [32], albeit in reduced concentrations. However, their solubility may have increased
because of the pronounced pH decrease, thus contributing to the detrimental effect on
the earthworms. Nevertheless, additional specific studies are required to confirm this
hypothesis. It should be noted that in a review on the uptake and accumulation of heavy
metals by earthworms, the metal concentration in the soil was found to be a poor predictor
of metal concentration in the earthworms’ tissues, and pH was considered to be the main
factor associated with metal uptake by earthworms [33].

The presence of biochar mitigated these detrimental effects of phosphate. The pyrol-
ysed biomass acquired different properties depending on the pyrolysis temperature and
nature of the feedstock [13,34]. Biochar application has been found to promote changes in
nutrient availability (usually pH increase, N immobilisation etc.) [19]; interference with
organism and plant signalling compounds; xenobiotic detoxification; and refuge availabil-
ity for pathogens or growth-promoting organisms, etc. These changes are examples of
multiple beneficial or detrimental effects (direct and indirect) of biochar on soil quality and
plant production [24,35-37].

The litter earthworm is sensitive to high acidity, high salinity and certain toxic elements,
and the treatments with biochar exhibited increased pH and decreased EC, similar or
close to the values from the treatments without phosphate. These characteristics may
have contributed to the mitigation of detrimental effects of phosphate on the earthworm
population and also towards microbiological activity, as indicated by the humification of
the biomass (Figure 4).

The 3!P NMR spectra and their MCR analysis (Figure 5) show that, in the absence of
biochar, the addition of phosphate to the compost significantly changed the distribution of
P species, with a likely predominance of pyrophosphate. Moreover, in samples without
phosphate or with phosphate and biochar, the predominant form was likely organic (mono
and di-ester phosphate) or mixed with monobasic phosphate. This conversion of applied
phosphate into pyrophosphate in the absence of biochar may explain the strong acidification
of the medium as well as the increase in EC. Biochar was able to prevent this conversion
and favoured the formation of P organic species, which may have been caused by the
highest microbial activity in the presence of biochar as indicated by the highest compost
humification (Figure 3).

Vermicomposting increased the N concentration of the tested substrates (Figure 2c),
probably due to the labile organic matter evolving to CO, and resulting in a relative
enrichment in N.

Biochar addition to the substrates led to lower N concentrations in the compost and
vermicompost (Figure 2b), which may have been caused by a dilution effect related to the
inclusion of material with high recalcitrant C concentrations and low N concentrations.

A decrease in the C/N atomic ratios was observed after vermicomposting (Figure 2c),
indicating a further humification process promoted by the earthworms. The relative
increase of N concentrations likely occurred because the raw materials were N-poor and
cellulose degradation (CO, emission) was favoured by the presence of earthworms; we
confirmed this using the 1>*C NMR spectra (Figures 3 and 4).

5. Conclusions

A detrimental effect of SSP on macro- and micro-biota was observed with a drastic
decrease in earthworm population and lower compost and vermicompost humification.
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This detrimental effect of SSP was likely caused by acidic conditions resulting from py-
rophosphate formation and high salinity, inhibiting humification. This was indicated by the
presence of materials with increased labile structures, low N concentrations and high C/N
ratios. However, biochar mitigated this negative effect during composting by maintaining
microbial activity, which was indicated by higher humification, and during vermicompost-
ing, by mitigating the detrimental effect of SSP on the earthworm population. Biochar
probably reduces the deleterious acidity and salinity induced by single superphosphate by
decreasing pyrophosphate formation, avoiding acidification and salinity.

SSP alone is not recommended for the composting and vermicomposting of grass
clippings, but in combination with biochar it should be tested as a soil conditioner, on
account of its greater proportion of stabilized C (from grass clippings and pyrogen) and
organic P.
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