Journal of Soil Science and Plant Nutrition (2023) 23:854-866
https://doi.org/10.1007/s42729-022-01088-0

ORIGINAL PAPER q

Check for
updates

Effect of Raw and Composted Anaerobic Digestates from Sewage
Sludge and Biowaste on Ryegrass Phosphorous Availability and Soil
Carbon Management

Marco Grigatti’

Received: 7 June 2022 / Accepted: 7 December 2022 / Published online: 13 December 2022
© The Author(s) under exclusive licence to Sociedad Chilena de la Ciencia del Suelo 2022

Abstract

Purpose Organic waste (OW), such as anaerobic digestates and compost, can provide nitrogen (N) and valuable crop avail-
able phosphorous (P) and is a potential alternative to chemical P fertilizers, which is a non-renewable resource. However,
little is known about the short- to medium-term P supply capacity of OW within the framework of optimal soil organic
carbon management.

Methods In this study, four products were investigated: a sewage sludge digestate (D,) and biowaste digestate (D,), in addi-
tion to their respective composts (C, and C,). These products were compared at 170 kg N ha™! along with a chemical fertilizer
(Chem) and digestate from animal manure (D)) in two successive tests on potted ryegrass (84 4+ 84 days), without (N —) and
with (N +) mineral N supply (170 kg N ha™!). Their agronomic performance and apparent bioavailable P (ABP mg pot~")
were assessed. In addition, the variation in the total organic carbon (TOC), labile carbon (C; ), and carbon management index
(CMI) was monitored in potting soil at the end of the two growth cycles.

Results The pot test showed that after 84 days, Chem mostly exploited its ABP (95%), similar to D,,, resulting in a low-P
inheritance over 168 days, while the compared products (D;; C;; D,; C,) ensured long-lasting P release. C; was more sensi-
tive than C,, to changes occurring during the test, thus proving that biowaste products, especially compost (C,), gained the
best CMI.

Conclusions This promising approach may provide comprehensive insight into rational P fertilization via OW soil distri-
bution and can provide important information on its effect on overall soil carbon management, a currently notable issue,
especially in the Mediterranean region.

Keywords Organic waste - Fertilization - Apparent bioavailable phosphorous - Carbon management index

1 Introduction modern agricultural practices have heavily reduced the SOC
content. In this framework, continuous mineral fertilization

It is widely recognized that soil organic carbon (SOC) plays  is often coupled to heavy soil ploughing, deeply stressing

a fundamental role in soil health conditions and also plays a
crucial role in many soil functions and ecosystem services
(Stolte et al. 2016; Stavi et al. 2016). In this context, SOC
represents a key factor in the overall balance of life, with
important effects on fundamental components such as bio-
diversity and carbon storage. However, in recent decades,
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soil organic matter (SOM) mineralization processes; there-
fore, it appears that approximately 50% of European soils
suffer organic matter deficiency, which is currently a cur-
rent issue in many other parts of the world (de Brogniez
et al. 2015). Within this context, the reutilization of recy-
cled organic matter (animal slurries and manures; compost;
anaerobic digestates; sewage sludge) is receiving increasing
attention, aimed at both crop nutrition and carbon conser-
vation/storage in agricultural soils according to the Circu-
lar Economy framework promoted by the European Union
(EU), in the vision of more sustainable development (Euro-
pean Commission 2020).
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There have been several investigations about the nitro-
gen (N) fertilizing capacity of these types of organic prod-
ucts (Grigatti et al. 2011; Akbar et al. 2021), while fewer,
although an increasing number, of studies have researched
phosphorus (P), an emerging critical raw material (Gri-
gatti et al. 2019; Stamm et al. 2021). Phosphorous ferti-
lizers are primarily derived from mined phosphate rock.
These economic reservoirs are found in only a few regions
of the world, so phosphate rock mining is controlled by
five countries, the main ones being Morocco, China, and
the USA, representing a security problem (Schroder et al.
2010; Stamm et al. 2021). Therefore, in recent years, there
has been a growing interest in the strategic recycling of P
from OW for crop nutrition (Fuentes et al. 2006; Jakubus
2016), and investigations addressing this topic have often
proven the reliable efficiency of recycled organic products
as P sources (Bachmann et al. 2011; Grigatti et al. 2019;
Majaule et al. 2022).

As previously stated, N is a primary element for plant,
and crop fertilization plans are typically N based; how-
ever, the recycled OW to be used in agricultural soil can
have a significant amount of P, thus resulting in a poten-
tial imbalance between applied P and plant P requirements
(Fuentes et al. 2006; Rowe et al. 2016). According to the
different feedstocks and processes, P can be found in dif-
ferent forms (free, labile, partially available, unavailable) in
this type of product, making soil P management challeng-
ing (Fuentes et al. 2008; Mazzini et al. 2020; Grigatti et al.
2020). The different P forms in recycled OM sources can
be successfully determined via different sequential chemi-
cal extraction (SCE) approaches. According to Dou et al.
(2000), this approach can provide a reliable assessment of
the free P forms (water-extractable) in addition to the eas-
ily and medium- to long-term plant available P extractable
in bicarbonate and alkali. Finally, the sparingly soluble P
determined in the acid extract (HCI-P) is generally consid-
ered unavailable for plants. Based on this method, simplified
procedures are proposed in the literature, obtaining robust
results, such as those reported by Turner and Leytem (2004),
which adopt a sequence of NaHCO; and NaOH + EDTA or
NaHCO;, NaOH+EDTA, and HCI, as suggested by Mazzini
et al. (2020). In this context, some studies have proven the
relationship between the various P forms determined via
SCE and plant P uptake (Grigatti et al. 2017; 2019), and this
approach is helpful for predicting potentially plant available
P in addition to the potential environmental risk (leaching
and runoff) following the soil distribution of recycled OW.

OW production is continuously increasing; thus, the
anaerobic digestion (AD) process is rapidly expanding as a
technology successfully applied to reduce the amount of eas-
ily degradable OM in organic waste, representing a renewa-
ble energy source via biogas production (Lytras et al. 2021).
Anaerobic digestion is often coupled with the composting

process with the aim of producing biologically stable prod-
ucts to be safely utilized in agricultural soil. It is generally
recognized that the distribution of biologically unstable OM
to the soil can cause high CO, emissions in addition to unde-
sired N,O and possible NH; emissions (Verdi et al. 2019;
Grigatti et al. 2011; 2020). Among OW types, sewage sludge
and biowaste represent an important, and ever increasing,
fraction of the waste stream in developed countries (Di
Capua et al. 2020; Lytras et al. 2021). Proper management
of these products can represent a cost and management
problem, being, on the other hand, an opportunity for pos-
sible nutrient recovery aimed at plant nutrition, soil carbon
conservation, and potential storage (Regelink et al. 2021;
Slepetiene et al. 2022). However, few studies have addressed
P plant availability from this type of product, especially in
the context of the best soil carbon management practices
(Slepetiene et al. 2020). As previously stated, SOC plays a
fundamental role in ecosystems, and increasing interest is
being paid to its conservation and possible increase. At the
same time, it is recognized that the total amount of organic
carbon in soil is not a robust indicator of the soil health
status, and labile carbon (C;), determined via weak oxida-
tion with potassium permanganate (KMnO,), is a more suit-
able indicator to describe soil functionality. The use of the
carbon management index (CMI), proposed by Blair et al.
in 1995, can be helpful to this aim. This index is based on
the distribution of SOC in labile and nonlabile fractions,
producing a lability index (LI), as well as the total carbon-
related index, the carbon pool index (CPI), to determine the
relative sustainability of systems under different manage-
ment options (i.e., cropping; fertilization) compared to a
reference system. Later, many authors adopted the CMI as
an indicator of SOC quality changes resulting from differ-
ent management practices (Gong et al. 2009; De Bona et al.
2008; Verma et al. 2013; Li et al. 2018). This approach was
adopted to assess the variation occurring in SOC following
long-term, simple mineral/organic or combined fertilization
(Lou et al. 2011; Li et al. 2018). As previously stated, the
reutilization of organic waste for agricultural purposes is
generally N based, while the potential and actual plant P
availability following the soil application of these products
are poorly investigated. In addition, the soil functionality
variation following the utilization of different recycled OW
is poorly addressed in the literature, which is especially true
for anaerobic digestates. While compost is generally consid-
ered a soil amendment with important organic carbon restor-
ing capacity, anaerobic digestates are more often used in
light of their fertilizing capacity (mainly N), and their effect
on soil carbon and overall carbon management appears to be
scarcely addressed in the literature (Slepetiene et al. 2022).

As mentioned above, these products can be used alter-
nating with chemical fertilization; as fertilization plans are
generally N based, there is a lack of relatively complete
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knowledge about the short- and medium-term plant P avail-
ability following the agricultural use of processed (via AD
and/or composting) sewage sludge and biowastes, especially
in the context of enhanced soil carbon management.

In this regard, the aim of this experiment was to (i) evalu-
ate the current and residual potential plant P availability fol-
lowing the distribution of high- and low-P products from
raw and composted anaerobic digestates from either sewage
sludge or biowaste in a simulated sequence of organic and
mineral fertilization on potted ryegrass. In addition (ii), this
experiment explored the effect of the different organic fer-
tilizers on the variation in the TOC and CMI in comparison
with those of commonly applied chemical fertilizers at the
end of two growth cycles.

2 Materials and Methods
2.1 Organic Products

Four organic products from either sewage sludge or biowaste
were selected for this work. The solid fraction (press-filtered)
of an anaerobic digestate was collected after 20 days of ther-
mophilic continuous wet digestion of a municipal sewage
sludge (D,); a compost (C,) was obtained after 30 days of
composting the filter-pressed D, along with green waste
(30/70; V/V). Another anaerobic digestate was collected

after 20 days of dry-continuous anaerobic digestion of bio-
waste (D,); the respective compost (C,) was obtained after
20 days of composting with green waste (50/50; V/V). In
addition, a dry-batch anaerobic digestate from cow manure
(Dyp) was added as an organic reference in the pot test. For
the fresh products, we measured total solids (TS) and vola-
tile solids (VS), NH+4-N, and the oxygen uptake rate (OUR,
Grigatti et al., 2007). The tested products were then freeze-
dried and ball milled for further analytical determinations.
Total organic carbon (TOC) and total nitrogen (TN) were
determined via an elemental analyzer (EA 1110, Thermo
Electron, Germany). The total nutrients and heavy metals
were determined using inductively coupled plasma—optical
emission spectrometry (ICP—OES; Spectro Arcos, Ametek,
Berwin, PA, USA) on =~ 300-mg samples after microwave-
assisted digestion (37% HCI and 65% HNO;). The main
product characteristics and heavy metal contents are sum-
marized in Table 1 and Table 2.

2.2 Phosphorous Fractionation

The organic products were subjected to P fractionation
via sequential chemical extraction (SCE) according to the
method of Mazzini et al. (2020). Briefly, freeze-dried and
ball-milled products were extracted for 24 h with 0.5 M
NaHCO; (pH 8.5) in an end-over-end shaker and then cen-
trifuged. The supernatants were filtered (Whatman #42), and

Table 1 Main characteristic of

) Product TS VS TOC TN NHY-N CN OUR P Ca Fe Ca/P  Fe/P
the compared organic products i . .
(mgg™)  (mgg™) (mmol O, — (mgg™)
kg™' VShh)
D, 224 520 269 41 1038 7 96 204 69 426 34 1.2
C,; 591 490 249 26 0.9 10 8 16.1 41 375 26 15
D, 197 490 269 17 105 16 46 42 37 58 88 14
C, 533 420 226 15 0.5 15 11 42 42 79 100 1.8
Dy 171 670 364 27 6.3 14 11 54 19 1.6 35 03

T8, total solids; VS, volatile solids; TOC, total organic carbon; TN, total nitrogen; D,: anaerobic digestate
from wastewater sewage sludge; C,: compost from D;; D,: anaerobic digestate from biowaste; C, compost
from D,; D, digestate from animal manure. The data are expressed on TS; these are the average of two
replicates (coefficient of variation <5%)

Table 2 Heavy metal content

. Sample Cd Cr Ni Cu Pb Zn

in the compared products (mg

ke™) D, 1.55 22 16 229 74 385
(ON 1.64 107 33 225 75 494
D, 0.39 29 13 49 30 135
C, 0.36 68 25 49 34 135
Dy 0.24 10 4 36 3 157

D,: anaerobic digestate from wastewater sewage sludge; C,: compost from D;; D,: anaerobic digestate
from biowaste; C, compost from D,; D), digestate from animal manure. The data are expressed on TS;
these are the average of two replicates (coefficient of variation < 5%)
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the recovered pellets were extracted with NaOH + EDTA
(0.25 N+0.05 M) for 24 h. The same procedure was
repeated with 1 N HCI. Inorganic P (P;) in the extracts was
determined via the molybdenum blue method (Murphy and
Riley, 1962); total P in the extracts was determined via ICP.
Organic P (P,) was calculated as the difference between total
P and P, in the extracts. The P recovered (%) in each fraction
[bicarbonate extractable P (NaHCO;-P), alkali extractable P
(NaOH + EDTA-P), acid extractable P (HCI-P), residual-P
(H,SO,-P)] was calculated as follows:

P fraction x

Pfraczion x(%) = X 100

tot OW

where P, .o, , 18 the inorganic/organic P determined in
each fraction (NaHCO;, NaOH + EDTA, HCI, residual),
and P, gy is the total P determined in the different organic
waste via ICP following microwave-assisted acid digestion.
The total recovery was calculated as the sum of all fractions
(NaHCOj;-P + NaOH + EDTA-P + HCI-P +residual-P) by
using the following equation:

Residual
NaHCO3 * iso fraction x
Tot Precovery(%) = 12 x 100
tot OW

where Z;ZchungPi;quamnx represents the sum of the
single P recovery values (P;; P,) in each fraction
(NaHCOj;-P 4+ NaOH + EDTA-P + HCI-P +residual-P) and
P, OW is the total P determined in the different products

via ICP after microwave-assisted acid digestion.

2.3 PotTest

The soil utilized in the pot experiments was taken from the
upper layer (0-20 cm) of a field in the Po Valley (Bologna,
Italy) as reported in Grigatti et al. (2015). This soil showed
the following characteristics: pH (H,O 1:2.5), 7.90; particle-
size distribution, sand (184 g kg™, silt (425 g kg™!), and
clay (391 mg kg_l); total CaCO5, 85 g kg_'; total organic
carbon (TOC), 10.2 g kg_l; total Kjeldahl nitrogen (TKN),
1.60 g kg™'; C:N, 8.3; exchangeable K, 330 mg kg~! (as
K,0); and CEC, 27.2 meq. 100 g~!. The total (extract-
able in aqua regia+HF) Al, Fe, and P levels were 35,661,
22,224, and 808 mg kg~ !, respectively. The NH,-oxalate (pH
3)-extractable Al and Fe levels were 764 and 2158 mg kg™!,
respectively, while the Na dithionite-citrate-extractable
Al and Fe levels were 281 and 2462 mg kg™!, respec-
tively. The potted assay involved two subsequent growing
cycles, each lasting 84 days (total 168 days). During the
first growing cycle, the organic product (D; D,; C;; C,)
and the organic reference (D)) were applied to the soil
at the target rate of 170 kg N ha™!. Then, amended soil
(1 kg on a TS basis) was added into 2 L pots (¢ 16 cm),

previously half-filled (1 L) with (washed) sand. A com-
plete randomized design with three replicates was adopted,
including one chemical reference (Chem, N-P-K: 170-60-
100 kg ha™!) through the addition of a solution containing
NH,NO; +Ca(H,P0O,), +K,SO, in addition to unamended
soil (Ctrl). Seeds of ryegrass (Lolium multiflorum subsp.
italicum) cv. were sown (0.8 g pot‘l). Pots were set in a
growing chamber with a 14-h photoperiod and temperatures
of 23/13 °C day/night. Lighting was ensured by Master Tld
58 W-840 tubes (Philips, Amsterdam, The Netherlands).
The pots were watered on a regular basis with tap water to
maintain 60% water-holding capacity. At the end of the first
cycle, ryegrass plants were harvested by cutting 2 cm above
the soil and air-dried in a forced air oven (60 °C). Roots
were carefully separated by soil by water washing and then
air-dried. Tissue and roots were then ball-milled and ana-
lyzed for P content via ICP after microwave-assisted acid
digestion. The soil recovered from the first cycle (from each
treatment) was utilized in the second cycle of cultivation.
The pots were filled with soil and seeded with ryegrass. To
ensure a nonlimiting nutrient environment, a solution pro-
viding N was distributed to all the treatments (Table 1S) and
managed as previously described. At the end of the second
growth cycle, tissue and roots were collected and treated as
previously described. The ryegrass P recovery (mg pot™')
was calculated by multiplying the dry biomass by the total
P content. The Olsen-P in the pot soil was determined at
the beginning and at the end of the first and second growth
cycles (days 84 and 168). The apparent bioavailability of
phosphorus (ABP) was calculated similarly to that described
by Jimenez et al. (1993), as follows:

168

ABP (mg pot_l) = Z (Ptreatmem ) — Pcrrl (m))
84

+ [(Olsen - P, = Olsen = P |

treatment (tn)

where P, iment (my 18 the P uptake (mg pot™") at time ¢ (day
84; 168) of plant tissue and roots of treated pots (digestates
and compost; Chem), P, is the P uptake (mg pot™h)
(days 84, 168) of plant tissue and roots of control pots,
Olsen-P . yument (m) 18 the Olsen-P content (mg pot™1) of soil
in treated pots (digestate, compost or Chem) at time 7 (days
84, 168), and Olsen-P,,, (,, is the Olsen-P content (mg
pot™!) of soil in control pots (days 84, 168).

2.4 Soil Organic Carbon and KMnO,, Oxidizable C

At the end of the first (day 84) and second (day 168) growth
cycles, the organic carbon content was determined in pot soil
via an elemental analyzer (EA 1110, Thermo Electron, Ger-
many). In addition, the KMnO, oxidizable C (C;) content
was determined (in duplicate) on 2.5 g of pot soil according
to Weil et al. (2003), assuming that 1.0 mmol L! MnO, was
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consumed (Mn’* — Mn?") in the oxidation of 0.75 mmol
L' (9.0 mg) carbon. The carbon management index (CMI)
was obtained according to the method of Blair et al. (1995).
CMI was calculated as follows:

CMI (%) = carbon pool index (CPI) X lability index
(LI)x 100.where CPI was calculated according to the fol-
lowing equation:

CPI = C treated soil sample

C reference soil

where C-treated soil is the organic carbon (g kg™") from soil
treated with the organic products (D,, D,, C,, C,) and C ref-
erence soil is the organic carbon (g kg™"), in soil from Chem.

and LI was calculated according to the following equation

_ C lability treated soil sample
"~ C lability reference soil

where C lability treated soil sample is the carbon lability
from soil treated with the organic products (D,, D,, C;, C,),
and C lability reference soil is the carbon lability in soil
from Chem. The C lability is expressed as the ratio of labile
C (Cy) to nonlabile C (Cy;). Nonlabile C was determined
as the difference between the total C content and C; content
of the soil.

2.5 Statistical Analysis

One-way ANOVA was conducted for the fertilizer treat-
ments, addressing the shoot parameters (DW; P uptake) and
soil parameters (TOC; C; ; Cy;) at the end of each growing
cycle (days 84 and 168). Tukey’s HSD test at p <0.05 was
used to separate levels in significant ANOVA sources. The
Statistica 7® package (Statsoft, Tulsa, OK, USA) was used
to perform ANOVA and the Tukey test.

3 Results
3.1 Organic Products

The selected organic products for this work had different
characteristics depending on their feedstock and processes.
As displayed in Table 1, the initial TS level in the fresh
anaerobic digestates (D, and D,) was very low in compari-
son to that of the respective composts C; and C, (210 vs.
560 mg g~!), with the reference Ad (D,,;) being in the low
range. Table 1 also shows the VS level, which was higher
in anaerobic digestates than in respective compost (510 vs.
460 mg g~! on average). Accordingly, the TOC of the tested
Ads (D, and D,) was higher than that of their respective
compost (C, and C,), thus averaging 269 and 240 mg g™/,
respectively. Furthermore, the TN level showed notable
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variation ranging between 41 and 26 mg g~' in sewage
sludge-derived products (D, and C,), being detected at a
significantly lower level in D, and C, (17 and 15 mg g~})
and giving a wide C:N ratio ranging between ~ 7 and 16
in digestates (D, and D,) and between 10 and 15 in com-
post (C, and C,). The NH*,-N level was approximately
10 mg g~! in anaerobic digestates (D, and D,) and was
below 1 mg g~ in the respective compost samples (C, and
C,). In this context, the organic reference (D,,) exhibited
extremely high VS (67%) and TOC (364 mg g~") levels and
intermediate TN and NH*,-N levels (27 and 6.3 mg g™,
thus achieving an intermediate C:N ratio of 14. In addition to
these characteristics, the stability of the compared products
showed important variation; the OUR (mmol O, kg‘1 VS
h~!) ranged between 96 and 46 (D, and D,) and between 8
and 11 (C, and C,). The OUR of the reference material (Dy;)
reached 11 mmol O, kg™' VS h™!. Table 1 also reports the
total P content of the tested samples; this content was the
highest in the sewage sludge-derived products (D, and C)),
which attained total P contents of ~ 16 and ~ 20 mg g™,
respectively, 4—fivefold higher than those exhibited by the
biowaste-derived products (D, and C,), which were both at
~ 4 mg g~'. Among the other elements, total Ca content was
the highest in D, (69 mg g~ 1), while the content was lower
(~ 40 mg g_l) in the other tested products (C; D,; C,).
Moreover, the manure-Ad (D)) sample showed a notably
low Ca content (~ 20 mg g~!). Accordingly, the Ca:P ratio
was lowest in D, and C, (Ca:P; 3, on average), very close to
that in Dy, and this ratio was approximately 9 in D, and C,
(Table 1). Finally, the Fe content was highest in D, and C,
(~ 40 mg g~!) and that in the organic reference (Dyy) was
lowest (~ 2 mg g~'), with the Fe content in D, and C, being
intermediate (~ 7 mg g~!). The Fe:P ratio was at a similar
level in both digested and composted products (D; D,; C;
C,) at = 1.5, on average, which was higher than that of Dy,
(Fe:P, 0.3). As reported in Table 2, the compared products
showed very different heavy metal contents. The sewage
sludge-based products (D; and C,) showed the highest Cd,
Cu, Pb, and Zn contents. Last, the heavy metal content in
the organic reference (D)) was the lowest.

3.2 Phosphorus Fractionation

The organic products compared in this work showed very
different phosphorus fractionation (Table 3). The prod-
ucts from sewage sludge (D, and C,) showed NaHCO;-P;
values ranging between 2.8 and 1.7 mg g~!, which were
slightly higher than those of D, and C, (1.8 and 1.2 mg g™"),
thus attaining very different recoveries in the two groups
(= 10 vs. 35%), and Dy exhibited an intermediate value
(1.5mg g_l; 28%). Conversely, the NaOH + EDTA-P; level
showed wide variation, being ~ 6.5 mg ¢~! in D, and C, and
1.7 mg ¢! in D, and C,, which reflected the close recoveries
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Table 3 Phosphorus recovered in the different extracts in the following steps of the sequential chemical extraction of the tested products
Fraction/extractant D, C, D, C, Dy,

Inorganic P mggh) (®»  (mggh) &  mgghH B  (mgghH (B (mgg) (%)
NaHCO, 2.8 (14) 1.7 (10) 1.8 (42) 1.2 29) 1.5 (28)
NaOH +EDTA 6.7 (33) 6.4 (40) 1.7 (40) 1.7 41 1.4 (26)
HCl1 1.3 6) 1.3 ) 0.4 (10) 0.6 15) 0.2 3)
H,SO0, nd nd nd nd nd nd nd nd nd nd
X P/recovery (% Py, 10.8 (53) 9.4 (58) 3.8 o1 3.6 (85) 3.1 (58)
Organic P

NaHCO, 0.1 0.1) 0.3 ) 0.2 ) 0.1 ?2) 0.3 6)
NaOH +EDTA 10.9 (53) 8.6 (53) 0.7 (16) 1.0 (23) 1.5 (28)
HCl 0.3 (e8] 0.0 0) 0.0 0) 0.0 0) 0.1 )
H,S0, nd nd nd nd nd nd nd nd nd nd
X P /recovery (% P, 11.2 (53) 8.9 (55) 0.9 (22) 1.1 24) 1.9 (35)
Total P;+ P /recovery (% P,,)  23.0 (106) 18.3 (113) 438 (113) 49 (109) 5.0 93)

D,: anaerobic digestate from wastewater sewage sludge; C,: compost from D,; D,: anaerobic digestate from biowaste; C, compost from D,; Dy,

digestate from animal manure. The data are expressed on TS; these are the average of two replicates (coefficient of variation <5%)

of these products: 33-40% (D,-C,) and 40-41% (D,-C,).
The NaOH + EDTA-P; level of Dy, was in the lower range
(1.4 mg g‘l; 26%). The acid extractable P (HCI-P) level
was 1.3 and ~ 0.5 mg g~! in sewage sludge (D, and C,)
and biowaste products (D, and C,), thus attaining ~ 7 and
~ 12% recovery, respectively. The HCI-P level of D,; was
relatively low (0.2 mg g~'; 3%). The total recovery of P;
showed very notable variation, being approximately 55% in
D, and C, and notably higher in D, and C, (=~ 90%) and that
in Dy, was lower (58%). Contextually, the P, level was ~
10 mg g7 in D, and C, (recovery ~ 50%) and was detected
at notably lower levels in D, and C, (~ 1 mg g™'; recovery ~
20%). The reference digestate (D) showed an intermediate
P, level (1.5 mg g~'; 28%). Organic P was mostly detect-
able in the NaOH + EDTA extracts (Table 3), while resid-
ual-P was undetectable in all the tested samples. Overall,
the P fractionation (%) was in the order of NaOH + EDTA
(86) > NaHCOj; (14) > HCI (8) for D;, NaOH+EDTA
(93) > NaHCO; (12) > HCI (8) for C;,, NaOH + EDTA
(56) > NaHCO; (47) > HCI (10) for D,, NaOH +EDTA
(64) > NaHCO; (31) > HCI (5) for C,, and NaOH+EDTA
(54)>NaHCO; (34) > HCI (5) for Dy;.

3.3 PlantTest

The ryegrass pot test showed that plant tissue dry bio-
mass was affected by the different treatments. As shown in
Table 4, the cumulative DW of tissue obtained during the
first cycle of cultivation (day 84) ranged between 1.53 and
2.09 g pot™! for the Ctrl and Chem; that of D, and C, was
relatively high (1.91 g pot™', on average). D, and more C,
showed relatively low DW (1.79 and 1.61 g pot™!), and the
reference Ad (D) was intermediate (1.67 g pot™1). Root

DW assessed at the end of the first growth cycle was not
significantly different between the treatments; however, in
the Ctrl and Chem groups, this value ranged between 1.18
and 1.56 g pot™!. D, performed better than the associated
compost C, in terms of root DW (1.91 vs. 1.32 g pot™"). The
opposite trend in root DW was observed for D, and C, (1.55
vs. 1.87 g pot™"), and D, exhibited an intermediate root
DW (1.51 g pot™"). At the end of the second growth cycle
(day 168), the tissue DW in Ctrl and Chem ranged between
2.66 and 2.80 g pot™!, without significant differences. The
organic products (D,, D,, C,, C,) similarly performed with-
out significant differences in tissue DW in comparison with
that of the organic reference Dy, averaging 2.58 g pot™".
Root dry biomass varied between 0.74 and 0.79 g pot~! in
Ctrl and Chem and was not different from that in the organic
treatment groups (D, D,, C;, C,) and the organic reference
(Dyy), exhibiting an average value of 0.81 g pot™'. Over-
all, at the end of the first cycle, the best DW (g pot™!) was
observed in Chem (4.89), followed by D, (4.57), C, (4.41),
Dy (4.39), D, (4.30), Ctrl (4.19), and C, (4.11). Although
not significantly different, the biomass sum (g pot™!) over
the two growth cycles was as follows: Chem, 7.24; C,, 7.15;
D,, 7.07; Dy, 6.72; Dy, 6.72; C,, 6.31; and Ctrl, 6.11.

The ryegrass tissue P uptake at the end of the first growth
cycle (day 84) was recorded at 4.03 mg pot™! in Ctrl, which
was the lowest value. D, and D, performed the best in terms
of P uptake (5.09 mg pot™!), whereas the composted prod-
ucts (C, and C,) achieved a P uptake value of 4.77 mg pot ™!
(on average), which was similar to that of Dy; and Chem
(4.69 and 4.67 mg pot™!). At the same sampling time, the
root P uptake was 2.43 and 2.61 mg pot™" in Ctrl and Chem,
respectively, which were similar to those in the other treat-
ments (D,, D,, C,, C,) and Dy (2.78 mg pot™', on average).
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Table 4 Dry biomass (DW)

. Treatment Days after sowing

and phosphorus (P) uptake in

the ryegrass shoots and root at Tissue Root Shoot + root

the end of the two successive

growth cycles (days 84—168) 84 168 Sum (0-168) 84 168 Sum (0-168) Sum (0-168)
DW (g pot™)
Ctrl 1.53b 2.66 4.19 1.18 0.74 1.92 6.11
D, 1.94 ab 2.63 4.57 1.55 0.61 2.15 6.72
C,; 1.88 ab 2.53 441 1.87 0.88 2.75 7.15
D, 1.79 ab 2.51 4.30 1.91 0.87 2.77 7.07
C, 1.61b 2.50 4.11 1.32 0.88 2.20 6.31
Dy 1.67b 2.72 4.39 1.51 0.82 2.33 6.72
Chem 2.09 a 2.80 4.89 1.56 0.79 2.35 7.24
P uptake (mg pot™!)
Ctrl 4.03b 6.03 10.05 243 1.34 3.76 13.82b
D, 5.02a 5.88 10.90 333 1.49 4.81 1571 a
C,; 4.75 ab 4.72 9.46 2.90 1.07 3.96 13.42b
D, 5.17a 5.83 10.99 3.10 1.68 4.78 15.77 a
C, 4.79 ab 5.59 10.38 1.97 1.78 3.75 14.13 ab
Dy 4.69 ab 5.98 10.67 2.60 1.36 3.96 14.63 ab
Chem 4.67 ab 5.81 10.47 2.61 1.38 3.99 14.47 ab

D,: anaerobic digestate from wastewater sewage sludge; C;: compost from D; D,: anaerobic diges-
tate from biowaste; C, compost from D,; Dy, digestate from animal manure. Chem: chemical reference
(NH,NO; +Ca(H,PO,), +K,SO,). A one-way ANOVA was applied to harvest, cumulated harvests, and
root data; in each column and for each trait, different letters represent significant difference according to

Tukey’s HSD test at p <0.05

At the end of the second cycle of cultivation (day 168), the
ryegrass tissue P uptake ranged between 6.03 and 5.81 mg
pot_1 in Ctrl and Chem, without significant differences,
averaging 5.50 mg pot~! in the other treatments (D,, Dy,
C,, C,), which was slightly lower than that in D), (5.98 mg
pot™!). The root P uptake was also unaffected by treatments,
with a value of 1.34 and 1.38 mg pot™! in Ctrl and Chem,
respectively, and an average of 1.47 mg pot™! in the other
treatments (D;, D,, C,, C,) and the organic reference (Dy,).
Although the P uptake (mg pot™!) was not significantly dif-
ferent between treatments, the cumulative P uptake after the
first growth cycle was in the order of D, (10.99), D, (10.90),
Dy, (10.67), Chem (10.47), C, (10.38), Ctrl (10.05), and C,
(9.46). The whole P uptake (mg pot_l) over the two growth
cycles was the best in D, (15.77), followed by D, (15.71),
Dy (14.63), Chem (14.47), C, (14.13), C, (13.42), and Ctrl
(13.82).

3.4 Olsen-P and Apparent Plant Bioavailable P
(ABP)

As reported in Fig. 1, at the beginning of the experiment, the
Olsen-P in the pot soil ranged between 13 and 33 mg kg™
in Ctrl and Chem. Among the soil treated with the organic
products, the Olsen-P of D, and C,; was 23 mg kg™! (on
average), which was very close to that of Dy, (21 mg kg ).
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Olsen-P (mg P kg'l)

Days after sowing

Fig.1 Olsen-P determined in pot soil at the beginning of the experi-
ment and after the first (day 84), and the second growth cycle (day
168) in the compared treatments. Ctrl: unamended control soil; D;:
anaerobic digestate from wastewater sewage sludge; C;: compost
from D;; D,: anaerobic digestate from biowaste; C, compost from
D,; Dy, digestate from animal manure. Chem: chemical reference
(NH,NO; + Ca(H,PO,), +K,SO,). Error bars =standard error (n. 3)

The Olsen-P of D, and C, was lower at 18 mg kg™' (on
average). Throughout the pot experiment, the control soil
(Ctrl) always had the lowest Olsen-P, which reached 9 and
6 mg kg~! at the end of the first and second growth cycles
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(days 84 and 168), respectively. In this timeframe, the Olsen-
P in the chemical reference (Chem) decreased linearly to 21
and 7 mg kg™! on days 84 and 168, respectively. The other
products (D,, D,, C,, C,) achieved intermediate Olsen-P on
day 84 (15 mg kg~!) that were slightly lower than that of Dy,
on the same sampling day (18 mg kg™"). In the following
growth cycle (day 168), D, and C, showed further decreases
in Olsen-P to 10 mg kg™!, which was slightly higher than
that of D, and C, (8 mg kg™"), and that of Dy, which reached
the background level (6 mg kg™"). Figure 2 shows the appar-
ent bioavailable P (ABP) level at the end of the first growth
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Fig.2 Apparent bioavailable phosphorous (ABP) determined in the
compared treatments at the end of the first (day 84) and the second
growth cycle (day 168). D;: anaerobic digestate from wastewater
sewage sludge; C;: compost from D,; D,: anaerobic digestate from
biowaste; C, compost from D,; D), digestate from animal manure.
Chem: chemical reference (NH,NO;+Ca(H,PO,),+K,SO,). Differ-
ent letter intervals indicate statistically different mean data according
to the Tukey test (P <0.05)
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Fig.3 Total organic carbon (TOC), nonlabile carbon (Cy;). labile
carbon (C;), and carbon lability in pot soil in the different treatments
at the end of the two growth cycles (day 84 (a); dayl68 (b)). Ctrl:
unamended soil; D;: anaerobic digestate from wastewater sewage
sludge; C,: compost from D,; D,: anaerobic digestate from biowaste;

cycle (day 84), which was highest in Chem (12.8 mg pot™ ).
At the same sampling time (day 84), among the organic
products, the ABP level of D, and C, ranged between 9.2
and 8.4 mg pot™!, which was higher than that of D, and C,
(8.0 and 6.4 mg pot™!), and the APB level of all these treat-
ments were lower than that of the organic reference (Dy,:
10.1 mg pot™!). At the end of the second growth cycle (day
168), the APB level (mg pot™!) dramatically decreased in
Chem (0.9), and that of D, and C, was highest (6.0 and 5.4),
surpassing that of D, and C, (4.2 and 2.0) and of the organic
reference Dy (1.3). The cumulative ABP level over 168 days
(mg pot~!) was the highest in D, (15.2), followed by C,
(13.8), Chem (13.7), D, (12.1), Dy, (11.4), and C, (8.4).

3.5 Total and KMnO,, Oxidizable Carbon (Labile
Carbon)

As shown in Fig. 3 a, the SOC level at the end of the first
growth cycle (at day 84) showed no significant difference
between the compared treatments; however, the SOC lev-
els were similar in Ctrl and Chem (8.75 and 8.58 g kg™").
At the same sampling time (day 84) among the organic
products, D, showed a slightly higher C,,, than C; (9.28
vs. 9.01 g kg™!), which was similar to, although to a lesser
extent, the C, pattern in D, and C, (8.86 vs. 8.77 mg kg™.
The organic reference (D)) exhibited an intermediate C,,
value (9.11 gkg™). At the end of the second growth cycle (at
day 168, Fig. 3b), a significant C,,, decrease to 7.67 g kg™!
was detectable in pot soil, averaging — 16% with respect to
day 84. Ctrl and Chem showed an important reduction in
Cor 1n comparison to the first cycle, achieving values of
7.26 and 7.35 g kg™ ! at this stage, respectively, which were
similar to that of Dy; (7.23 g kg™"). D, and C, also showed
important C mineralization down to 8.03 and 7.00 g kg™",
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C, compost from D,; Dy, digestate from animal manure. Chem:
chemical reference (NH,NO;+ Ca(H,PO,),+K,SO,). Different let-
ter intervals indicate statistically different mean data according to the
Tukey test (P <0.05). ns, not significant
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similar to what was shown by D, and C,, although to a dif-
ferent extent (8.56 and 7.87 g kg™!).

Labile carbon (C;) represented the minor C fraction
showing any significant difference among the compared
treatments at the end of the first growth cycle (at day 84,
Fig. 3a). However, the C; value in Ctrl and Chem ranged
between 0.35 and 0.26 g kg~!. At the same sampling time,
among the organic treatments, the C; values in D, and C,
were 0.29 and 0.38 g kg™, respectively, while those in D,
and C, were much higher (0.46 and 0.49 g kg™!, respec-
tively), and that in D,; was intermediate (0.42 g kg_'). At
the end of the second growth cycle (at day 168, Fig. 3b),
the C; value showed a significant reduction in comparison
to the previous sampling time (at day 84); the C; value in
Ctrl and Chem ranged between 0.09 and 0.15 g kg~!. Labile
C in the soil treated with D, and C, varied between 0.19
and 0.17 g kg~!, which was lower than that in D, and C,
(0.24 and 0.35 g kg™"), with that in D,; being intermedi-
ate (0.22 g kg™!). Figure 3 a also reports the carbon labil-
ity, which, at the end of the first cultivation cycle (day 84),
ranged between 4.2 and 3.1% in Ctrl and Chem. In D, and
C,, this value varied between 3.2 and 4.5%, while that in
D, and C, ranged between 5.4 and 6.0% and that in Dy,
was intermediate at 4.8%. Sampling at day 168 (Fig. 3b)
showed that the second growth cycle produced an important
reduction in carbon lability in comparison to the previous
sampling time at day 84 (Fig. 3a). In this context, the C labil-
ity in Ctrl and Chem varied between 1.2 and 2.1%. Among
the organic treatments, this value in D, and C,; was similar
(2.5%), while that in D, and C, was higher (2.9 and 4.6%)
and that in Dy, was intermediate at 3.8%.

3.6 Carbon Pool Index, Lability Index, and Carbon
Management Index

In this study, the carbon pool index (CPI) and the lability
index (LI) were calculated for the different treatments vs.
Chem. As reported in Fig. 4 a, at the end of the first cultiva-
tion cycle (day 84), the CPI in D, and C, ranged between

1.25

1.08 and 1.03; the CPI in D, and C, (1.05 and 1.02) was
lower but similar to that in D, and C, and that in D); was
intermediate (1.06). At the second sampling time at the end
of the second growing cycle (at day 168, Fig. 4 b), the CPl in
D, and C, was 1.09 and 0.95, respectively, and was slightly
higher in D, and C, (1.16 and 1.07, respectively), while that
in Dy, was intermediate (0.98).

The lability index (LI) at the end of the first growth cycle
(day 84) shown in Fig. 4a ranged between 1.03 and 1.45
in D, and C,, being notably higher in D, and C, (1.75 and
1.93) and exhibiting an intermediate level in Dy, (1.54). At
the following sampling date (at day 168, Fig. 4b), the LI
was similar in D; and C; (1.17, on average), while that in
D, and C, showed notable differences (1.36 vs. 2.15); in this
growth cycle, Dy, also showed an intermediate LI (1.79).
The carbon management index (CMI) calculated at the end
of the two growth cycles vs. Chem is reported in Fig. 5. At
the first sampling date (at day 84), the organic treatments
showed very different CMI values: C, (197)>D, (184)>Dy,
(167)>C, (149)>D, (112). At the second sampling date
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Fig.5 Carbon management index (CMI) calculated in the compared
organic treatments (vs. Chem) at the end the two growth cycles. D;:
anaerobic digestate from wastewater sewage sludge; C;: compost
from D|; D,: anaerobic digestate from biowaste; C, compost from D,;
D), digestate from animal manure. Error bars =standard error (n. 3)

Fig.4 Carbon pool index (CPI)
and lability index (LI) calcu-
lated in the compared organic
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(at Day 168), the CMI values were slightly different: C,
(231)> Dy, (176)>D, (159) > C, (127) > D, (109).

4 Discussion

The products tested in this work displayed remarkable dif-
ferences according to the different feedstocks and processes,
which was evident from the Cd, Cu, Pb, and Zn contents
being the highest in products derived from sewage sludge;
this result represents a characteristic trait of sewage sludge
even if the reported values met the Italian legal constraints
(Cristina et al. 2019). However, both sewage sludge and bio-
waste digestates showed little difference in VS and TOC
values, being in the normal range for these types of prod-
ucts (Cristina et al. 2019; Reuland et al. 2022). In addition,
their different TN values resulted in different C:N ratios in
the two products: 7 vs. 16 (D, vs. D,). Moreover, the C:N
ratio of the composted products remained fairly unchanged
compared to that of the input digestates, which was related
to the addition of a bulking agent. However, according to
the thermophilic stabilization process (composting), a steep
reduction in ammonium nitrogen was recorded, which was
in agreement with what was reported in the literature for
similar products (Wang and Zeng 2018). In addition, poor
biological stability of both digestates was registered, ranging
between ~ 100 and ~ 50 mmol O, kg_1 VS h™!, and these
values are in agreement with those reported in the literature
for similar products (Grigatti et al. 2020). It is generally
recognized that stable products exhibit limited carbon min-
eralization, thus saving CO, emissions in addition to N,O
and NH; emissions (Alburquerque et al. 2012; Iocoli et al.
2019; Grigatti et al. 2020). In this framework, composting
deeply increased the biological stability, thus placing both
composts within the safe limits suggested by the EU Fer-
tilizer Regulation (EU, 2019; <25 mmol O, kg™' VS h™h).
Therefore, the composting of digestates can be a useful strat-
egy for improved soil carbon conservation. Moreover, the
tested products showed very different phosphorus contents,
which could be strategically applied for agricultural pur-
poses. As previously mentioned according to their distribu-
tion rate (170 kg N ha™!), D, and C, provided the highest
estimated P content (80-100 kg P ha™!), which was twice
that in D, and C, (40-50 kg P ha™'); however, as previously
mentioned in the introduction, the potential plant P avail-
ability plays a major role in sustainable plant nutrition, and
this trait was assessed via SCE. In this frame, the products
compared in this work showed very different P fractionation,
and the sewage sludge-derived products showed the lowest
inorganic labile-P content. This outcome was in agreement
with wastewater processing, generally following the utili-
zation of chemicals (i.e., iron salts), therefore converting
P into less available forms (Fe-P compounds), which are

mostly detectable in alkali extracts (Regelink et al. 2021).
This result was observed also for organic P, which had the
highest content in sewage sludge-derived products. This
fraction (P,), possibly becoming available over intermedi-
ate and long time spans as a result of possible mineralization
interacts with P;, thus acting as a medium- and long-term P
source (Park et al. 2022). These SCE outcomes showed good
relationships with the pot test results. In this study, analysis
of the ABP level confirmed that the chemical P treatment
was a fast P releaser, yielding the most of its potential over
the first cultivation cycle (95%) with minimal residual-P
availability. In contrast, sewage sludge and biowaste-based
products released about 60-70% of their P potential in the
first growth phase, ensuring a significant P contribution dur-
ing the second growing cycle. Few data are available in the
literature about this topic for these types of products. Some
information is available about soil residual-P from manure
and/or compost (Sharpley, 1996; Eghball et al. 2004), which
shows that the N-based fertilization plan produced important
soil P release, similar to the results determined in our work.

As mentioned above the use of recycled OW for agri-
cultural purposes is generally N based, depending on crop
requirements. However, the recycled OW to be used as fer-
tilizer can have varying TOC contents, with very different
inherent properties (biological stability and recalcitrance),
thus giving very different organic carbon management out-
puts in soil in the short to medium term. To gain deeper
insight into the application rate and different C:N ratios,
sewage sludge and biowaste-based products provided dif-
ferent estimated amounts of TOC to the soil ( 1 vs.
2.5 Mg ha™!). After one growth cycle, the soil treated with
recycled OW generally had a higher TOC content than refer-
ences according to the organic carbon application. However,
to a deeper insight, no appreciable difference was recorded
between C; values from the different organic treatments at
the end of the first growth cycle, while following the exter-
nal mineral N addition, the unamended control attained
the strongest C; depletion, while Chem and Dy, exhibited
a more limited C; decline. In this framework, the organic
treatments generally showed higher C; values than both the
unamended control soil and the chemical reference, confirm-
ing the general capacity of these organic fertilizers to pre-
serve the active fraction of the SOM. C; refers to the highly
active fraction being sensitive to plant and microbial activi-
ties, which are very susceptible to oxidation and decom-
position (Chen et al. 2010). Thus, an increasing amount of
scientific literature suggests C; as a useful indicator that
can describe the impacts of agricultural practices (including
fertilization), becoming a representative index for estimating
the quality and productivity of the soil (Yang et al. 2017).
The soil receiving the sewage sludge-based digestate showed
a lower C; than the soil receiving the biowaste digestate,
suggesting a key role of their origin on the total organic
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carbon dynamics in soil and possibly lower long-term soil
quality following the utilization. Unfortunately, not even
composting positively affected this characteristic in sewage
sludge, additionally, the LI generally confirmed the C; out-
put, thus showing that the sewage sludge-derived products
had a lower active carbon content than the biowaste-derived
products. In the literature, the KMnO, oxidation procedure
has been proven to oxidize lignin from analyzed samples,
and cellulose is not oxidized (Tirol-Padre and Ladha, 2004).
The same authors reported that KMnO, oxidizable C (C;)
was directly related to the lignin content of manure and plant
residues. Therefore, the chemical composition of raw materi-
als (sewage sludge/biowaste) played a key role in this param-
eter. The lower C:N ratio of the sewage sludge digestate in
comparison to the biowaste digestate (7 vs. 16) can support
this hypothesis, with the C:N ratio in the reference digestate
(D)) being consistent. Moreover, composting affected this
parameter, thus showing that the biowaste digestate com-
post exhibited a generally higher LI than the raw digestates,
which also performed best over 168 days. Accordingly, the
CMl in soil treated with the sewage sludge-derived products
was notably lower than that in soil treated with the biowaste-
derived products and the organic reference (D,,) intermedi-
ate. Few studies have reported data about the soil carbon
management outputs following the soil distribution of raw
and composted digestates from sewage sludge and biowaste.
Some information is available about the CMI following the
soil utilization of raw sewage sludge (Kalisz et al. 2012),
reporting a CMI in the same range we observed for both
sewage sludge-based products. Kalisz et al. (2017) reported
the CMI variation following a field comparison between
sewage sludge and selected municipal solid waste compost
(MSWC) application, thus showing similar average output
values between the treatments. Biowaste and its anaerobi-
cally digested/composted products are relatively new prod-
ucts in comparison to MSWC; moreover, there is little infor-
mation on their utilization in soils. Biowaste originates from
food waste selection, which generally produces less inert
materials than MSWC thus showing higher OM, on average
(Grigatti et al. 2020). Furthermore, biowaste is generally
formed by waste rich in fiber components with low nitrogen
and high carbon contents, and these products are very dif-
ferent from the sewage sludge waste products. The different
feedstocks used to produce the tested products played a key
role in their short- to medium-term organic carbon manage-
ment in soil. This issue is widely discussed in a review by
Karimi et al. (2022), who underlined the poor information
about the soil quality parameters following the distribution
of anaerobic digestates from various raw materials. In this
context, the heavy metal content of the biowaste products
was generally lower than that of sewage sludge products.
Although we did not investigate this specific trait, we can-
not exclude some inhibitory effect of this component on the
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overall soil health (functionality), as proven in the literature
following the utilization of similar products (Banerjee et al.
1997).

5 Conclusion

The current management of raw organic waste mainly uses
anaerobic digestion and composting; thus, the biologi-
cally treated products are commonly used in agriculture
for nitrogen-based fertilization plans. However, due to their
very different phosphorus contents and solubilities, these
materials exhibit different apparent plant available phospho-
rus. The pot test showed that all compared organic products
satisfied the phosphorus plant request during a simulated
growing season. In addition, the study revealed that alter-
nating organic and chemical fertilization with nitrogen can
maximize the plant phosphorus utilization efficiency from
the applied recycled organic wastes, thus possibly saving
phosphatic fertilizers application as suggested by European
Union guidelines. The study also showed that the use of
the carbon management index in the assessment of soil car-
bon quality following the application of recycled organic
waste to the soil proved to be robust and strategic. In this
context, sewage sludge-derived products had little effect
on soil carbon management, while biowaste-derived prod-
ucts performed better, suggesting that the latter products
are best suited to improve organic carbon management in
carbon-poor soils in the frame of an integrated fertilization
approach.
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