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Abstract: Agriculture can play a primary role in the context of nutrients recovery by promoting the use
of organic fertilizers (OFs). In order to use them efficiently, it is necessary to predict the nitrogen (N)
bioavailability, which is a challenging matter due to the different physical-chemical characteristics of
commercially available OFs. This study aims to evaluate hot-water extractable N as a rapid and cheap
chemical indicator of bioavailable N. The trial was conducted on nine animal-based OFs obtained from
different raw materials and treatment processes. They were fully characterized and the bioavailable N
was determined by a 7-week soil incubation experiment. The results showed that hot-water extractable
N underestimated bioavailable N in the case of leather meal based OFs; however, a significant linear
regression fitting was achieved (R2 = 0.53). The C:N ratio was also assessed, which showed a negative
correlation (−0.87) and a better linear regression fitting (R2 = 0.76) with the bioavailable N, but
manifested some limitations in the prediction of leather meal based products. This experiment showed
that both hot-water extractable N and C:N ratio can provide useful information for farmers in managing
this class of OFs.

Keywords: potentially mineralizable organic nitrogen; fertilizer efficiency; bio-waste recycling;
soil fertility; circular economy

1. Introduction

The use of organic fertilizers (OFs) represents a common agricultural practice to
increase both nutrients and organic matter (OM) content in the soil [1]. This class of
fertilizers contributes to alleviation of problems related to desertification and soil erosion,
improving physical, chemical and biological properties of depleted soils by supplying
OM [2–5]. They also play an important role in the reduction of environmental impact,
minimizing the use of chemical fertilizers, which create concerns both in their (mis)use
and in their production [3–6]. Furthermore, using OFs partially permits solving problems
related to the disposal of biomasses, usually destined to landfill or incineration creating
potential risks for the environment [7].

Despite their “green attitude”, OFs, as well as the chemical ones, must be managed
with awareness, since excessive and misleading use could lead to environmental contami-
nation or pollution due to the dispersion of nutrients in other parts of the ecosystem [8].
In particular, nitrogen (N) represents the most crucial macronutrient for plant nutrition.
Still, at the same time, the amount that is not absorbed by plants impacts not only on the soil
itself, leading to acidification process, but also on the other environmental compartments
in terms of coastal eutrophication, air pollution, increase of greenhouse gas emissions, and
loss of biodiversity [9–12].

The OFs are typically divided, by source, into: (i) animal-based, such as blood meal,
fish meal, leather meals, horn and hoofs meal, slaughterhouse by-products, and manure
and (ii) plant-based, such as crop residues and seaweed extracts. Unfortunately, we
have only partial data about the amount of global animal by-products available for OFs
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production; for example, in the European Union and UK about 1.4 billion tonnes of manure
are generated annually [13], and the global slaughterhouse by-products are estimated at
about 150 million tonnes per year [14]. Therefore, considering that the global production
of meat is projected to progressively grow until 2050 [15], we expect that the amount of
animal by-products available for OFs productions will increase. The recycling of this huge
amount of materials containing N in agriculture as fertilizers is an opportunity, but also a
matter of concern considering the lack of knowledge about the availability of N to plants.

Organic N fertilizers are generally constituted by two different pools of N consisting in
inorganic (Nin) and organic (Norg) forms (Figure 1). While the Nin compounds, ammonium
(NH4

+) and nitrate (NO3
−), are readily available to plants [16], the Norg component is

characterized by a wide spectrum of organic substances [16], which, according to their
chemical characteristics, have a different behavior in the soil and can be readily as well as
scarcely bioavailable. In fact, the Norg fraction can be immediately available or speedily
mineralizable by microorganisms (i.e., amino acids and small peptides), or recalcitrant
and slowly mineralizable (i.e., polypeptides and heterocyclic N compounds). For these
reasons, OFs management is still a challenge for agronomists and the lack of knowledge
of potentially mineralizable organic N (N0) and of the mineralization rate of Norg leads to
low OFs’ N efficiency use. Since these pools are strictly related to the raw materials and
the transformation process from which OFs derive, the amount of N0 as well as the rate at
which it becomes bioavailable in soils (Figure 1) is highly affected by OFs’ origin [17].
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defined as bioavailable N (Nbav). While Nin is obtainable by straightforward chemical anal-
ysis (i.e., extraction with 1 M KCl and determination of ammonium and nitrate in the ex-
tract), the determination of N0 requires a long-time incubation essay, resulting in a time- 
and reagents-consuming experiment [18,19]. Therefore, developing a rapid method capa-
ble of giving a reliable indication of the N0 content in both soils and fertilizers has always 
aroused great interest. For instance, several authors [20–22] found satisfying methods to 
estimate the organic N mineralization capacity of the soil through a single chemical ex-
traction using hot water, potassium permanganate and warm water, respectively. 
Dell’Abate et al. [23] conducted a study on leather meal-based fertilizers, determining the 
faster and slower soluble N pools using phosphate buffer extractions and correlating them 
with the fertilizers’ particle sizes. Cassity-Duffey et al. [17] stated that the total N (Ntot) 
content of the fertilizers could be used as an estimate of the N0, while according to other 
authors [24,25] the C:N ratio is the most indicative parameter. 

The aims of this study were (i) to determine the bioavailable N in organic fertilizers 
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Figure 1. Schematic representation of the bioavailable fraction of nitrogen in organic fertilizers
(Ntot = total N; Nin = inorganic N; Norg = organic N; N0 = potentially mineralizable organic N;
Nbav = bioavailable N).

In order to optimize N efficiency, it is therefore important to know the amount of Nin,
as well as of N0, since these pools are potentially available for crops and their sum can
be defined as bioavailable N (Nbav). While Nin is obtainable by straightforward chemical
analysis (i.e., extraction with 1 M KCl and determination of ammonium and nitrate in
the extract), the determination of N0 requires a long-time incubation essay, resulting in a
time- and reagents-consuming experiment [18,19]. Therefore, developing a rapid method
capable of giving a reliable indication of the N0 content in both soils and fertilizers has
always aroused great interest. For instance, several authors [20–22] found satisfying
methods to estimate the organic N mineralization capacity of the soil through a single
chemical extraction using hot water, potassium permanganate and warm water, respectively.
Dell’Abate et al. [23] conducted a study on leather meal-based fertilizers, determining the
faster and slower soluble N pools using phosphate buffer extractions and correlating them
with the fertilizers’ particle sizes. Cassity-Duffey et al. [17] stated that the total N (Ntot)
content of the fertilizers could be used as an estimate of the N0, while according to other
authors [24,25] the C:N ratio is the most indicative parameter.

The aims of this study were (i) to determine the bioavailable N in organic fertilizers
from animal by-products subjected to different treatment such as anaerobic digestion,
thermobaric hydrolysis, chemical and biological stabilization, (ii) to determine the hot-water
extractable N in the organic fertilizers, and (iii) to study the relation between bioavailable
N and chemical indicators of N availability, thus assessing the possibility to predict the
bioavailable N starting from these indicators.
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2. Materials and Methods
2.1. General Description of Organic Fertilizers

Nine organic fertilizers (OFs) obtained from the manufacturer or from the market
were codified by an increasing numbering from OF01 to OF09 (Table 1). OF01 and OF07
were anaerobic digestates obtained from slaughterhouse by-products, and were classified
as nitrogen-phosphorus (NP) OFs. Similarly, OF02 was a NP OF derived from chemical
stabilized tannery sludge mixed with meat and bone meals. OF03 and OF05 were N OFs
resulting from mixing chemical stabilized tannery sludge and leather meal. OF04, OF08
and OF09 were N OFs obtained from leather by-products after thermobaric hydrolysis.
OF06 was a bio-solid derived from the biological stabilization of tannery sludge.

Table 1. Codes, raw materials and transformation processes of the organic fertilizers collected.

Code Raw Materials Transformation Process

OF01 Slaughterhouse by-products Anaerobic digestion
OF02 Tannery sludge + meat and bone meals Chemical stabilization
OF03 Tannery sludge + leather meal Chemical stabilization
OF04 Leather meal Thermobaric hydrolysis
OF05 Tannery sludge + leather meal Chemical stabilization
OF06 Tannery sludge Biological stabilization
OF07 Slaughterhouse by-products Anaerobic digestion
OF08 Leather meal Thermobaric hydrolysis
OF09 Leather meal Thermobaric hydrolysis

2.2. Characterization of Organic Fertilizers

All the OFs were ground in a ball mill (Mixer mill MM400, Retsch GmbH, Haan,
Germany) and sieved at 0.5 mm before analysis. The chemical reaction (pH) was measured
in 1.5:25 mass-to-water ratio using a platinum electrode (5261 electrode, Crison Instruments
SA, Alella, Spain) connected to a pH-meter (Compact titrator, Crison Instruments SA,
Alella, Spain). The electrical conductivity (EC) was measured in 1:5 mass-to-water ratio
using an electrical conductivity meter (Radiometer Analytical CDM 210, Hach Company,
Loveland, CO, USA) equipped with a conductivity cell (Radiometer Analytical CDC 749,
Hach Company, Loveland, CO, USA). Total solids (TS) and ashes were determined reaching
the constant weight at 105 and 650 ◦C, respectively, using an oven (FD 23 model, Binder
GmbH, Tuttlingen, Germany). Total organic carbon (TOC) was determined according to
the dichromate method (Springer and Klee, 1954). Total Kjeldahl nitrogen (TKN) was
determined after acid digestion with sulfuric acid and selenium-potassium persulfate as
catalyzer, using a Kjeldahl automatic instrument (KjelFlex K360, BUCHI Labortechnik
AG, Flawil, Switzerland). The ammonium N (NH4

+-N) was determined according to the
920.03 A.O.A.C. method [26]. Briefly, OFs were extracted with 1 M potassium chloride
(KCl) at 1:50 mass-to-volume ratio for 2 h, then an aliquot of filtrate (20 mL) was dispensed
into a digestion tube and analyzed in the Kjeldahl automatic instrument after adding
1 g of magnesium oxide (MgO). The nitrate N (NO3

−-N) was determined with the same
method, after reduction with 0.5 g of Devarda alloy (Carlo Erba, Italy). The total organic
nitrogen (Norg) was calculated by the difference between TKN and NH4

+-N. The total
N was considered equal to TKN because the NO3

−-N was under the detection limit of the
method for all the OFs. Total phosphorus (P) was determined by an inductively coupled
plasma optical emission spectrometer (Spectro Arcos ICP-OES Analyzer, Spectro Analytical
Instrument GmbH, Kleve, Germany) after flame digestion with 96% nitric acid.

2.3. Soil Description and Characterization

The soil used in the incubation test was sampled from the surface layer (0–0.2 m) of a
cultivated field from the University of Bologna experimental farm located in the southern
part of Po Valley, Italy (45.53◦ N, 11.38◦ E, 28 m a.s.l.). Once arrived in the laboratory,
the soil was air dried, sieved at 2 mm and cleaned from plant debris. The main soil
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physical and chemical properties were determined according to the Soil Science Society of
America methods [27] and the results are shown in Table 2. The soil was classified as a fine
silty, mixed mesic Udic Ustochrept [28], and it was a sandy-loam soil characterized by a
sub-alkaline pH with an average content of TOC and TN.

Table 2. Main characteristics of the soil used in the trial.

Parameters Unit Value

Texture (U.S.D.A.) sandy-loam
Sand g kg−1 700
Silt g kg−1 260

Clay g kg−1 140
pH (in water) 7.8

Electrical conductivity dS m−1 0.17
Cation exchange capacity cmol+ kg−1 23.4

Total carbonates g CaCO3 kg−1 65
Total organic carbon g C kg−1 21.6

Total nitrogen g N kg−1 2.15
C:N ratio 10.1

Available phosphorous mg P kg−1 64
Exchangeable calcium mg Ca kg−1 5150

Exchangeable potassium mg K kg−1 430
Exchangeable magnesium mg Mg kg−1 280

Exchangeable sodium mg Na kg−1 32

2.4. Incubation of Organic Fertilizers into Soil

Aliquots of 200 g of dry soil were placed into cylindrical plastic pots and pre-incubated
for 15 days in controlled conditions of temperature (20 ◦C) and moisture (30% of full water
holding capacity) in a growth chamber in the dark. During this period, moisture was
checked and restored when needed. OFs were added to the pots in a weight equivalent
to 100 mg N kg−1 of dry soil (ds), corresponding approximately to 250–300 kg N ha−1.
The test was carried out in triplicate, according to a complete randomized design. In
addition to the nine OFs, a negative control (CK) with no fertilizer added was included
in the trial. The experiment, conducted under the same temperature and moisture con-
ditions as the pre-incubation, lasted 7 weeks. A weekly soil sampling was carried out to
determine the inorganic N (Nin) according to the ISO 14256-2 protocol [29]: aliquots of
5 g of soil were extracted in 50 mL of 1 M KCl for one hour, then the filtrate solution was
analyzed by means of an automated flow analyzer (AutoAnalyzer 3, Bran Luebbe GmbH,
Norderstedt, Germany).

The data obtained from the analysis of Nin were used to calculate the mineralized
organic N (Nmin) using the following equation:

Nmin (OF,t) = [(Nin)t=n − (Nin)t=0]OF − [(Nin)t=n]CK, (1)

where t is the sampling time, OF is the organic fertilizers added, CK is the control treatment.
The Nmin values calculated for each product and for each sampling time were pro-

cessed through a first order kinetic model:

Nmin = N0 · (1 − e−kt), (2)

where N0 is the potentially mineralizable organic N, k is the first order kinetic constant
and t is the time. This equation provided qualitative and quantitative information on N
mineralization, both in quantity and kinetic terms and it widely used in similar cases [19].

Finally, using the data obtained from Equations (1) and (2), it was possible to calculate
the N fraction made bioavailable by the OFs added to the soil (Nbav). It corresponds to the
sum of the Nin at time zero and the N0:

Nbav (OF) = [(Nin)t=0]OF − [(Nin)t=0]CK + N0 (OF), (3)



Sustainability 2022, 14, 12921 5 of 14

2.5. Hot-Water Extractable Nitrogen

The determination of hot-water extractable nitrogen in OFs was performed following
the procedure adopted by Curtin et al. [21] to evaluate the soil nitrogen availability. Briefly,
5 g of product was added to 100 mL of deionized water and incubated in a water bath at
80 ◦C under agitation for 16 h. The sample was subjected to centrifugation (6000 rpm,
15 min, 20 ◦C) and filtration using Whatman No. 42 paper filters. The filtered extract was
analyzed for Ntot, NH4

+-N and NO3
−-N as described in Section 2.2.

The hot-water extractable N was then calculated by discriminating the hot-water
total nitrogen (HWTN) and the hot-water organic nitrogen (HWON), according to the
following equations:

HWTN (% Ntot) = (TNHW/Ntot) × 100, (4)

HWON (% Norg) = (TONHW/Norg) × 100, (5)

where TNHW (hot-water total N) = (TNHW + NO3
−-NHW) and TONHW (hot-water total

organic N) = (TNHW − NH4
+-NHW); TNHW, NO3

−-NHW and NH4
+-NHW are the total N,

the nitrate N and the ammonium N extracted in hot-water; Ntot and Norg are the total N
and the organic N of OFs.

2.6. Data Handling and Statistical Analysis

The data obtained were handled and analyzed using the environment for statistical
computing R [30]. The first order kinetic model (Equation (2)) has two unknown parameters
(N0 and k), which are estimated using nonlinear regression procedure with the Marquardt–
Levenberg algorithm and iterative method to find the parameters to minimize the residual
sum of squares [31]. In some cases, manual adjustment of initial values was needed to obtain
sensible results. The good-of-fitness of nonlinear models was estimated by the Pseudo-R2

(P-R2), calculated using the follow equation: P-R2 = 1 − (RSS/TSS), were RSS is residual sum
of squares and TSS is the total sum of squares [32]. The half-time of organic N mineralization
(t1/2) was determined using the following equation: t1/2 = Ln(2)/k. The relationships
between N mineralization (N0 and Nbav) vs. hot-water extractable N (HWON and HWTN)
and C:N ratio were assessed using simple linear regression analysis. The coefficient of
determination (R2 = SSreg/TSS, where SSreg is the sum of squares explained by regression
and TSS is the total sum of squares) was calculated as an indicator of goodness of fit.

3. Results
3.1. Characterization of Organic Fertilizers

The main characteristics of the OFs used are reported in Table 3. In general, the
physical-chemical characteristics of OFs strictly reflected the raw materials and the produc-
tion processes undergone. The OFs obtained from leather by-products (OF04, OF08, OF09)
have acidic pH (4.3–4.7), probably due to the use of acids (i.e., sulfuric acid) in the tanning
treatment and in the leather by-products thermobaric hydrolysis [33]. The remaining OFs
showed a sub-alkaline pH, ranging from 7.3 to 8.5, in agreement with previous research
with similar materials [34–36]. The EC ranged between 0.9 to 5.3 dS m−1, which represent
typical values for this type of organic fertilizers [34]. Clearly, the EC depends on total solu-
ble salts present in OFs, and the fact that OF04 showed the highest value is probably linked
to the use of huge quantities of salts (i.e., NaCl) during the tanning process. However, high
EC values were recorded in OFs subjected to chemical stabilization (OF02, OF03 and OF05).

All samples were in dried form and contained approximately 90% of total solids
(TS). Differently, the volatile solids (VS) were found in a wide range, from 44 to 91%. In
particular, OFs derived from leather (OF04, OF08, OF09) and slaughterhouse by-products
(OF01, OF07) showed higher VS, up to 70%, clearly due to the high content of OM of the
raw materials. The percentage of ashes was inversely proportional to the content of VS, and
was higher in OFs derived from tannery sludge (OF02, OF03, OF05 and OF06), probably
due to inorganic compounds (i.e., inorganic salts) present in these materials.
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Table 3. Main physical-chemical characteristics of the organic fertilizers (fw = fresh weight, dw =
dry weight).

Parameters OF01 OF02 OF03 OF04 OF05 OF06 OF07 OF08 OF09

pH 7.7 7.9 7.6 4.3 7.5 8.5 7.3 4.7 4.3
Electrical cond. (dS m−1) 0.9 5.1 4.4 5.3 3.53 2.75 2.5 2.4 3.8

Total solids (% fw) 90.7 91.5 93.4 96.6 93.3 90.3 88.5 84.6 91.7
Volatile solids (% dw) 83 43 57.6 90.7 55.1 44.7 81.4 91.1 89.4

Ash (% dw) 17 57 42.4 9.3 44.9 55.3 18.6 8.9 10.6
Total organic C (% dw) 44.2 14.3 31.6 46.2 34.9 32.4 40.2 47.6 47.1

Total Kjeldahl N (%) 4.47 4.11 5.74 14.8 4.27 2.78 5.03 15.7 13.5
C:N ratio 9 5.2 5.5 3.1 8.4 12 8 3 3.5

Ammonium N (% dw) 0.17 0.51 0.14 0.25 0.1 0.07 0.60 0.05 0.03
Nitrate N (% dw) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Organic N (% dw) 4.3 3.6 5.6 14.6 4.17 2.71 4.43 15.7 13.5

Total organic carbon (TOC) of OFs ranged from 14 to 47% (Table 3). This large range
of TOC is due to the different chemical characteristics of raw materials used for OFs
production [34–36] and represents an important indicator for OFs quality. Total Kjeldahl
nitrogen (TKN), as well as total organic nitrogen (Norg), was significantly higher in OFs
made from leather by-products (OF04, OF08 and OF09), presenting values ranging from
13 to 15%, clearly due to the large amounts of animal proteins (or polypeptides) in the raw
material. The lowest value of TKN was found in OF06 (2.78%), the only sample obtained
from tannery sludge that does not include the addition of other raw materials, such as
OF02, OF03, and OF05. As expected, the higher the TKN the lower the C:N ratio, which
showed values approximately of 3 for OF04, OF08 and OF09, and of 12 for the OF06.

While the nitrate N (NO3
−-N) content was below the detection limit of the method

(<100 ppm), the ammonium N concentration (NH4
+-N) ranged from 0.03 to 0.60%. In

this case, there was no discrimination based on raw materials; the differences probably
depend from the specific productive processes used. In any case, the amount of inorganic
(or ammonium) N was a small fraction of TKN and the organic N was always higher than
95% of TKN.

3.2. Incubation of Organic Fertilizers in the Soil

The dynamics of NH4
+-N showed significant differences only at the beginning of

incubation (t0) since this form of N is immediately released in soil by the input of OFs
(Figure 2a and Table 4). In fact, OF02 and OF07 presented the highest values of NH4

+-N
released, being the two characterized by the highest percentage of NH4

+-N content (Table 3).
In the subsequent samplings, all OFs showed values close to zero and equal to the untreated
soil (CK) demonstrating that NH4

+-N was subjected to soil nitrification process.
Consequently, analysis of nitrate manifested an opposite trend to that of ammonium

(Figure 2b). In fact, an increase was observed in the first period, from the beginning to the
14th day, followed by a general stabilization phase until the end of the incubation. In par-
ticular, OF08 was the sample that released the most nitrate N, showing values above
100 mg N kg−1 d.s. starting from the fourteenth day. OF09 and OF02 showed ap-
proximately the same trend, achieving values around 90 mg N kg−1 d.s. in the same
period, followed by a slight decrease of OF02 in the last two samplings. A value of
75 mg N kg−1 d.s. was reached and exceeded by both OF04 and OF03 during the incu-
bation. In particular, the fertilizer deriving from leather meal (OF04) showed slightly
higher values than OF03 in the last three sampling dates (t35, t42, t49). OF07 displayed an
increase between the 3rd and the 4th week of incubation (respectively t21 and t28), reaching
values above 60 mg N kg−1 d.s., as well as OF05 and OF01. OF06 was the sample that pre-
sented the lowest values (50 mg N kg−1 d.s.), but showed a positive trend compared to the
unfertilized control.

As expected, the kinetic curves are very similar to those obtained with the NO3
−-N

analysis, since the NH4
+-N release showed no differences between the fertilized samples

and the unfertilized control, except for t0. OF08 and OF09 showed the greater ability
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to mineralize, reaching values of mineralization of 63 and 54% of the total N added,
respectively (Table 4). The mineralization percentage ranged from 29.6 to 36% for OF04,
OF02, OF05 and OF03, while OFs deriving from anaerobic digestion, OF01 and OF07,
attained 16 and 13%, respectively (Table 4). As confirmed by the NO3

−-N analysis, OF06 is
the one that manifested the lowest ability to mineralize the organic N (6.8%). These results
were quite expected, as OF01, OF07 and OF06 showed a consistent loss of organic matter
during the digestion and the biological treatment.
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Figure 2. Inorganic N release during the incubation of organic fertilizers in the soil: (a) ammonium
N, and (b) nitrate N (ds = data expressed on dry soil basis).

Table 4. Fitting of inorganic N release in the soil after incubation with organic fertilizers: Nin is the
inorganic N at the beginning of incubation, N0 is the potentially mineralizable organic N, Nbav is the
sum of Nin and N0, k is the first order kinetic constant, t1/2 is the half-time of organic N mineralization
and P-R2 is the Pseudo R-squared coefficient of the first order kinetic model. Data are reported as
mean ± error standard from the mean.

Fertilizers Nin
(%Ntot)

N0
(%Ntot)

Nbav
(%Ntot)

k
(days−1)

t1/2
(days) P-R2

OF01 7.9 ± 4.1 16.1 ± 1.0 24.0 0.177 ± 0.066 3.9 0.887
OF02 16.7 ± 5.5 36.1 ± 1.4 52.8 0.165 ± 0.035 4.2 0.959
OF03 4.8 ± 2.7 29.6 ± 1.9 34.4 0.162 ± 0.056 4.3 0.895
OF04 4.3 ± 2.9 36.0 ± 2.2 40.3 0.110 ± 0.023 5.8 0.951
OF05 2.8 ± 1.5 32.0 ± 1.0 34.8 0.173 ± 0.035 9.8 0.962
OF06 7.3 ± 3.2 6.8 ± 0.6 14.1 0.294 ± 0.252 28 0.766
OF07 12.0 ± 0.3 13.1 ± 1.4 25.1 0.037 ± 0.020 8.8 0.865
OF08 1.5 ± 0.5 63.1 ± 0.3 64.6 0.211 ± 0.016 3.6 0.996
OF09 0.5 ± 0.2 54.1 ± 0.6 54.6 0.260 ± 0.010 3.9 0.999

Figure 3 shows the curves of mineralization of the organic N during the incubation
period. The asymptote of these first kinetic order curves is equal to N0, the potentially
mineralizable organic N, results for which are reported in Table 4.
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3.3. Hot-Water Extractable Nitrogen

The results of HWON and HWTN are reported in Table 5. The values of HWON
ranged between 10.5 (OF06) and 46.3% (OF02) of Norg, a wide range which, however,
agrees with the results of N0 previously reported (Table 4). The higher HWON was
observed for OF02, OF03, OF04, OF08 and OF09 with values ranging between 35 to 45%
of Norg. These OFs were characterized by leather and bone meals as raw materials and
chemical or thermobaric hydrolysis as transformation process (Table 1). Otherwise, OF01
and OF06 showed the lowest HWON, ranging between 10 to 20% of Norg. These fertilizers
were made from slaughterhouse by-products and tannery sludge, respectively. The other
OFs, from the same by-products, showed an intermediate HWON, with values ranging
from 25 to 30% of Norg. The values of HWTN were slightly higher than HWON (Table 5),
but closely related. Only OF02 and OF07 showed a difference between HWTN and HWON
higher than 5%, due to their greater Nin content (Table 4).

Table 5. Results of hot-water organic N (HWON) and hot-water total N (HWTN) analysis of the
organic fertilizer.

Fertilizers HWON
(%Norg)

HWTN
(%Ntot)

OF01 16.9 19.2
OF02 46.3 53.9
OF03 39.7 41.5
OF04 43.1 44.1
OF05 31.1 32.4
OF06 10.5 10.9
OF07 28.6 35.7
OF08 39.6 40.8
OF09 34.8 36.0

3.4. Correlation and Linear Regression between Indicators of Available Nitrogen

The data concerning indicators of N availability in OFs were analyzed for correlation
using the Pearson coefficient. The results obtained are shown in Table 6. The N0, Nbav,
HWON and HWTN were significantly and positively correlated (p-value < 0.001). On
the other hand, N0 and Nbav were significantly but negatively correlated with C:N ratio
(p-value < 0.05).
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Table 6. Correlation between indicators of bioavailable nitrogen in organic fertilizers.

Correlation Pearson Coefficient Degree of Freedom p-Value

N0 vs. Nbav 0.962 7 <0.001
HWON vs. HWTN 0.980 7 <0.001

Nbav vs. HWTN 0.728 7 0.027
N0 vs. HWON 0.691 7 0.039

Nbav vs. C:N ratio −0.873 7 0.002
N0 vs. C:N ratio −0.863 7 0.003

The capacity of HWON, HWTN and C:N ratio to estimate N0 and Nbav was assessed
using the linear regression approach. The results are shown in Figures 4 and 5. The HWON
showed a significant (p-value = 0.039) linear regression with the N0 (Figure 4a) and a
R2 = 0.478. Even if the slope of the straight line was 1.065 ± 0.420 (p-value = 0.039), with a
quite perfect linearity between the two indicators, the samples OF08 and OF09 deviated
from linearity and fell outside the 95% confidence limit. HWTN and Nbav showed similar
results (Figure 4b), with a significant linearity (R2 = 0.53, p-value = 0.027), a slope of
0.921 ± 0.328 (p-value = 0.027) and the same samples outside of the 95% confidence limits.
In both cases the estimated intercept was not significantly different from zero (respectively:
−2.5 ± 14.4 (p-value = 0.87) and 6.1 ± 12.1 (p-value = 0.63)).
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The C:N ratio showed (Figure 5a,b) a significant linearity with N0 (R2 = 0.75,
p-value = 0.003) and Nbav (R2 = 0.76, p-value = 0.002). The slope was negative in both
cases and significantly different from zero: −5.12 ± 1.13 (p-value = 0.003) and −4.61 ± 0.97
(p-value = 0.002), respectively, for N0 and Nbav. The intercepts were higher than zero and
corresponded to 64.7 ± 8.0 (p-value <0.001) and 67.8 ± 6.9 (p-value <0.001) for N0 and
Nbav, respectively.
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4. Discussion
4.1. Characterization and Soil Incubation of the Organic Fertilizers

After the physical-chemical characterization and incubation in soil, it is possible to
classify the studied animal-based OFs in four groups: (i) leather meal from thermobaric
hydrolysis, (ii) slaughterhouse by-products from anaerobic digestion, (iii) tannery sludge
+ animal based by-products from chemical stabilization, and (iv) tannery sludge from
biological stabilization. In fact, this confirms that the source materials and treatment
processes largely affected OFs characteristics and the N release in the soil.

The OFs obtained from leather meals (OF04, OF08 and OF09) showed higher Ntot
(12–14%) than other OFs, in agreement with the greater protein content of leather [23,33,37].
These OFs are characterized also by lower C:N ratio (3–3.5:1), higher volatile solids (77–88%)
and lower ash contents (7.5–10%) than other OFs. Soil incubation indicated that this class
of OFs mineralized more organic N, with a N0 ranging from 36 to 63% of Ntot, resulting in
40–64% of bioavailable N (Nbav). The rate of mineralization was also higher than in other
OFs studied, with a half-life time of 3.6–5.8 days at the experimental conditions applied in
this study. Practically, the release of the bioavailable N in soil from these OFs proceeded
intensely and quickly, similar to inorganic N fertilizers [23,38], due to the thermobaric
hydrolysis that guaranteed a high availability of Norg for soil microorganisms, and to
the lower C:N ratio that results in a lower N use efficiency by soil microorganisms and
consequently a net N release into the soil [39].

Slaughterhouse by-products (OF01 and OF07) after anaerobic digestion have been
poorly studied as fertilizers [14,40], and they are characterized by a relatively high Ntot
(4–5%) and low C:N ratio (8–9:1). Therefore, it is not surprising that these OFs released as
Nbav only a quarter of the Ntot added to the soil. As previously discussed [17,39], the net
mineralization of Norg in soil depends on the C:N ratio and on the quality or availability
of OM for soil microorganisms. Regarding this class of OFs, a large part of the Nbav was
directly released as Nin probably due to anaerobic digestion, which is well known to
generate digestates that often contain important amounts of ammonium N [35,41,42].

The tannery sludge-based OFs (OF02, OF03 and OF05) showed a Ntot content similar
to the slaughterhouse by-products (3.5–5%), but with a lower C:N ratio (5–8:1). These OFs
were obtained by mixing tannery sludge with other animal-based fertilizers (bone, meat
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and leather meals), thus increasing the Ntot. This reduced the C:N ratio compared to a pure
tannery sludge from biological stabilization (OF06), which instead showed the lowest Ntot
(2.5%) and the highest C:N ratio (16:1). The tannery sludge has been proposed as organic
N fertilizer considering its interesting N content [43–45], but it is often mixed with other
OFs to meet commercial and agronomical requirements. Indeed, mixing tannery sludge
with meat, bone and leather meal makes it possible to modulate Ntot and the C:N ratio of
the final OF. This induces a distinct behavior of the OFs in soil and a different release of
bioavailable N: for example, OF02 characterized by lower C:N ratio (5.2:1), showed higher
Norg mineralization (36% of Ntot). The Nbav released by this group of OFs showed a wide
range of values (34–52%) which is largely due to the different Nin content. Indeed, the high
Nin (16%) in OF02 corresponded to the high Nbav (52%), and this probably derived from the
raw materials (i.e., meat meal) or from the hydrolysis during the transformation process.

The characteristics of pure tannery sludge (OF06) were less interesting from the agro-
nomical point of view, with the lower Ntot (2.5%), the higher C:N ratio (16:1) and the lower
volatile solids (40%), compared to the other OFs. OF06 released only the 16% of Ntot in avail-
able form, a value much lower compared to those obtained testing sewage sludge deriving
from different raw materials [46–48]. This outcome is probably related to the more intensive
biological treatment to which the tannery wastewater was subjected [49] due to the high load
of OM and stabilizing compounds, such as chromium, aluminum and glutaraldehyde [45,50].
Practically, this product is more like an amendment than a OF; indeed, the mineralization
of organic N in soil was lower than for the other OFs (7%). For these reasons, the tannery
sludge is generally mixed with other OFs to make it a marketable OF [51].

4.2. Relation between Indicators of Available Nitrogen

Three indicators were used to estimate the available N in animal-based OFs: HWON,
HWTN and C:N ratio. All the indicators are relatively easy to determine and standardized
methods are available, making them a valid alternative to estimate the bioavailable N in OFs.

However, in some cases these indicators under- or overestimate the bioavailable N.
In particular, OF08 and OF09, based on leather meal, mineralized the highest amount
of organic N, but these results do not agree with those found in the analysis of HWON
and HWTN that underestimate N0 and Nbav. Conversely, in the case of OF02 and OF03,
based on tannery sludge mixed with other materials, the hot-water indicators slightly
underestimate only the Nbav. The reason for these discrepancies seems to be connected to
the quality of Norg, which appears, in some cases, to be more hot-water extractable than
mineralizable, and in other cases less so. In the case of OFs based on leather meal, the hot
water may not be a strong enough extractant to guarantee the optimal solubility of collagen,
the main component of leather meal [23], whereas it is well hydrolyzed by collagenase and
protease in the soil [52]. In the case of tannery sludge, the hot water seems to extract the
organic N fraction that is less accessible to or less degradable by the soil microbiota.

The C:N ratio of OFs was, as expected [17,25,42], a good indicator of organic N
mineralization in soil. The C:N ratio was negatively correlated with bioavailable N; in fact,
fertilizers with a low ratio induce high bioavailable N in soil [39]. The linear regression
analysis between bioavailable N and C:N ratio was more significant (R2 = 0.75) than that of
hot-water indicators. Interestingly, the linear models estimate a maximum available N for
the animal-based OFs near to 65–68% of Ntot (Figure 5, calculate for C:N = 0), and a C:N
ratio limit between mineralization-immobilization of N near to 12–15:1 (Figure 5, calculate
for N0 and Nbav = 0), in agreement with findings of other authors [17,25]. Indeed, a C:N
ratio less than 15–25:1 generally results in net N mineralization, whereas a C:N ratio greater
than 15–25:1 can lead to net N immobilization [25,53,54], and all OFs studied fall in the
first case. The C:N ratio is, unlike HWON and HWTN, an eco-stoichiometric indicator or
an indicator that predicts the N availability on the basis of N and C use efficiency by soil
microorganisms. When the C:N ratio is less than 15–25:1, the soil microorganisms face a
substrate with an excess of N with respect to their needs, and this N is released in the soil
as inorganic (available for plant) form. Nevertheless, this is valid only theoretically, as in
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real cases the quality of the OM added with the OF and the presence of other elements
or compounds able to inhibit or stimulate the microbial metabolism can modulate the N
mineralization. For example, the OFs based on leather meal (OF04, OF08 and OF09) have a
similar C:N ratio, 3–3.5:1, but show three different Nbav, 40.3% (OF04), 64.5% (OF08) and
54.6% (OF09), that probably are due to differences in the treatment process (i.e., more or
less hydrolysis conditions) or to a residual presence of stabilizing agents used for tanning
the leather.

5. Conclusions

The results of this research can inform farmers and fertilizer producers about the
N availability in organic fertilizers from animal by-products and the relationship with
chemical indicators of N availability. It was demonstrated that it is difficult to predict
N mineralization solely on the basis of their total N content; in fact, raw materials and
treatment processes influence the ability of OFs to release N in inorganic forms. The hot-
water extractable N proved to be a good indicator of Nbav, but underestimated it in the case
of OFs based on leather meal. The C:N ratio provided the best linear fitting with Nbav, but
also showed some limitations in estimating the Nbav.

This study has demonstrated that OFs from animal by-products are potentially useful
as organic N fertilizers. However, to use them consciously and efficiently, the evaluation of
C:N ratio and the hot-water extractable N analysis should be considered, as they are rapid
and inexpensive methods that can provide a reliable indication of N availability in the soil.
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