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Abstract: The aim of this study was to determine the effect of meat processing waste applied in the
form of meat and bone meal (MBM) as a source of nutrients on the physicochemical properties of
soil. A short-term small-area field experiment using MBM in maize monoculture was conducted
in 2014-2017. Each year, MBM was applied presowing at 1.0, 2.0, and 3.0 t ha~! to maize grown in
experimental plots. The application of MBM decreased the bulk density and specific density and
increased the pH of Haplic Luvisol Loamic (HLL) soil. The mineral nitrogen (N) content was highest
when MBM was applied at 3.0 tha~! in HLL soil and 2.0 t ha~! in Haplic Luvisol Arenic (HLA) soil.
The minor differences in the mineral N content of soil between the treatment without fertilization
and MBM treatments could be attributed to high N utilization by maize plants. The phosphorus (P)
content of soil increased with a rise in the MBM dose. The P content of the arable layer was lower in
HLA soil than in HLL soil, which resulted from higher P uptake by maize grain. The highest maize
grain yield was achieved in the last year of the study, in response to the highest MBM dose and due
to the residual effect of MBM.

Keywords: meat and bone meal; organic matter; nitrogen; soil quality; macronutrients; micronutri-

ents; maize

1. Introduction

In sustainable agriculture, crop production relies on the rational management of
mineral nutrients [1,2]. In such a system, the use of external inputs is minimized, and
attempts are made to maintain nutrient balance and natural nutrient cycles [3-6]. Since
nitrogen (N) acquisition is an energy-intensive process, mostly natural sources of this
nutrient should be utilized [7]. Environmental pollution with N compounds from synthetic
fertilizers, prone to leaching, is another important consideration [8,9].

Natural phosphate rock is the primary source of mineral phosphate fertilizers; how-
ever, phosphate rock reserves might be depleted in the coming decades [10,11]. Phosphorus
(P) can be recovered from animal faeces and food processing waste streams [12-15]. Accord-
ing to Chen and Graedel [16], the amount of P from natural fertilizers can potentially meet
the needs of crop production. Metson et al. [17] found that only 37% of recyclable P (from
animal and human waste) would be required to meet all P demand in corn cultivation in
the U.S.

In livestock farms, manure can be used as organic fertilizer. Manure is a rich source
of nutrients for crop growth; it enriches the soil with organic matter and contributes to
closing nutrient cycles on the farm [13,18-20]. Manure supplies mostly N, P, K, and selected
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micronutrients [21,22]. The average N and P content of manure are up to 5.5 kg t ! and
1.2 kg t !, respectively [23]. Micronutrient concentrations in farmyard manure are as
follows: Fe > Zn > Mn > Cu [24]. Due to its complex composition, manure can be used in
organic farms [25]. Crop yields obtained after manure application and mineral fertilization
are comparable [26]. Alternatives to manure are being explored in farms that produce crops
only. Animal by-products can be a source of soil organic matter and nutrients [9,15,27-30].

Meat and bone meal (MBM) is produced by the physicochemical processing of slaugh-
terhouse waste products. It had been used as high—protein animal feed [27] until the
European Union introduced a ban on the use of processed animal protein in animal feed
to control Bovine Spongiform Encephalopathy (BSE). According to Regulation (EC) No
1774/2002 of the European Parliament and of the Council of 3 October 2002 [31], MBM
derived from animal by-products of categories 2 and 3 can be used as a soil amendment,
while category 1 material must be directly disposed of by incineration.

Manure and MBM have a similar content of organic matter [32]. Compared with
manure [33], animal waste processed into MBM [27,34] contains more N, P, and Ca and less
K and Mg. However, the composition of MBM is determined by the type of raw material;
MBM particles derived from bone are rich in P and Ca, while MBM particles derived from
soft tissue are abundant in N [35].

Similar to other organic fertilizers, MBM is a slow-release fertilizer containing N and P
that are unavailable for uptake by plants [36]. In soil, they are converted to plant-available
mineral forms via biophysicochemical processes [33,37]. The rate of mineralization of or-
ganic compounds in soil depends on its temperature, physical properties (moisture content,
structure, and granulometric composition), chemical properties (composition of the intro-
duced organic matter), the C/N ratio, and the activity of soil-dwelling microorganisms [38].
The C/N ratio is an indicator of soil biological activity and quality of soil organic matter,
including the processes of decomposition and nitrification. Organic substances with a C/N
ratio below 10 stabilize mineralization processes in soil [39]. In MBM, the C:N ratio ranges
from 3.6 to 6.2 [28,40—42]. Organic N compounds are mineralized to N-NHj via nitrification
and N-NHy is then oxidized to N-NO, and N-NOj [43,44]. Since MBM supplies small
amounts of micronutrients, supplemental fertilization may be needed. The application of
MBM as fertilizer does not risk soil contamination with heavy metals [36].

The objective of this study was to determine the effect of MBM used as fertilizer for
maize grown for grain and the changes in the physicochemical properties of two types of
soil, Haplic Luvisol Arenic (HLA) and Haplic Luvisol Loamic (HLL).

2. Materials and Methods
2.1. Experimental Conditions

The applicability of MBM as fertilizer for maize was evaluated in an experiment estab-
lished on two selected types of soil, HLA and HLL, in the Agricultural Experiment Station
in Tomaszkowo (53°71’ N, 20°43" E), Poland. A short-term small-area field experiment
was conducted in 2014-2017. The experiment had a randomized block design with four
replications. The results obtained in 2015 and 2017 (after two and four years of MBM
application) were analyzed. Each year, MBM was applied to maize grown in experimental
plots with an area of 15.0 m?. Since protective belts were created in the experimental plots,
maize was harvested, and soil samples were collected for analyses from an area of 11.25 mZ2.
All cultivation and protection measures were applied following the recommendations for
maize. The granulometric composition, ash content, specific density, bulk density, porosity,
moisture content, and soil air content were analyzed before the experiment (2014). The
specific density, bulk density, and pH of the soil, and the content of Corganic; Niotal, Nmineral
(N-NOj3 and N-NHy,), P, K, Cu, Fe, Zn, and Mn were determined in 2015 and 2017.

2.2. Meat and Bone Meal (MBM)

The MBM used in this experiment was purchased from an animal by-products disposal
plant. The chemical composition of MBM dry matter, which accounted for 90%, was as
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follows: 66.9 gkg~! C, 6.10 g kg ! N, 3.11 g kg™! P, 040 g kg ! K, 8.85 g kg ! Ca,
030Mggkg!,80mgg ! Cu, 1189 mgg ! Fe,86.5mgg ! Zn, and 29.0 mg g~ ! Mn. Each
year, MBM was applied, presowing at 1.0, 2.0, and 3.0 t ha~!. The experimental design and
the amount of nutrients supplied with MBM are presented in Table 1. Unfertilized plots
and plots supplied with mineral fertilizers were used as reference (control) treatments. In
MBM treatments, supplemental K (potash salt, 49.8%) was applied at 83.1 kg ha~! to reach
the K fertilizer rate applied in the plots with mineral fertilization.

Table 1. Design of the field experiment. The amount of micronutrients and macronutrients introduced
to soil with fertilizers (mean of 20142017, kg ha~1). * MBM =meat and bone meal ** K, = mineral K.

Treatments

K
P Mg Ca Cu Fe Zn Mn

MBM*  Kpin, **

Without
fertilization

Mineral
fertilization

133.0

79.6 - 83.1 - - - - - -

Dose of Meat
and Bone Meal

1.0tha—!
(MBM 1.0)

61.0

31.1 4.0 79.1 5.0 88.5 0.008 1.189 0.087 0.029

20tha~!
(MBM 2.0)

122.0

62.2 8.0 75.1 10.0 177.0 0.016 2.378 0.174 0.058

30tha!
(MBM 3.0)

183.0

93.3 12.0 71.1 15.0 265.5 0.024 3.567 0.261 0.087

2.3. Soil Characteristics

In the experimental site, the soil was classified as HLA and HLL based on an analysis of
its physicochemical properties (Tables 2 and 3). The mineral (surface) layer was composed
of heavy loamy sand in HLA soil and sandy loam in HLL soil. The content of the sand
fraction (J 1.0-0.1 mm) in the top layer of the soil profile was 70% in HLA soil and
60% in HLL soil. HLA soil had a higher content of silty clay (& 0.02-0.002 mm) with
a predominance of fine silty clay (& 0.06-0.002) 7%, colloidal clay (&J < 0.002) 3%, and
silt and clay 11%. Silt (& 0.10-0.02 mm) content was 19% in both analyzed soils. The
average organic matter content of HLA soil was 21%, 6.7% lower in HLL soil. In both soil
types, the specific density of the top layer ranged from 2.48 to 2.49 g cm~3, and it was
close to the lower limit of specific density characteristic of mineral soils. Bulk density was
1.70 g cm 3 on average in both soil types. HLA soil was characterized by somewhat higher
total porosity (31.8%) and higher air content (4.5%) than HLL soil.

Table 2. Granulometric composition of the soil.

Fraction Content (%) Haplic Luvisol Arenic (HLA) Haplic Luvisol Loamic (HLL)
Sand fraction & 1.0-0.1 70 60
Coarse silt & 0.10-0.05 12 4
Fine silt & 0.05-0.02 7 15
Coarse clay & 0.02-0.006 3 6
Fine clay @ 0.06-0.002 5 9
Colloidal clay @ < 0.002 3 6

Granulometric composition
(PN-R-04033:1998 *)
Skeletal fraction & >20 (%) 1.5 4.0
* PN—Sectorial Standards available at AGH Main Library (as of 30 December 2011).

loamy sand sandy loam
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Table 3. Physical and chemical properties of soil.
Specification Haplic Luvisol Arenic (HLA) Haplic Luvisol Loamic (HLL)
Ash content (% DM) 79.0 85.7
Specific density (g cm3) 248 249
Bulk density (g cm™2) 1.69 1.72
Total porosity (%) 31.8 30.9
Actual moisture % (%) 27.3 27.2
Air content )%) 4.5 37
pH in KC1 471 4.89
Niotal (g kg™1) 0.60 0.55
Corganic (kg™ 11.4 10.1
P(gkg™) 0.30 0.33
K(gkg™) 1.28 1.33
Mn([mg kg~1) 133 129
Cu (mg kg™1) 2.37 2.68
Zn (mg kg™ 1) 6.98 6.58
Fe (mg kg~ 1) 1263 1610

Both analyzed soils were acidic (pH in KCl was 4.71-4.89). The total N content of
the top layer was similar in both soils, at 0.55-0.60 g kg ~!. The organic C content of HLA
soil was 11.4 g kg~ !, which was 0.13% higher than in HLL soil. The analyzed soils were
characterized by the content of Ny, which was 0.5-0.6 g kg’l, and plant-available forms
of P at 0.30-033 g kg’l, Kat128-133 g kg’l, Cu at 2.37-2.68, Fe at 1263-1810, Zn at
66.5-8.98, and Mn at 129-133 mg kg~ .

2.4. Weather Conditions

Mean air temperatures during the growing season of maize (April-October) were
similar in 2015 and 2017, and they approximated the long-term average of 1981-2010. In
2015, August was 3 °C warmer, and October was 2 °C colder, compared with the long-term
average. In the analyzed years, mean precipitation levels during the growing season and
precipitation distribution across months differed from the long-term average of 1981-2010.
Above-average precipitation was noted in 2017. In 2015, precipitation was 30% lower
than the long-term average. Precipitation levels were particularly low in the months of
intensive maize growth, i.e.,, May, June, and August. Rainfall deficiency during maize
growth and development affected grain yields. In these three months of 2015, soil moisture
deficit could influence organic matter mineralization and nutrient availability, which was
confirmed by Curtin et al. [45], Stepieri and Wojtkowiak [36], and Stepieri et al. [34]. A
detailed description of weather conditions is presented in Stepien et al. [34].

2.5. Determination of the Physical and Chemical Properties of Soil

Samples for physicochemical analyses were collected with 100 cm ™2 cylinders on
representative soil outcrops. The composition of the solid phase of soil (granulometric
fractions and groups) was determined using the method proposed by Bouyoucos and
modified by Casagrande and Prészyniski [46]. The ash content of soil samples was deter-
mined after incineration in a muffle furnace at 550 °C. The actual moisture content of the
soil was measured after sample drying in a dryer at 110 °C. The bulk density of soil was
determined in 100 cm 3 cylinders after sample drying in a dryer at 105 °C. Specific density
was calculated from a regression equation [47].

The total porosity (Fc) of soil was calculated from the formula:

Bd o
Fc—l—gx 100 (% wol) (1)

where Bd is bulk density, and 54 is specific density.
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The air content of the soil was calculated by subtracting soil moisture content (water
contained in the remaining soil pores) from total porosity.

Soil pH was determined with a potentiometer in a mixture of soil and 1 M KCl solu-
tion (1:5). The total N content of the soil was determined by sample mineralization with
H)S0y in the presence of a catalyst (Se mixture) and distillation, followed by titration
with sodium hydroxide solution and Tashiro as an indicator. N-NH4 was determined
colourimetrically with Nessler’s reagent, and N-NO3; was determined colourimetrically
with phenyldisulfophenolic acid. The content of P and available K in the soil was de-
termined by the Egner—Riehm method in calcium-lactate extract (CH;CHOHCOQ),Ca)
acidified with hydrochloric acid to pH 3.6. The organic C (Corganic) content of the soil was
determined by oxidation with K,CrpO7 + HySOj4 solution, and absorbance was measured
with a spectrophotometer. The content of Cu, Fe, Zn and Mn in soil was determined by
Atomic Absorption Spectrometry (AAS) after extraction with 1 mol HCl dm~3 [48].

2.6. Grain Yield and Agronomic Efficiency (AE)

Cobs were harvested by hand, and grain was collected by threshing with a maize
combine harvester (Wintersteiger Classic 1540, Ried, Austria). Maize grain yield was
determined at a moisture content of 15%. Agronomic Efficiency (AE) was calculated as
yield increase per unit of N applied:

AE = W (kg~kg_1) 2)

where Gf is grain yield in a fertilized plot (kg), Gu is grain yield in the unfertilized plot
(kg), and N is the amount of nitrogen supplied by MBM (Table 1) [49].

The effect of MBM in HLA soil on maize grain yield was analyzed by Stepien et al. [34].
The grain yield of maize grown in HLL soil is presented in the Supplementary Material
(Table S1).

2.7. Statistical Analyses

The results were processed statistically using Statistica v.13.1 software. The signif-
icance of differences between fertilization treatments was determined by a three-way
analysis of variance (ANOVA). Homogeneous groups were identified by Tukey’s test. All
calculations were performed at a significance level of « = 0.05 [50]. The property fitting
(PROFIT) method, which supports vector scaling, and regression analysis were applied to
broaden the statistical analysis. The PROFIT method is a two-stage procedure that offers
an extended approach to multidimensional scaling (MDS) and multiple regression analysis.
Multidimensional scaling is a form of nonlinear dimensionality reduction [51,52]. The
MDS algorithm randomly selects each object in multidimensional space, maintains the
optimal distance between the objects, and assigns coordinates to the objects in each N
dimension. The number of dimensions (N) can exceed two, and it is determined a priori.
Two dimensions (N = 2) optimize the location of objects in a two-dimensional scatter
plot [53]. The PROFIT analysis evaluates the consistency between one or more attributes
describing fertilization treatments and their location in multidimensional space [54]. The
PROFIT method identifies factors (fertilization treatments) and determines the direction of
their effect on the distribution of the analyzed physicochemical parameters of the soil by
perceptual mapping.

3. Results
3.1. Selected Properties of Soil

Table 4 presents descriptive statistics for the analyzed variables. The lowest variation
was noted in the parameters of specific density, bulk density, and Ny, The observed
variance in these variables ranged from 0.01 to 0.02. The highest variation was noted in
the content of Fe, K, and P. The distribution of some variables had multiple modes (i.e.,
two or more maxima in the distribution density function). These observations indicate that
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the distribution of variables such as bulk density, Niota;, N-NO3, N-NHy, K, the yield of
grain, and agronomic efficiency (AE) was not average. Multimodality may point to sample
heterogeneity and a greater number of overlapping distributions.

Table 4. Descriptive statistics for the analyzed variables.

Variable Mean Median Modal Variance

Specific density (g cm~3) 2.54 2.50 2.49 0.01
Bulk density (g cm~3) 1.57 1.60 multimodal 0.02
pH 471 4.70 4.70 0.05
Corganic (g kg™) 11.6 115 10.5 1.95
Niotal (g kg™1) 0.767 0.780 multimodal 0.02
N-NOj3 (mg kg™1) 2.63 2.19 multimodal 1.28
N-NHy (mg kg™ 1.96 1.90 multimodal 0.83
P (mg kg™ 78.3 75.4 75.4 258
K (mg kg~1) 101 104 multimodal 336
Cu (mg kg™1) 2.58 2.50 2.50 0.14

Fe (mg kg™1) 1405 1325 1278 25,367
Zn (mg kg™ 7.28 7.30 7.80 0.27
Mn (mg kg™!) 134 134 133 73.4
Maize grain yield (t ha™1) 3.94 3.91 multimodal 1.87
Agronomic efficiency 15.3 15.2 multimodal 89.1

(AE)(-)

Soil type, fertilization treatments and their interactions modified the specific density,
bulk density and pH of the soil (Table 5). The experimental factors, excluding the interaction
between the year of the study and the soil type, had a significant effect on the content of
Corganic in soil.

Table 5. Results of one-way analysis of variance; relationships among the physicochemical properties
of two types of soil, maize grain yield, agronomic efficiency, and meat and bone meal application.

Source of 1 2 . N- N- 3 4
Variation BD® SD* pH  Comganic Nt No, NH, f K Cu Fe Zn Mn YG® AE
Year of MBM 5 n.s n.s n.s *% *% *% *% *% *% n.s *% *% *% *% *%
application e e e =
ggjl type *% *% * *% *% n.s. *% *% *% *% *% *% *% *3% *%
MBM application *3% *% *% *% * *% *% *3% *3% *% *% n.s. *3% *% *%
Year of MBM
application/soil ns ns. ns. n.s. n.s. ** ** n.s ns ns. ns. ns. ns * n.s
type
Year of MBM
application/MBM n.s. n.s n.s * n.s ** > n.s. n.s ns. ns. ns. ns ** *
application
Soil type/MBM % % % *% % % s *% *% *% % *% *% n.s n.s.
application e ’
Year of MBM
application/soil
p’gql:)e/;\/[B{\/[ ! n.s n.s. n.s * n.s ** i n.s n.s n.s ns. ns n.s n.s n.s
application

! BD—bulk density, 2 SD—specific density, > GY—grain yield, * AE—agronomic efficiency, > MBM—meat
and bone meal.***—statistically significant coefficient at a significance level of a = 0.05 and 0.01, respectively,
n.s.—nonsignificant.

The specific density and bulk density were 4.0% and 9.3% higher, respectively, in HLL
soil than in HLA soil (Figures 1 and 2). Both specific and bulk density of soil decreased with
a rise in the MBM dose. It should be noted that in plots fertilized with MBM at 3.0 t ha~?,
bulk density was 16.5% lower relative to the control treatments (unfertilized plots and plots
supplied with mineral fertilizers). Higher MBM doses (2.0 and 3.0 t ha™!) significantly
decreased the specific density of HLL soil compared with control. Bulk density decreased in
response to all MBM doses of 1.0-3.0 t ha=! in HLA soil and 2.0 and 3.0 t ha=! in HLL soil.
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Figure 1. Specific density of soil depending on soil type, meat and bone meal application, soil
-3 ab,c

type/meat and bone meal application, g cm statistically homogenous groups (Tukey’s test);

HLA—Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.

A higher pH characterized HLL soil, but both soil types were classified as acidic
(Figure 3). Soil pH was lowest (4.50) in the mineral fertilization treatment. The application
of MBM (1.0-3.0 t ha™1) increased the pH of HLL soil relative to the mineral fertilization
treatment. Mineral fertilizers and MBM doses of 1.0 and 2.0 t ha~! decreased the pH of
HLA soil relative to the unfertilized treatment.

The content of Corganic was 4.4% higher in the fourth than in the second year of the
experiment (Figure 4). In the arable layer, the content of Cyrganic Was 17.8% higher in HLA
soil than in HLL soil. In the analyzed fertilization treatments, an MBM dose of 3.0 t ha™1
had the most beneficial influence on Corganic content, but the noted difference was not
significant relative to the MBM dose of 2.0 t ha—1. The highest accumulation of Corganic was
noted in 2017 (1.25 g kg 1) in treatments supplied with an MBM dose of 3.0 t ha~!, which
could be attributed to both direct and residual effects of MBM. The content of Corganic was
highest in the arable layer of HLA soil after the application of an MBM dose of 3.0 t ha~! in
the second and fourth year and after the application of an MBM dose of 1.0 t ha~! in the
fourth year of the experiment (Table 6).
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Figure 2. Bulk density of soil depending on soil type, meat and bone meal application, soil type/meat
-3 ab,cd

and bone meal application, g cm statistically homogenous groups (Tukey’s test); HLA—

Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.

Type of soil Meat Bone Meal application Meat Bone Meal application
5.4 54 5.4
° Mean " Mean a & HLA
O Mean + Std error a H Mean + Std error T HLL
T Mean + 2 * std. Dev IL Mean 2 * Std. Dev a
5.2 5.2 T 5.2
a
- a
b ‘i ab
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44 1 4.4
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£ 4.2 4.2
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Figure 3. Soil pH depending on soil type meat and bone meal application, soil type/meat and
ab,cd

bone meal application. statistically homogenous groups (Tukey’s test); HLA—Haplic Luvisol

Arenic soil; HLL—Haplic Luvisol Loamic soil.
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Figure 4. Concentration of organic carbon in the soil, depending on the year of meat and bone meal

application, soil type meat and bone meal application, year of meat and bone meal application/meat
-1 ab,cde

and bone meal application, soil type/meat and bone meal application, g kg statistically ho-

mogenous groups (Tukey’s test); HLA—Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.

Table 6. Concentration of organic carbon in the soil, depending on the year of meat and bone meal
application and soil type/meat and bone meal application, g kg~

Year/Mzz;:Pe;riliE((:;le Meal Haplic Luvisol Arenic Soil Haplic Luvisol Loamic Soil
2015/ Without fertilization 1.11dh 1.18¢h
2015/Mineral fertilization 0931 1.23 3¢
2015/MBM 1.0 t ha—1 0.96 hi 1.29 abc
2015/MBM 2.0 t ha~! 1.15b-8 1.24 2
2015/MBM 3.0 t ha™! 1.05 8hi 1.332
2017/ Without fertilization 1.23af 1.12¢h
2017 /Mineral fertilization 1.09 1.302b
2017/MBM 1.0 t ha™! 0.98 8hi 1332
2017/MBM 2.0 tha! 1.06 & 1.27 abe
2017/MBM 3.0 t ha™! 1.14b8 1.372

abedefghi_statistically homogenous groups (Tukey’s test).

The content of Ny,t,1, P, and K was affected by the year of the study, soil type, fertil-
ization treatment, and the interactions between soil type and fertilization treatment. The
analysis of variance revealed that the experimental factors and their interactions signifi-
cantly influenced the content of N-NO3 and N-NHy, excluding soil type, which had no
significant effect on N-NOj content (Table 5).

The content of Ny, was lower in the fourth (2017) than in the second (2015) year of
the experiment, regardless of fertilization (Figure 5). In the arable layer, Ny, content was
higher (by 28.4%) in HLA soil than in HLL soil. The application of MBM exerted different
effects on the Ny content of the analyzed soils. In HLL soil, the content of Ny after the
application of MBM was lower relative to the unfertilized treatment.
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Figure 5. Concentration of total nitrogen in the soil depending on the year of meat and bone meal
application, soil type meat and bone meal application, soil type/meat and bone meal application,
g kg 1. @Pode__gtatistically homogenous groups (Tukey’s test); HLA—Haplic Luvisol Arenic soil;
HLL—Haplic Luvisol Loamic soil.

In 2017 (fourth year of fertilization), the content of N-NHj, increased by 32.0% and
the content of N-NOj3 decreased by 18.0% relative to the first year of the experiment
(2015) (Figures 6 and 7). HLA soil was characterized by significantly higher N-NH4 content
(34.3%) than HLL soil. The application of MBM and mineral fertilizers increased the content
of both N forms in soil compared with the unfertilized treatment. The content of N-NHjy4
was similar in treatments supplied with an MBM dose of 3.0 t ha~! and mineral fertilizers.
An analysis of the interaction between the year of the study and soil type revealed that
N-NOj; content was highest in 2015 in HLL soil, whereas N-NH4 content was highest in
2017 in HLA soil. In both 2015 and 2017, the application of MBM increased the content of
N-NOj3z and N-NHy4 compared with unfertilized soil. The content of both forms of mineral
N peaked in response to an MBM dose of 3.0 t ha~! in HLL soil and 2.0 t ha—! in HLA soil.
In 2015, the content of N-NOj was highest in HLL soil after the application of 3.0 t ha™!
MBM, and it was lowest in the unfertilized treatment established on HLA soil (Table 7). The
highest N-NH, content was noted in 2017 in HLA soil supplied with mineral fertilizers,
but the observed difference was not significant relative to the treatment fertilized with
MBM at 2.0 t ha—! (HLA soil) in 2015 and 2017, and the treatment supplied with MBM at
3.0 tha~! (HLL soil) in 2017.
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Figure 6. Concentration of N-NOj in soil depending on the year of meat and bone meal application,
soil type and meat and bone meal application, year of meat and bone meal application/meat and
bone meal application, soil type/meat and bone meal application, mg kg~ 1. #Pedef__statistically ho-
mogenous groups (Tukey’s test); HLA—Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.
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Figure 7. Concentration of N-NHy in soil depending on the year of meat and bone meal application,
soil type meat and bone meal application, year of meat and bone meal application/meat and bone
meal application, soil type/meat and bone meal application, mg kg 1. #P<det8__statistically ho-
mogenous groups (Tukey’s test); HLA—Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.
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Table 7. Concentration of mineral nitrogen (N-NOj3, N-NHyj) in soil depending on the year of meat
and bone meal application/soil type/meat and bone meal application, mg kg_l.

N-NO N-NH
Year/Meat ar.ld ]?one Meal Haplic Luvisol Arenic Hsaplic Luvisol Loamic Haplic Luvisol ! Haplic Luvisol
Application Soil Soil Arenic Soil Loamic Soil
2015/ Without fertilization 2.09 fsh 1.28h 1.19 8h 1.158h
2015/Mineral fertilization 2.10 f8h 224 ¢h 1.26 8h 1.96 de
2015/MBM 1.0 t ha™! 3.43d 3.08 <f 1.66 °f 2,094
2015/MBM 2.0 t ha™! 4.05b¢ 3.17 cde 13818 3.302
2015/MBM 3.0 t ha™! 5402 2.05 &h 1.88 de 1.o7h
2017 /Without fertilization 2.16¢h 1.64 8h 1.238h 2.68°
2017/Mineral fertilization 1.50 &h 223¢h 0461 3.60 2
2017/MBM 1.0 t ha™! 1.99 &h 3.18 cde 2.14<d 2.48 be
2017/MBM 2.0 tha™! 2.00 8h 483P 1.88 de 3.284
2017/MBM 3.0 t ha™! 1.80 8h 24298 3492 1.000
abedefghi_statistically homogenous groups (Tukey's test).
Regardless of the applied fertilizers, the content of P and K was higher in 2017 than
in 2015 (Figures 8 and 9). HLA soil was characterized by a lower content of P (by 21.2%)
and K (by 31.8%) than HLL 2. The content of P and K increased in response to an MBM
dose of 3.0 t ha—L. The content of P increased with a rise in the MBM dose, and it was also
higher than in the control treatments (unfertilized plots and plots supplied with mineral
fertilizers). Both MBM and mineral fertilizers increased the content of P in HLA soil and
HLL soil. In both types of soil, the most significant increase in P content was noted after
applying MBM at 3.0 t ha—!. In HLL soil, the content of P increased with a rise in the
MBM dose.
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Figure 8. Concentration of P in soil depending on the year of meat and bone meal application,
soil type; meat and bone meal application, soil type/meat and bone meal application, mg kg~?.
a'b":"’l"e'f'g—sta’cis’cically homogenous groups (Tukey’s test); HLA—Haplic Luvisol Arenic soil; HLL—

Haplic Luvisol Loamic soil.
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Figure 9. Concentration of K in soil, depending on the year of meat and bone meal application,
soil type, meat and bone meal application, soil type/meat and bone meal application, mg kg~
abede_statistically homogenous groups (Tukey’s test).

The content of Fe, Zn, and Mn in soil differed across years of the study. Soil type
and the interaction between soil type and fertilization treatment induced differences in the
content of all analyzed micronutrients. The applied fertilizers influenced the content of Cu,
Fe, and Mn in soil (Table 5).

The content of Fe, Zn, and Mn was 3.1% higher on average in the fourth (2017) than in
the second (2015) year of the experiment (Figure 10). HLL soil was more abundant in Cu
and Fe than HLA soil (by 12.3% and 21.2%, respectively) (Figure 11). Higher content of Zn
and Mn was observed in HLA soil than HLL soil (by 10.7% and 3.8%, respectively). The
application of MBM did not increase the content of Cu, Fe, and Mn (the highest values were
noted in the unfertilized treatment) (Figure 12). After applying MBM, the content of Cu
decreased in HLL soil and increased in HLA soil compared with the control treatments (but
not all differences were significant) (Figure 13). In HLL soil, the content of Fe also decreased
relative to control after MBM fertilization. An interaction was found between the lowest
MBM dose (1.0 t ha—!) and HLA soil for the highest Zn content (7.80 mg kg ') and between
the lowest MBM dose (1.0 t ha—!) and HLL soil for the lowest Zn content (6.64 mg kg~ !).
An interaction was also observed between the highest MBM dose (3.0 t ha~!) and HLA soil
for the highest Mn content (148 mg kg’l) and between the highest MBM dose (3.0 t ha~1)
and HLL soil for the lowest Mn content (126 mg kg~!). In both cases, not all differences
were significant.
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3.2. Maize Grain Yield and Agronomic Efficiency (AE)

The effect of MBM used in HLA soil on maize grain yield was analyzed by Stepieni
et al. [34]. Maize grain yield was significantly affected by the year of the study, soil type,
fertilization treatment, the interaction between year and soil type, and the interaction
between year and fertilization treatment (Table 5). The analysis of variance revealed that
the year of the study, soil type, fertilization treatment, and the interaction between year
and fertilization treatment significantly influenced the values of AE (Table 5). Maize grain
yield was significantly higher (19.2%) in 2017 than 2015. Yields were 53.1% higher in
HLA soil than in HLL soil. Similarly, the highest yields were also noted in response to
mineral fertilization and MBM doses of 2.0 and 3.0 t ha~!. An analysis of the interaction
between the year of the study and fertilization treatment revealed that maize grain yields
were highest in the fourth year of the experiment after the application of MBM at 2.0 and
3.0 t ha!. The calculated values of AE indicate that the increase in yield per unit of N
applied was nearly three times higher in 2017 than in 2015 (Figure 14). The value of AE was
24.1% higher in HLA soil than in HLL soil. The application of MBM at 1.0 t ha~! led to the
most significant increase in AE (18.7), but maize grain yields were higher in the remaining
fertilization treatments (mineral fertilization and MBM doses of 2.0 and 3.0 t ha='). The
values of AE were similar in treatments fertilized with MBM at 2.0 t ha~! and in treatments
supplied with mineral fertilizers at 133 kg ha~!. In 2015, no differences in AE values were
found between fertilization treatments, whereas in 2017, AE decreased with a rise in the
MBM dose.
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Figure 14. Agronomic efficiency (AE) depending on the year of meat and bone meal application,
soil type meat and bone meal application, year of meat and bone meal application/soil type year of
meat and bone meal application/meat and bone meal application. #P¢def__statistically homogenous

groups (Tukey’s test ); HLA—Haplic Luvisol Arenic soil; HLL—Haplic Luvisol Loamic soil.
3.3. Profit Analysis

The relationships between fertilization treatments and the physicochemical properties of
soil under maize were determined by the property fitting (PROFIT) method, which supports
vector scaling and regression analysis. This technique was used mainly to test the effect of
fertilization treatments on the similarities between the parameters adopted for analysis. The
distribution of points and vectors, determined by the PROFIT procedure, indicates differences
in the analyzed parameters across years of the study (Figures 15 and 16).
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Figure 16. Projection of the results of two-dimensional (PROFIT) analysis—4th year of meat and bone
meal application (2017). MBM—meat and bone meal; HLA—Haplic Luvisol Arenic soil; HLL—Haplic

Luvisol Loamic soil.
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In 2015, the content of N-NO3 and P and pH values in HLL soil were primarily
determined by the application of MBM at 2.0 t ha~! and 3.0 t ha~! MBM. In HLL soil,
an MBM dose of 1.0 t ha™! affected the content of K and Fe. In HLA soil, an MBM dose
of 1.0 t ha—! determined maize grain yields and the content of Zn and Cyrganic, an MBM
dose of 2.0 t ha™! affected the content of N-NH,*, whereas MBM applied at 3.0 t ha™!
influenced the content of Ny,1. In 2017, maize grain yield, pH values and the content of
N-NHy in HLL soil were affected by the application of MBM at 2.0-3.0 t ha~!. In HLA soil,
an MBM dose of 2.0 t ha~! influenced yields and the content of N-NHy, whereas MBM
applied at 3.0 t ha~—! determined the content of Corganics Niotal, N-NO3 and Zn.

4. Discussion

Soil fertility, defined as the ability of soil to meet the requirements of plants by sup-
plying water, air, and nutrients, is determined by its physical, chemical, and biological
properties, which are affected by the processes that occur in soil. The key physical parame-
ters affecting soil fertility are granulometric composition, structure, and soil texture [55].

The application of MBM as organic fertilizer is one of the most environmentally and
economically viable methods of utilizing meat processing waste. It increases the content
of organic matter in the soil, improves the physicochemical properties of soil, supplies
plant-available minerals, and contributes to an increase in crop yields [36]. The use of
recycled organic materials as fertilizers is particularly important in sandy soils, which are
acidic and low in humus [56].

In the present study, an increase in the MBM dose decreased the specific density
and bulk density of soil (regardless of soil type). In the work of Tammeorg et al. [57],
organic fertilizers (including MBM) also decreased soil density compared with control.
A decrease in soil density points to an improvement in the physical properties of soil, in
particular its structural characteristics, and it increases soil porosity and water holding
capacity [58]. Organic matter is characterized by low density, and it increases the stability
of soil aggregates and decreases bulk density and soil compaction [59]. Organic matter
supplied in the form of MBM causes soil particles to clump and promotes the formation
of soil aggregates [60,61]. As a result, bulk density increases. Similarly to humus, organic
matter is a natural regulator of chemical processes which lead to the aggregate formation
(via the developed sorption complex) in light sandy soils that ultimately become more
compact. In heavier soils, organic matter contributes to the loosening of bonds between soil
particles, resulting in a more loose soil structure [62]. In the current study, MBM increased
the pH of HLL soil compared with mineral fertilizers. According to Khalil et al. [63], the
decomposition of MBM increases soil pH because the conversion of NH3— to NH4+ during
soil mineralization leads to a depletion of H+ ions. Leng et al. [64] observed that the
solubility of calcium phosphate decreased with a rise in soil pH. Meat and bone meal is
a rich source of Ca which could have increased pH in HLL soil. The fact that pH did not
increase in HLA soil could be attributed to much higher Ca uptake by plants and Ca loss
with the harvested crops.

According to Froseth & Bleken [65], organic matter decomposition affects soil texture.
The presence of organic matter contributes to soil loosening. Sandy and loamy soils differ
in their content of silt and clay. Organic matter decomposes at a slower rate in loamy soils,
characterized by a higher content of silt and clay [66]. In the arable layer, the content of
Corganic Was 17.8% higher in HLA soil than in HLL soil. Maize grain yields were higher in
HLA soil, which also increased the quantity of crop residues left in the field after harvest
and, consequently, increased the content of Corganic in soil. Maize is a crop that generates
substantial amounts of field residues when grown for grain, and it enriches the soil with
organic matter [67]. In the present study, an MBM dose of 3.0 t ha~—! had the most beneficial
influence on Corganic content, but only in HLA soil. The above resulted from the direct
effect of MBM application at the highest dose and its residual effect in subsequent years of
the experiment.
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The efficiency of N utilization from MBM is very high, and it accounts for 60-80% of
N utilization from mineral fertilizers [68]. Environmental factors (year of the study, soil
type, and fertilization treatment) influenced the Ny, content of the soil. The content of
Niotal in soil was positively correlated with Corganic content. Regardless of fertilization, the
content of Ny, was lower in the fourth (2017) than in the second year of the experiment.
The highest MBM dose (3.0 t ha~!) increased the concentration of N. According to Bhunia
et al. [6], the efficiency of nutrient utilization by plants is considerably affected by the C/N
ratio of the applied organic substances. In the present study, the C/N ratio of MBM was
determined at 10:1. Franke-Whittle and Insam [69] observed that organic fertilizers with a
C/N ratio of less than 20-30:1 promote N mineralization. According to Cayuela et al. [43],
animal by-products with a low C/N ratio induce an immediate and significant increase in
the content of mineral N in the soil. In the current study, the higher content of Corganic in
HLA soil could have increased the content of mineral N due to the rapid mineralization
of organic N compounds. The slight differences in the content of mineral N between the
unfertilized treatment and MBM treatments could be attributed to the high uptake of N
by maize plants. The content of both forms of mineral N peaked in response to an MBM
dose of 3.0 t ha—! in HLL soil and an MBM dose of 2.0 t ha—! in HLA soil. Stepieri and
Wojtkowiak [36] found that the content of mineral forms of N in soil increased with a rise
in MBM dose. The content of N-NH4 and N-NOj in soil was also influenced by the crop
species in rotation (rapeseed and wheat).

Meat processing waste is a complex mixture of inorganic forms of P, mainly calcium
phosphates (Ca3(POy);), with various solubilities [62]. Phosphorus is mineralized at a
slower rate than C and N [5,70]. In the present study, P content was lower in the arable
layer of HLA soil than HLL soil, and it was positively correlated with soil pH. According to
Foereid [71], soil pH does not affect the availability of P from organic fertilizers. In heavy
soils, where an important role is played by the exchange sorption of phosphoric acid, the
availability of P is maximized at pH 7.0. In sandy soils, where chemical sorption by Al and
Fe cations is the predominant process, P is most available to plants at pH 5.5 [72].

The P content of the soil was higher in the fourth (2017) than in the second year of the
experiment, regardless of fertilization. The P content of soil increased with a rise in the
MBM dose. Previous research has shown that MBM is a valuable fertilizer that promotes
the long-term availability of P in soil [4,34,70]. Meat and bone meal has a narrow N/P ratio,
and the supplied amount of P exceeds the fertilizer requirements of crops. Therefore, the
application of MBM can increase the supply of plant-available P in soil [73].

In the present study, an increase in the content of Niota and Corganic in soil increased
the content of manganese (Mn) and zinc (Zn) but decreased iron (Fe) content. The content
of copper (Cu), Fe, and Mn was highest in the unfertilized treatment, which could be
associated with lower yields in that treatment and the fact that smaller quantities of
nutrients were removed with the harvested crops [34]. The above observation could also
be attributed to the fact that Cu, Fe, and Mn form complex compounds with organic
matter [74,75].

According to Woloszyk et al. [76], NUE in crops supplied with organic fertilizers and
waste products is estimated at 30% in the first year after fertilization. In successive years,
N uptake by crops is largely determined by weather conditions. In the work of Kivela
et al. [77], the relative NUE of crops fertilized with MBM was equivalent to 83% of NUE in
crops supplied with mineral fertilizers. In the current study, HLA soil was characterized by
a higher content of Cyrganic and N, as well as lower specific density and bulk density,
which could have contributed to higher maize grain yields than in HLL soil. According to
Chaves et al. [78], the rate of MBM mineralization is determined mainly by soil type. Meat
and bone meal is mineralized more rapidly in loamy soil, which can be attributed not only
to the physical but also to the biological and chemical properties of soil. In the fourth year
of the experiment, the application of MBM at 2.0 and 3.0 t ha~! contributed to the most
significant increase in maize grain yields. However, NUE decreased with a rise in the MBM
dose. In a study by Stepieni et al. [34], the accumulation of minerals supplied with MBM
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doses of 2.0 and 3.0 t ha~! promoted a steady increase in crop yields in HLA soil until the
third year of the experiment. The increase in crop yields between the third and the fourth
year of the study was not significant.

5. Conclusions

The bulk density and specific density of soil decreased with a rise in the MBM dose
(1.0-3.0 t ha~!), which improved other physical properties of soil. Calcium supplied with
MBM increased the pH of HLL soil, but it did not affect the pH of HLA soil; both soils were
classified as acidic. In the arable layer, Ny, content was higher (by 28.4%) in HLA soil
than in HLL soil. Regardless of fertilization, the content of Ny, in soil was lower in the
last year than in the second year of the experiment. The content of both forms of mineral N
(N-NOj3 and N-NHy) was highest when MBM was applied at 3.0 t ha—! in HLL soil and
2.0 t ha~! in HLA soil. The slight differences in the mineral N content of soil between the
treatment without fertilization and MBM treatments could be attributed to the complete
N utilization by maize plants. The P content of soil increased with a rise in the MBM
dose. The P content of the arable layer was lower (by 21.2%) in HLA soil than in HLL soil,
which resulted from higher P uptake by maize grain. The chemical composition of MBM
points to its high abundance of micronutrients. Their amounts, supplemented with other
nutrients, are sufficient to meet the requirements of plants but insufficient to enrich the soil
with these micronutrients. The content of Cu, Fe, and Mn was highest in the unfertilized
treatment, which could be associated with lower yields in that treatment and the fact that
smaller quantities of nutrients were removed with the harvested crops. The value of AE
was 24.1% higher in HLA soil than in HLL soil. The application of MBM at 1.0 t ha! led
to the greatest increase in AE (18.7), but maize grain yields were higher in the remaining
fertilization treatments (mineral fertilization and MBM doses of 2.0 and 3.0 t ha—1).
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