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Abstract: The application of manure-based fertilisers (MBFs) is considered an important practice for
achieving agricultural sustainability. However, the potential losses of nutrients to the environment
need to be thoroughly evaluated. This study aimed to assess nutrients’ potential leachability from a
sandy soil, fertilised with MBFs produced by mixing manure from one single animal species with
N- or P-mineral fertilisers, to achieve target N:P ratios (1:1, 2:1 and 0.5:1). MBFs were prepared by
combining pig slurry, cattle slurry or poultry manure with N- and P-mineral fertilisers, or slurry-
derived materials, obtained by solid–liquid separation. A leaching experiment was set-up in soil
columns treated with MBFs, for 59 days, with seven leaching events. Poultry manure application
to soil led to higher potential N leaching, while pig slurry induced higher P leaching. All 2:1
MBFs decreased P leaching, relative to the original manure, with the higher reduction (52%) being
observed for pig slurry with urea. The addition of urea to poultry manure also diminished its
potential for N leaching. The behaviour of P-enriched materials, pig slurry solid fraction and both
0.5:1 MBFs obtained with phosphoric acid addition showed a higher risk of P leaching, while the use
of superphosphate as a P-mineral source decreased the risk of P leaching. Concluding, it is possible
to use specific MBFs, enriched with N and P from mineral sources, and have lower N and P leaching
potential, reducing the risks associated with manure soil application, while increasing their interest
as alternative fertilisers.

Keywords: manure-based fertiliser; N:P ratio; nutrients leachability; macronutrients; micronutrients;
nutrients availability

1. Introduction

Since World War II, agricultural developments have increased food production, with
subsequent increases in the use of mineral fertilisers [1]. This higher food production has
resulted, nowadays, in non-sustainable agricultural practices and a reduction in the organic
matter and nutrient content of soil, culminating in lower productivity [1]. The concept
of the circular economy has been promoted by the European Commission to achieve an
eco-friendly agriculture, which would close the nutrient loop, by decreasing their losses,
improving nutrient use efficiency, and diminishing the dependency on the import of energy
and raw materials for mineral fertilisers production [2–4]. Subsequently, an emphasis
on the application of recycled organic materials to soil emerged, to close the nutrient
cycles, and improve soil health and quality, while protecting the environment, climate,
and ecosystems [5]. The application of raw manure to soil is recognised as a practice for
enhancing soil fertility and crop yield, especially since it contributes to restoring soil carbon
reserves, improving carbon sequestration, and can also improve soil structure by increasing
soil porosity [1,6].

To valorise manure as an essential resource by maximising the quantity of manure
applied and nutrients recovery, it is necessary to alter some traditional practices and turn
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manure use more attractive to farmers. Nonetheless, manure utilisation as fertiliser faces
some constraints, like the following facts: (i) nitrogen (N) and phosphorus (P) concentra-
tions in manure are much lower than in mineral fertilisers [7]; (ii) only part of the nutrients
are readily available for plants, the majority of the nutrients are present in the constitution
of complex organic molecules, which need to be mineralised, making it difficult to assess
their availability [8,9]; (iii) the quantity and frequency of manure application to crops are
lower than the usual practice with mineral fertilisers [10]; and (iv) the costs of transport-
ing and applying manures, especially slurries (liquid manure), may make the practice
unsustainable [11]. As stated, nutrients’ availability to plants is difficult to predict, and
depends greatly on the animal species and on the water content of the material, i.e., if it is
a solid manure or a slurry. For instance, according to Portuguese legislation, predictably,
the available N content ranges between 1.3 and 2.5 kg m−3 in cattle slurry, between 14 and
21 kg t−1 in poultry manure, and between 3.0 and 4.2 kg m−3 in pig slurry [12]. Moreover,
the availability of plant nutrients via manure application also relies on the soil characteris-
tics, namely (i) the soil colloidal complex, which can retain nutrients [13], (ii) soil pH, which
can influence the solubility of the nutrients (e.g., lower pH can increase P solubility) [14],
(iii) soil composition, (e.g., soils with higher clay content will reduce nutrients losses, such
as P [15]) and (iv) the microbiota, since soil microorganisms have extreme importance to
the mineralisation of manure and to the release of plant essential nutrients [16].

However, manure application can also have negative impacts on soil and water [10],
the most important of which is the non-point-source pollution with nutrients to the receiv-
ing hydrological system. The recommendations for fertiliser application are usually based
on crops’ N requirements, hence, manure application to soil results, in most cases, in the
overapplication of P. This is the result of an unbalanced N and P ratio relative to crops
demands [17]. When P application exceeds the crop offtake, it can cause the buildup of
large amounts of P in the soil profile [18], a problem already faced by some countries in
northwest Europe, which hinders the possibility of applying higher amounts of manures to
soil [19], and ultimately can lead to potential P losses to the surface water bodies, causing
eutrophication [20].

To overcome some of these problems, the concept of bio-based fertiliser is becom-
ing more widely acknowledged, which suggests an even nutrient flow, while recovering
materials, such as manures by improving its characteristics (e.g., nutrient concentration,
nutrients availability, sanitisation) [21,22], and maintaining the benefits of organic fertiliser
application. The production of a manure-based fertiliser (MBF) would combine the “more
interesting” characteristics of the manures, i.e., organic matter content, and supply of both
macro- and micronutrients essential for crops’ healthy production, with some characteris-
tics of mineral fertiliser, e.g., specific nutrients’ ratio, higher nutrient concentrations and
availability [10,11]. The MBFs may also appear as a solution for P overapplication to the soil
by transforming the manures or altering their characteristics, to products that, for instance,
can diminish the soil P saturation and restore soil P value to healthy levels, while taking
advantage of their nutrients and organic matter content [19]. Modifying the N:P ratio in
the manures by producing blends with an increase in the N:P ratio to values closer to the
crop’s N needs may avoid surplus P application. On the other hand, in some situations of
soil P deficiency, it could be also interesting to evaluate the possibility of producing MBFs
richer in P, for instance, producing blends with a 0.5:1 N:P ratio. The co-application of
manure with mineral fertilisers, independent of the lower proportion of mineral fertilisers
in the blend, may alter the leaching potential of the nutrients in the MBF compared to raw
manures or their mineralisation rates, which may result in a decreased or increased risk of
nitrate and P leaching from the soil and also induce an upsurge in the agronomic value of
the MBFs [9,23].

This study aimed to evaluate the potential nutrient leaching of several MBFs, produced
by blending manures with small quantities of mineral fertilisers to modify their N:P ratios
to three specific ratios (1:1, 2:1, and 0.5:1). The first objective was to compare MBFs with the
original raw manure to identify whether the addition of mineral fertiliser would induce an
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increase in the potential leaching compared to the raw manure. A second objective was
to compare the MBFs within the same N:P ratio to identify which of the proposed MBFs
would lead to the lower potential losses by leaching. The results were also used to assess
the agronomic efficiency of these MBFs, considering that both macro- and micronutrients
in the leachate are potentially available to the crop—plant-available nutrients. A higher
nutrient leaching potential associated with a specific MBFs may indicate a higher risk
of environmental problems and to a decrease in their agronomic value. More emphasis
is given to N, P and K, but other macro- and micronutrients, and the leachates’ pH and
electrical conductivity, were also assessed.

2. Materials and Methods
2.1. Manure Sampling and Characterisation

The manures used in this experiment were all collected on farms representative of the
Portuguese livestock system: (i) cattle slurry (CaS), collected from a commercial dairy farm,
at Palmela; (ii) pig slurry (PiS), from a pig fattening farm located at Montijo; and (iii) poultry
manure (PoM), sampled in a commercial farm specialised in the production of poultry
meat, Herdade Daroeira, at Alvalade do Sado. Manure samples were stored at 4 ◦C, before
characterisation and use, and analysed in triplicate with respect to their: dry matter content
(DM), total organic carbon (TOC), total nitrogen (NTotal), ammonium nitrogen (NH4

+-
N), total phosphorus (PTotal, expressed as P2O5) and total K (KTotal, expressed as K2O),
using methodologies previously described by Prado et al. (2022). When the analytically
determined NH4

+ content of the manure (or MBF) was higher than the estimated Nav,
the measured NH4

+ content was used as the value of Nav. The composition of the three
manures can be consulted in Table 1.

2.2. Preparation of Manure-Based Fertiliser Blends

The ratios considered were obtained by using the raw manures as a starting material
for each potential MBF. The intended ratios, simply referred to as N:P ratios, were 0.5:1, 1:1
and 2:1, and were calculated by considering the plant’s available N content and the total P
content. The plant’s available N content was assumed to be 60% of the total N, for manures
with DM < 20%, and 50% of the total N, for manures with DM > 20% according to the
recommendations of the Portuguese legislation [12]. As for the total P content, and only to
calculate the N:P ratio, P was expressed as P2O5, since this is the form traditionally used to
express P in the formulations of mineral fertilisers, allowing a clearer perspective of which
type of nutrients ratios could be achieved with manure-based fertilisers. The raw materials
(PiS: pig slurry, CaS: cattle slurry; PoM: Poultry manure) were used as the MBFs with the
1:1 ratio, since, based on their composition (Table 1), this corresponds to their approximate
N:P ratios.

To obtain MBFs richer in N, i.e., with a 2:1 ratio, urea and ammonium sulphate
were used as alternative materials, giving rise to the blends: PiS + U (pig slurry with
urea), PiS + AS (pig slurry with ammonium sulphate), CaS + U (cattle slurry with urea),
CaS + AS (cattle slurry with ammonium sulphate), PoM + U (poultry manure with urea),
and PoM + AS (poultry manure with ammonium sulphate).

To obtain MBFs richer in P, i.e., with a 0.5:1 ratio, three possibilities were evaluated:
the use of the solid fraction of the manure, which, in the case of pig manure, was adequate
to achieve the desired N:P ratio, and the addition of superphosphate or phosphoric acid, as
alternative materials, given rise to the blends: PiS-SOL (solid fraction from pig manure),
CaS + SP (cattle slurry with superphosphate), CaS + PA (cattle slurry with phosphoric acid),
PoM + SP (poultry manure with superphosphate), and PoM + PA (poultry manure with
phosphoric acid).

The composition of the MBFs prepared from the blending of the manures with the
mineral supplementation is presented in Table 1 and was calculated based on the raw
manure and mineral fertilisers composition.
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Table 1. Physicochemical characteristics of the raw manures (N:P ratio 1:1) and the manure-based fertilisers considered in the study (N:P ratios 2:1 and 0.5:1), all
expressed on a fresh matter basis (mean value, n = 3). The quantity of manure and mineral fertiliser applied in each leaching column is also provided (with the
percentage of the mineral in the blend), as well as the amount of nutrients vehiculated by those quantities per column.

DM TOC NTotal NH4
+-N Nav PTotal KTotal Blend Composition NTotal NH4

+-N Nav PTotal KTotal
g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 g Manure g Mineral mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

1:1
Ratio

PiS 129.74 55.00 8.41 5.64 5.64 2.49 2.84 13.87 - 116.67 78.24 70.00 34.40 39.26
CaS 103.97 39.50 3.46 1.47 2.08 0.81 2.75 33.72 - 116.67 49.57 70.00 27.31 92.39
PoM 749.36 352.10 20.3 3.54 10.15 5.16 15.41 6.90 - 140.00 21.66 70.00 35.45 105.86

2:1
Ratio

PiS + U 125.96 55.00 14.86 12.17 12.17 2.41 2.76 5.95 0.09 (1.3%) 86.47 70.00 70.00 14.75 16.83
PiS + AS 125.76 55.00 14.6 11.91 11.91 2.41 2.75 5.98 0.19 (2.8%) 86.73 70.00 70.00 14.98 17.09
CaS + U 103.59 39.52 5.13 3.15 3.75 0.81 2.74 18.6 0.07 (0.4%) 95.75 58.73 70.00 15.07 50.67

CaS + AS 103.11 39.52 5.17 3.19 3.79 0.81 2.73 18.3 0.15 (0.8%) 95.32 58.91 70.00 14.82 50.13
PoM + U 727.53 352.10 33.11 16.45 23.25 5.01 14.96 2.92 0.09 (2.9%) 99.67 49.51 70.00 15.02 44.86

PoM + AS 702.53 352.10 32.16 16.07 22.64 4.83 14.44 2.90 0.19 (6.3%) 99.42 49.68 70.00 14.90 44.49

0.5:1
Ratio

PiS-SOL 232.5 96.77 10.93 6.45 6.45 4.76 3.67 12.81 - 140.00 82.62 70.00 60.84 46.75
CaS + SP 103.45 39.50 3.44 1.46 2.07 1.72 2.73 33.72 0.17 (0.5%) 116.67 49.57 70.00 58.13 92.39
CaS + PA 99.65 39.50 3.32 1.41 1.99 1.72 2.63 33.72 1.46 (4.2%) 116.67 49.57 70.000 60.38 92.39
PoM + SP 743.67 352.10 19.9 3.08 9.95 8.65 15.11 6.90 0.14 (1.9%) 140.00 21.66 70.00 60.66 105.86
PoM + PA 718.24 352.10 19.46 3.01 9.73 8.42 14.77 6.20 0.99 (13.8%) 140.00 21.66 70.00 54.34 105.86

PiS: pig slurry, CaS: cattle slurry; PoM: Poultry manure. PiS + U: pig slurry with urea; PiS + AS: pig slurry with ammonium sulphate; CaS + U cattle slurry with urea; CaS + AS: cattle
slurry with ammonium sulphate; PoM + U: poultry manure with urea; PoM + AS: poultry manure with ammonium sulphate; PiS-SOL: solid fraction from pig manure; CaS + SP: cattle
slurry with superphosphate; CaS + PA: cattle slurry with phosphoric acid; PoM + SP: poultry manure with superphosphate and PoM + PA: poultry manure with phosphoric acid. Dry
matter: DM; Total organic carbon: TOC; NTotal: Total nitrogen; NH4

+-N: Ammonium nitrogen; Nav: Available nitrogen (calculated as a % of the total N); PTotal: Total phosphorus; KTotal:
Total potassium.
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2.3. Leaching Experiment

The leaching experiment was performed with three repetitions per treatment, plus
the control (soil without MBF). Each replicate was assembled with 1 kg of air-dried soil
in PVC columns (30 cm long × 5.7 cm internal diameter). The soil used in this study was
a sandy soil, classified as Haplic Arenosols [24], a sandy, very poor in both extractable P
(4.33 mg kg−1 soil) and K (10.98 mg K kg−1 soil), total organic carbon close to 4.3 g kg−1

soil, and an initial pH of 5.6. This soil was chosen to maximise the leaching potential and
compare the MBFs within the worst conditions in terms of leaching. The soil in the columns
was saturated with water from the bottom by capillary rise, until it reached its full water
holding capacity. The MBFs were applied to the soil top layer in the column, three days
before the beginning of the leaching process, since manure cannot be applied before rainfall
events, considering a prediction of a three-day meteorological forecast [25]. The amount
of each material applied was calculated in order to supply the equivalent to 210 kg plant
available N ha−1. Considering the 0–20 cm topsoil layer and a soil density of 1.5 t m−3, the
amount of N applied was equivalent to 70 mg N kg−1 soil. The amounts of each manure or
MBF (with an indication of the percentage of mineral fertiliser), applied to the column are
provided in Table 1, considering the reference quantities, as well as the quantities of NTotal,
NH4

+-N, Nav, PTotal and KTotal vehiculated by each MBF.
Seven leaching events were planned, weekly during the first month and every two

weeks during the second month. Therefore, the leaching events corresponded to days 3,
10, 17, 24, 38, 51, and 59 after the MBF application to soil. Columns were kept covered
with perforated parafilm, to allow gaseous exchanges while minimising water loss by
evaporation. Before each leaching event, the column was weighed, and water was added
to keep soil moisture at a constant rate. The leaching event was intended to simulate
rainfall and used 200 mL of distillate water, corresponding to the soil’s maximum water
holding capacity. The water was added gradually to each column and the leachate was
collected in vials. The collecting vials were weighed, to measure the total volume of
leachate collected, to be converted to volume by assuming a density of 1 g mL−1. The
electrical conductivity (EC) and pH of the leachate were measured directly in the collecting
vials (AL15, Aqualytic, Portugal), and, after that, the samples were stored at 4 ◦C before
analysis of the nutrients’ concentrations. The soil column was sealed at the bottom by a
glass wool layer and a PVC net. Hence, the leachates that were obtained did not have
any suspended solids, and consequently, the nutrients present in the leachate were in a
soluble form. Therefore, the nutrient concentrations measured in the leachate represent
the fraction of the total, applied via the MBFs, that was soluble, i.e., those that may have
impacted the quality of the received water, causing eutrophication. The N concentration
was measured directly in the leachate by segmented flow autoanalyzer SAN plus (San Plus
System, Skalar, The Netherlands) using the modified Berthelot method to measure NH4

+-
N [26] and rapid method for NO3

−-N [27]. The macro (N, P, K, calcium (Ca), magnesium
(Mg) and sulphur (S)) and micronutrient (iron (Fe), copper (Cu), zinc (Zn) and manganese
(Mn)) concentrations were also determined directly in the leachate by inductively coupled
plasma optical emission spectrometry (iCAP 7000 Series ICP Spectrometer, Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Statistical Treatment of Data

The statistical analyses were performed using one-way ANOVA for the 1:1 and 0.5:1 ra-
tios, while for the 2:1 ratio, the factorial two-way ANOVA was used to estimate the in-
teraction between the type of manure and mineral N source. To determine the statistical
significance of the means, Tukey’s test was performed, with a p < 0.05 and 95% degree of
confidence. All statistical treatment of the data was performed with the software Statistix 7.
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3. Results and Discussion
3.1. Potential Leachability of Nitrogen

In contrast with mineral fertilisers, organic materials have a significant amount of
nutrients in organic forms, not readily available for plants [8]. The concentration of avail-
able nutrients relies on the mineralisation dynamic of the organic fraction, which will be
responsible for releasing nutrients during a short or longer period, depending on its char-
acteristics. For instance, as stated in the Introduction, N mineralisation soil characteristics,
i.e., soils richer in organic matter, stimulate microorganism activity, hence contributing to a
higher mineralisation rate [28]. Soil porosity is also an important soil property that informs
the N mineralisation rate, because in soils with higher porosity, a higher oxygen content
will promote a higher mineralisation rate [10]. On the other hand, higher N mineralisation
rates will increase the concentrations of N mineral forms more rapidly, increasing the risk
of N losses due to leaching, which will decrease the amount of available N to the plants
and will decrease the value of manure fertilisation [29,30]. When fertilising with MBFs
prepared with manure and small amounts of mineral fertilisers, it is important to assess
the concentration of nutrients already present in available forms, prone to plant uptake,
and that can cause water pollution when they are leached, because the plants are not
using them.

Both slurries used in this study presented similar dynamics concerning the potential
leaching of NH4

+ (Figure 1a), stabilising the amount leached in the second week at ~4 mg
NH4

+-N kg−1 soil. Conversely, PoM presented a peak of NH4
+ leached on day 10, ~9 mg

NH4
+-N kg−1 soil. In both slurries and PoM, on day 38 a second peak was observed, which

can be attributed to some organic N mineralisation into NH4
+, but also to previous low N

leaching due to NH4+ immobilisation as a result of microorganism activity, and therefore N
accumulation. Such initial immobilisation is usually observed after the application of slurry
or solid manure to the soil as a result of the simultaneous application of C and N available to
microorganisms [31]. Regarding the NO3

− leached throughout the experiment (Figure 1b),
only CaS presented a small amount of nitrate in the leachate (~2 mg NO3

−N kg−1 soil)
during the first 17 days, indicating that PoM and PiS presented a delay in nitrification, and
consequently, a lower risk of nitrate leaching was expected. Indeed, since these materials
were very poor in nitrate, the nitrate leached was exclusively due to the nitrification process
and accumulation of NO3

−-N in the soil [25]. Gómez-Garrido et al. [32] also used pig slurry
as a fertiliser and obtained similar results: a lower concentration of NO3

− leached in the
first weeks of the experiment. Nonetheless, especially with PoM application, the quantity
of NO3

− increased exponentially in the leachate until day 35. This was the material with
the higher quantity of mineral N lost at the end of the experiment, ~54 mg N, representing
~67% of the Nav applied (Table 2), which was 2 times and 1.4 times higher than what was
observed with CaS and PiS application, respectively. Consequently, in the absence of crop
uptake or after sowing (reduced nutrient uptake), and with high precipitation, the potential
risk of NO3

− leaching may be high after the first month of PoM application. These results
might also be used to appraise the N availability for plants, indicating that PoM application
is more adequate for a crop with high N demands. For instance, it may be considered for
a spring/summer crop, like maize, since this is a period during which lower rainfall is
expected, and crops have higher N requirements. Still, caution should be adopted when
PoM is applied to the soil, because even in the presence of a crop that absorbs part of the
available N, it can contribute to an increase in the soil’s N mineral forms, susceptible to
subsequent leaching [33]. On the other hand, CaS presented the lowest quantity of total N
lost at the end of the experiment, with only 30.82 mg N leached after 59 days, corresponding
to the lowest percentages of Nav and NTotal leached among raw manures applied. This can
suggest that the MBF made with CaS will have a lower risk of potential NO3

− leaching,
but might also induce lower N availability to the crops. Still, the cumulative value of NO3

−

leached after the application of the three manures did not exceed the European legal limit
for nitrate leaching in vulnerable areas, even when applying the maximum quantity of
210 kg N indicated for these areas [34].
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2:1 (c,d), and 0.5:1 (e,f) during the leaching events. The values presented are arithmetic means (n = 
Figure 1. The quantity of NH4

+ (left) and the NO3
− (right) leached per column for each ratio 1:1

(a,b), 2:1 (c,d), and 0.5:1 (e,f) during the leaching events. The values presented are arithmetic means
(n = 3). Bars represent the standard error values used for the comparison of the treatments via Tukey’s
test at each sampling date. PiS + U: pig slurry with urea; PiS + AS: pig slurry with ammonium
sulphate; CaS + U cattle slurry with urea; CaS + AS: cattle slurry with ammonium sulphate; PoM +
U: poultry manure with urea; PoM + AS: poultry manure with ammonium sulphate; PiS-SOL: solid
fraction from pig manure; CaS + SP: cattle slurry with superphosphate; CaS + PA: cattle slurry with
phosphoric acid; PoM + SP: poultry manure with superphosphate and PoM + PA: poultry manure
with phosphoric acid.



Agronomy 2023, 13, 990 8 of 18

Table 2. The cumulative values of the total mineral N (Min N), P, K, Ca, Mg and S leached throughout the experiment and the corresponding percentage of N, P and
K conveyed by each blend. For each ratio in each column, the mean (n = 3) followed by different letters differ significantly for p < 0.05 (Tukey’s test), the capital
letters are the differences between the diverse manure-based fertilisers compared to the manure of origin, while the small letters correspond to the differences within
each ratio.

Min N P K Ca Mg S
mg N % Nav % Nt mg P % Applied mg K % Applied mg Ca % Applied mg Mg % Applied mg S % Applied

1:1 Ratio

PiS BC 42.27 b BC 49.21 b C 29.53 a B 1.66 a B 2.45 b A 26.05 c A 60.79 b A 32.93 b B 25.11 a A 6.74 b B 12.85 a B 7.05 b B 43.78 a

CaS D 30.82 c D 32.87 c C 19.72 b C 1.18 b C 3.71 a A 62.39 b A 65.17 b C 26.80 c D 18.20 a B 5.93 b C 11.08 a C 8.38 b D 32.04 a

PoM A 54.49 a A 66.67 a B 33.34 a BC 1.17 b B 2.82 b A 84.86 a A 78.10 a B 41.91 a C 22.64 a A 8.33 a C 16.28 a B 16.90 a B 48.18 a

SOIL 7.82 d n.a n.a 0.17 c n.a 2.18 d n.a 17.29 d n.a 3.46 c n.a 2.98 c n.a

2:1 Ratio

PiS + U A 47.23 b A 56.30 bc A 44.34 ab C 0.77 b A 4.16 b B 12.67 d A 58.70 ab A 28.98 c A 42.51 bc A 5.88 c A 21.42 c B 5.07 de A 50.91 b

PiS + AS AB 43.21 c AB 50.57 c B 39.83 c BC 1.05 a A 5.97 a B 12.38 d A 55.79 abc A 29.89 c A 43.63 cd A 5.95 bc A 21.79 c A 19.36 c D 1.09 c

CaS + U A 53.80 a A 65.69 a A 48.02 a C 0.97 ab B 5.32 ab B 34.91 ab A 62.72 bc C 29.12 c B 40.89 cd B 6.23 bc B 22.46 c C 6.94 de C 42.37 b

CaS + AS C 36.99 d C 41.68 d B 25.01 d C 1.00 a B 5.63 ab B 33.14 bc A 60.25 c B 36.07 b A 65.69 a A 7.44 ab A 32.64 ab A 27.46 b E 0.55 c

PoM + U B 48.22 b B 57.73 b A 40.54 c D 0.84 ab A 4.51 ab C 29.96 c B 60.24 c C 32.76 bc B 32.59 d B 6.53 bc B 23.48 bc B 11.77 cd A 69.70 a

PoM + AS B 48.90 b B 58.69 b A 41.32 bc CD 0.88 ab A 5.82 ab C 36.65 a A 75.78 a A 46.93 a A 60.79 ab A 8.36 a A 36.54 a A 43.96 a D 5.42 c

SOIL 7.82 e n.a n.a 0.17 c n.a 2.94 n.a 17.29 d n.a 3.46 d n.a 2.98 e n.a

0.5:1 Ratio

PiS-SOL C 37.10 b C 41.86 b D 25.10 a A 4.19 b A 6.62 b A 26.51 c B 50.43 c A 30.61 b C 11.97 b A 6.51 ab C 6.95 d B 8.71 c B 31.75 c

CaS + SP B 41.11 a B 47.56 a B 23.78 b B 1.77 d D 2.76 cd A 68.57 b A 71.04 ab A 40.71 a C 34.25 a A 8.40 a B 25.80 a B 15.39 a B 59.06 b

CaS + PA D 31.10 c D 33.26 c C 16.63 c A 5.92 a A 9.53 a A 63.73 b A 65.80 ab A 40.53 a B 39.43 a A 7.91 ab C 19.15 b B 14.89 a A 67.69 a

PoM + SP D 29.70 c D 31.26 c D 15.63 c B 1.25 d C 1.79 d B 70.98 b B 64.28 b D 29.03 b D 9.92 b B 6.20 ab D 8.97 c B 7.10 c C 22.84 d

PoM + PA C 36.41 b C 40.26 b C 24.51 ab A 2.92 c B 3.90 c A 81.55 a A 74.27 a C 33.59 ab D 14.37 b A 7.45 ab CD 12.80 c B 11.14 b C 27.08 c

SOIL 7.82 d n.a n.a 0.17 e n.a 2.94 d n.a 17.29 c n.a 3.46 c n.a 2.98 d n.a

PiS + U: pig slurry with urea; PiS + AS: pig slurry with ammonium sulphate; CaS + U cattle slurry with urea; CaS + AS: cattle slurry with ammonium sulphate; PoM + U: poultry manure
with urea; PoM + AS: poultry manure with ammonium sulphate; PiS-SOL: solid fraction from pig manure; CaS + SP: cattle slurry with superphosphate; CaS + PA: cattle slurry with
phosphoric acid; PoM + SP: poultry manure with superphosphate and PoM + PA: poultry manure with phosphoric acid; n.a: not applicable.
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The raw manures with the 1:1 ratio will be used as a reference to evaluate the results
obtained for the NH4

+ and NO3
− potential leachability with the other two ratios used in the

preparation of MBFs, i.e., the 2:1 (Figure 1c,d) and the 0.5:1 ratios (Figure 1e,f). The amount
of NH4

+ leached with the 2:1 and 0.5:1 MBFs in the first leaching event was residual, similar
to the raw manures, since most of the leachate was composed of water existing in the
soil before MBF application. In the second leaching event, the amount of NH4

+ leached
reflected the amount of mineral N applied via MBF. Additionally, as previously noted
for the 1:1 manures, the peak of the amount of NH4

+ leached occurred on day 38, ~6 mg
NH4

+-N kg−1 soil, which might be explained by organic N mineralisation, since most of
the applied NH4

+ was lost in the previous leaching events (Figure 1c).
Regarding nitrate leaching, a common trend was observed for all treatments: residual

NO3
− leaching until day 27, followed by an increase, with a plateau on days 38–50, and

finally a decrease in the amount of nitrate leached, except for CaS + U and CaS + AS
(Figure 1d). The combination of manure and mineral fertilisers seems to foment NO3

−

leaching, as emphasised by the results observed in CaS + U. Additionally, the different
additives had repercussions for the slurries’ potential NO3

− leaching, but no disparity was
observed relative to MBFs prepared with PoM. For instance, when ammonium sulphate
was added to CaS, the N dynamic was similar to the raw CaS, leading to the lowest quantity
of NO3

− being leached within the 2:1 ratio, albeit still higher than the 1:1 CaS. Therefore,
it is possible to conclude that the addition of urea to slurries stimulated the nitrification
process, especially after the first 17 days, increasing the amount of NO3

− leached. Indeed,
the use of urea on its own, as previously described in a study by Scott et al. [35], increased
the risk of NO3

− leaching compared to the application of bovine urine in two different
soils [35]. Additionally, a study demonstrated that by replacing 35% of the N applied via
mineral fertiliser with chicken manure application, the N leachability was reduced when
compared to the 100% of mineral fertiliser [36]. Adding either U or AS to PoM decreased
the potential NO3

− leaching associated with PoM in about ~13% of Nav and ~18% of NTotal
leached when compared to raw PoM (Table 2), suggesting that the nitrification of NO3

−

was delayed in this case, mitigating the risk of leaching. Hence, producing a 2:1 MBF with
PoM and either U or AS has been demonstrated to be a good option for farmers to adopt,
and they can choose which additive better suits the needs of their crops. A previous study
showed that the use of pellets that combined composted cattle manure with urea had a
positive impact on the production of coriander, garden cress, and parsley plants [37].

P-enriched MBFs (0.5:1 ratio), with the addition of superphosphate or phosphoric acid,
were also evaluated and, in these cases, the addition of a P source also diminished the NO3

−

leaching potential of PoM, indicating a possible nitrification inhibitor effect (Figure 1f). This
could be attributed to the lower concentration of NH4

+ observed during the experiments,
which reduce the nitrification substrate (Figure 1e). Even though it can be beneficial for
the environment and increase its value as fertiliser (i.e., lower losses, meaning that more
nutrients will stay in the soil, and may eventually be used by the crop), it may also suggest
that a lower quantity of N will be available to the crop in the short term and that a higher
quantity of mineral fertilisers will be necessary to suppress the crop needs. P-enriched
MBFs with PoM decreased the NO3

− present in leachates, which could: (i) discard water
pollution with NO3

−, thereby resulting in a material with a higher fertilising value; and
(ii) make these blends adequate for a less N-demanding crop. When considering an MBF
adequate for a soil with low P concentration, i.e., with a 0.5:1 ratio, PiS-SOL, CaS + SP or
CaS + PA can be considered good options, since they did not alter NO3

− potential leaching,
compared to the raw slurry (Table 2). Preserving the level of N leached, compared to the
manure of origin, could indicate that, when these materials are applied, NO3

− leaching
problems are not expected, and that the N supply may be sufficient to satisfy the crops’
needs (depending on the crop and soil utilised).

Relative to P, in a short time, PiS-SOL, CaS + PA and PoM + PA led to an increase in P
leachability. Therefore, the application of these MBFs should be performed consciousness,
knowing that they are only adequate for soils with lower P concentrations and with
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conditions not predisposed to leaching. Still, the long-term effects on the soil of the
application of these MBFs are not yet known, even if it is well known that manure can
increase the nutrient levels in the soil [4]. Consequently, more studies are still needed to
promote the safe use of these MBFs.

3.2. Potential Leachability of Phosphorus

Phosphorus is an important macronutrient that can become one of the major factors
limiting crop growth [38], and only a small part of the total P in the soil is available to the
plant in the form of free orthophosphate ions [39]. The availability or leachability of this
nutrient depends on several factors: (i) initial P concentration in soil, which is the reason for
which a poor-P soil was used in this study; (ii) manure or derived product characteristics
or application rate, which was analysed; (iii) tillage practices; (iv) irrigation regimes, which
were kept constant between treatments; (v) soil pH, which influences the availability of
orthophosphate ions; and (vi) clay content, which can increase P adsorption [14,40,41]. The
amount of P applied via animal manure is, generally, higher than the amount exported
by the plant, which may have two consequences: (i) P leaching, if the weather and soil
conditions enhance this phenomenon; or (ii) P can be adsorbed onto the surface of reactive
particles in the soil such as iron or aluminium oxides [42]. The evaluation of the three
raw manures in terms of P leaching potential can be observed in Figure 2a. Except for a
peak at day 24 for PiS, the P dynamics were similar among the three organic materials.
Nonetheless, the cumulative amount of P lost by leaching throughout the 59 days of the
experiment presented some differences. Bi et al. [43] reported that the combined application
of organic and inorganic fertilisers formed a complex of stable phosphate, which mobilised
the bacteria community and increased the phosphatase activity, improving P solubility.
Indeed, PiS presented the highest quantity of leached P, 1.66 mg P kg−1 soil, while CaS
presented the highest losses of total applied P (3.71%) (Table 2), which is in agreement with
the fact that CaS supplied the lowest amount of P when applied to the column (Table 1).
This might still be due to the fact that the P forms present in CaS are ultimately more soluble,
and therefore more susceptible to leaching. Nevertheless, this is still a very low percentage
of P leached, and the conditions of the experiment do not account for the P absorption by
the crop, which would also counteract P leaching. Therefore, CaS was proven to be the
manure with the highest P availability, but caution must be adopted when considering
the soil to which CaS is to be applied, because higher P availability can lead to higher P
leaching. The soil used in this study was a sandy soil with low clay content in order to
maximise the leaching conditions. Nevertheless, independent of the manure applied to the
soil, the amount of P leached was low, which is in accordance with the results from a study
by Tiecher et al. [39], which also reported negligible P losses in a field experiment after
successive application of PiS. Still, McDowell et al. [44] determined that the application of
superphosphate, with or without cattle manure, resulted in lower P sorption, and that the
leaching of P was substantial. Hence, when applying MBFs, the fertilisation plan should
consider this risk.

Comparing the P leached by the N-enriched MBFs (i.e., 2:1 ratio) over the 59 days
of leaching events, no differences could be observed between the two sources of N, urea
and ammonium sulphate, with no differences observed in terms of cumulative P leached
(Figure 2c and Table 2). Nonetheless, ammonium sulphate added to PiS slightly increased
the quantity of P leached compared to the addition of urea, with 1.05 and 0.77 mg P kg−1

soil of cumulative P leached by PiS + AS and PiS + U, respectively, but PiS + U decreased
that value relative to the raw PiS, which was 1.66 mg P kg−1 soil.

The addition of ammonium sulphate, an acidic mineral fertiliser, to PiS might have
increased the P solubility, as commonly observed in acidified slurry [45], which could
explain why a higher amount of P was lost in PiS + AS relative to PiS + U (Table 1). However,
it should be highlighted that, independent of the manure used or the N source, the quantity
of P leached from the MBF application was considerably lower than after the application
of the corresponding raw material (even if the difference was statistically significant only
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for PiS + U). This can be attributed to the quantity of fertiliser required to supply the same
amount of N to the soil being lower using a 2:1 ratio fertiliser. Hence, using a manure
supplied with an N source diminished the risk of P leachability, making it adequate for use
in P-saturated soils, avoiding environmental problems and guaranteeing healthy soils [19].
The PiS + U, PiS + AS, and CaS + AS MBFs may avoid the overapplication of P to the soil,
and reduce the risk of leaching, which is a major concern in northern Europe [19].
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Figure 2. The P (left) and the K (right) concentrations on the leached for each 1:1 ratio (a,b), 2:1 (c,d)
and 0.5:1 (e,f) during the leaching events. The vertical bars represent the standard errors for the
means when performing the Tukey’s test (n = 3). PiS + U: pig slurry with urea; PiS + AS: pig slurry
with ammonium sulphate; CaS + U cattle slurry with urea; CaS + AS: cattle slurry with ammonium
sulphate; PoM + U: poultry manure with urea; PoM + AS: poultry manure with ammonium sulphate;
PiS-SOL: solid fraction from pig manure; CaS + SP: cattle slurry with superphosphate; CaS + PA:
cattle slurry with phosphoric acid; PoM + SP: poultry manure with superphosphate and PoM + PA:
poultry manure with phosphoric acid.
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Kang et al. [46], after their study with poultry manure and pig slurry, demonstrated
that, in the long term, P losses via leaching were a consequence of organic P mineralisation.
Hence, having MBFs P enriched with a fraction of P via mineral fertiliser might have re-
duced P losses, to some degree, since P mineralisation takes longer to occur. The P potential
leachability dynamics were quite different for the different solutions evaluated (Figure 2e),
and with considerably higher cumulative P losses (Table 2). Organic P compounds, once
dissolved, have a lower affinity to sorption onto soil particles, which occurs when these
materials are applied to the soil [44], while, on the other hand, the addition of a mineral P
source may have stimulated P leaching. For the first 10 days, the addition of phosphoric
acid to PoM and CaS enhanced the potential of P leaching, more pronouncedly in the case
of CaS + PA, reaching a plateau from days 17 to 24, at ~1.50 mg P kg−1 soil (Figure 2e). The
addition of a liquid P source, phosphoric acid, to liquid manure, CaS, may have strength-
ened the P leachability when compared to its addition to PoM, also because of the acidic
properties of phosphoric acid, thus increasing the solubility of P in slurry [45]. Independent
of the manure used, the addition of phosphoric acid increased the cumulative P leached,
four times for PoM + PA, and almost six times for CaS + PA, relative to the original manures
(Table 2). Nonetheless, the enhancement of PoM with superphosphate maintained the
risks of P leaching compared to PoM (1:1 N:P ratio). This is an advantage compared to
the use of raw manure, which has resulted in the overapplication of P and, in extreme
cases, culminated in environmental problems related to P. From day 17 onward, the use
of PiS-SOL started to induce P losses, with an exponential growth from day 38 onward.
Therefore, the application of PiS-SOL to the soil also considerably increases the quantity
of P potentially leached relative to the raw slurry (PiS in 1:1 ratio), with approximately a
4-fold increase, thus increasing the environmental risks. It is known that the application
of manure can improve P availability by enhancing the biological cycle [47]. Therefore
these MBFs (0.5:1 ratio) were planned for soils that are very poor in P, where this increase
in plant available P could be beneficial, agronomically speaking, since there would be a
crop to assimilate P. Based on the total amount of P lost, P will be most prone to leaching,
particularly in sandy soils like the one used in this study, when using PoM + PA, PiS-SOL
and CaS + PA, in ascending order. Still, notably, the cumulative value leached, even if
higher than the value observed in 1:1 raw manure, was still low.

3.3. Potential Leachability of Potassium

The origin of K in the production of mineral fertilisers is not renewable, since it comes
from potash ore, the largest reserve of which is in Canada, making the EU dependent on its
import [48]. Therefore, it is very important to consider alternative materials that are rich in
K in order to change fertilisation practices and use manure, or these MBFs, as an alternative
K fertiliser.

PoM was the manure resulting in the highest K losses due to leaching in the first ten
days, reaching a peak at ~25 mg K kg−1 soil (Figure 2b), which also indicates a higher
availability of K to crops with the application of that manure. This has been explained
by some authors with reference to the fact that K in poultry manure is more labile than
in mineral fertilisers [49]. After analysing the dynamics of K over the 59 days of the
experiment (Table 1), it appears that PoM leached 80% of the total K applied, while the
slurries exhibited lower leaching potential, ~66% of the total K applied. Potassium is a
macronutrient required in large quantities to optimise growth and productivity, since it is
essential for physiological mechanisms and metabolism processes in plants [50]. A large
amount of manure’s K is in a mineral form, and K is exported in high quantities by plants.
Therefore, when applied to a crop, the concentration of K in leachate would be expected
to be residual [15]. Comparing the two slurries from an agronomical perspective, CaS
will supply a higher amount of K than the other slurry, which can be essential for the
fertilisation of some crops in soils with low concentrations of plant-available K.

The dynamic of K was relatively similar among the different 2:1 MBFs (Figure 2d),
and the percentage of K leached relative to that applied was also statistically similar, but
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with a clear reduction in the quantity of K leached relative to the raw manures (Table 2).
The explanation for this is the same as that already provided for P: the reduction in the
quantity of the 2:1 blend necessary to apply when using the 2:1 ratio to supply the same
amount of mineral N (Table 1). These differences are important to consider when assessing
the use of these MBFs in different soils, with different concentrations of extractable K.
Since the K present in the soil is mostly in forms unavailable to plants, such as crystalline
structures, the addition of an organic material that can “release” soluble K more easily
and in higher amounts (e.g., the raw slurries, CaS and PoM) would make a difference
in K-poor soils [50]. Macholdt et al. [51] observed, in a long-term field experiment, the
positive effect of combining mineral fertilisers and manures, with an increase in the total
and plant-available nutrient concentration in the soil.

From day one, the amount of K leached increased exponentially when a P source
was added to either PoM or CaS (Figure 2f), subsequently decreasing. Alfaro et al. [52]
observed that after the application of slurry, K was lost immediately, as observed in
the raw manure and after the application of the 0.5:1 N:P ratio MBF. However, adding
superphosphate to PoM slightly reduced the amount of K leached, compared to PoM,
while the combination of CaS and superphosphate resulted in a small increase in the K
leached compared to CaS (Table 2). Independent of the MBFs produced, the behaviour
of the mixture (manure + mineral fertiliser), did not exhibit a trend, making it difficult
to state what can be expected. Even if K is not as problematic as N and P in terms of
environmental impacts, this nutrient is a mobile ion, and significant losses by leaching
might occur, particularly in sandy soils [52].

3.4. Potential Leachability of Macronutrients

The shortage of macronutrients has repercussions on crop yield and quality (de Bang
et al., 2021). Due to the rich composition of manure, with a single application, crops received
different sorts of macronutrients. This effect can be observed through the concentration
of N, P, K, Ca, Mg, and S in the leachates (Table 2; more complete information is in the
Supplementary Materials, Figure S1).

Among the three raw manures (1:1 ratio), PoM presented the highest amount of Ca
leached, ~42 mg Ca kg−1 soil, while CaS presented the lowest cumulative quantity of Ca
leached, ~27 mg Ca kg−1 soil (Table 2). This is important when considering that Ca, in the
form of calcium carbonate, is important for occluding soil organic carbon and subsequently
ameliorates soil aggregation [53]. Yet, it has been reported that, after intensive fertilisation
with cattle slurry, the percentage of Ca leached is between 47 and 51% of the total Ca
applied [54]. That study was conducted after several years of manure application, which
increased the nutrient leaching. Therefore, the long-term effect of MBF application in differ-
ent types of soil should be assessed, in order to better understand what the consequences
of their use in agriculture fields might be. The use of an N source, producing the 2:1 ratio
MBFs, increased the percentage of Ca released from the mixture and the addition of a P
source to manure doubled the concentration of Ca in the leachate in CaS + SP and CaS + PA,
but the opposite was observed in PoM + SP and PoM + PA.

Magnesium is an important nutrient for the formation of chlorophyll and the structure
of the chloroplast [55]. To allow crops to absorb Mg, it is essential to convert the mineral
and organic magnesium into a water-soluble form, as represented in Table 2. Since the
unique exogenous source of Mg was the manure, no major differences were observed when
applying different MBFs to the soil. It can be stated that the enrichment of N or P in the
blends did not affect the potential leaching of Mg or, from a different perspective, the
potential availability of Mg to the plant. Caution should be taken when considering this,
because in the long term, close to 50% of the total Mg can be lost via leaching [54].

The application of PoM to the soil resulted in double the amount of S being leached
compared to the application of slurries (Table 2). In the case of PoM, the higher S availability
can induce an improvement in nutrient assimilation by the plant, especially N fixation,
and S is part of the organic metabolites and is a cellular component [56]. In the 2:1 ratio,
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the greatest differences were obtained when using ammonium sulphate due to the higher
enrichment in S in the form of sulphate relative to the use of urea. This improvement
resulted in an increase in the amount of S leached, which was 2.8, 2.3, and 2.6 times higher
in PiS + AS, CaS + AS and PoM + AS, respectively, relative to the original raw manure. This
extra addition of S to soil might be relevant, since in recent decades, in Northern Europe,
the S content of the soil has diminished [57]. Even though the amount of S leached was
higher when ammonium sulphate was added to the manures, the percentage of S leached,
compared to the S amount applied to soil, was close to 1% in the slurries and close to 5% in
PoM. This indicates that only a small fraction of S was leached, and that S was released
slowly. The addition of a P mineral source to the manures in order to obtain the 0.5:1 ratio
doubled the quantity of S in the leachate in the CaS blends, while in the PoM blends, the S
leached was reduced to half, which was more noticeable with superphosphate (Table 2).
This demonstrates that amending liquid and solid manure with a P source had different
consequences: in slurries it stimulated S leaching, while for solid manure it delayed its
release. In soils with S deficiency, PiS + AS, CaS + AS and PoM + AS would be a good
solution to consider if the crop has a higher S demand; otherwise, S will be leached.

The deficiency of micronutrients may not have such a significant effect on crop yield,
as the shortage in macronutrients [56], but they are important when other nutrients are
missing, and ameliorate plants’ homeostasis [58]. The extent of leaching of Fe, Cu, Zn and
Mn can be consulted in the Supplementary Materials (Figures S2 and S3). This information
is also pertinent since manure can vehiculate heavy metals such as Zn and Cu, which are
regulated by law [40]. Liu et al. [40] stated that the application of manure by providing
heavy metals can alter the biogeochemical cycle of these elements, and, if manure is
applied at a higher rate, can create a potential risk of heavy metal leaching, ultimately
contaminating soils. Still, the values observed for cumulative leaching were residual,
even after one application of MBFs and under conditions that promote maximal leaching.
Therefore, it is possible to state that the application of MBFs did not promote a risk of
heavy metal contamination. Nonetheless, this is the first study conducted with these MBFs,
and no long-term effects were evaluated. For instance, in a study in which cattle manure
was applied for five consecutive years, the authors concluded that it was vital to adopt
mitigation measures due to the increased concentration in the soil [59]. Additionally, Fe
can alter the P solubility and reduce P leachability through the precipitation of a complex
of Fe and P [60].

3.5. Effects on Leachate Electric Conductivity and pH

Electric conductivity (EC) and pH can affect plant growth, since both properties affect
the availability and uptake of nutrients [61]. In this study, major differences were observed
in the EC of the leachates (Figure 3), but not in their pH values (Figure S4). The EC is
an indicator of soil-soluble salt concentrations, which, when excessive, may hinder the
soil’s health, affecting the plant’s ability to absorb water and nutrients from the soil [62,63].
The application of fertilisers necessarily results in an increase in soil salinity (secondary
salinisation), with a concomitant increase in the EC of the leachate produced from that soil,
which could also serve as a nutrient availability indicator [64].

The EC of the leachates gradually decreased throughout the 59 days of leaching,
being higher for the first two leaching events, on days 3 and 10 (Figure 3). The MBFs
that presented the highest EC were PoM, CaS, PoM + SP and CaS + PA, which is in
agreement with the results shown in the previous section (Figures 1 and 2). Nevertheless, it
is important not to neglect the contribution of the micronutrients to this increase in the EC
of the leachate (e.g., Fe, Cu, Zn and Mn; Figures S2 and S3), some added by the application
of the fertilisers to the soil.
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prone to leaching. 

The application of urea or ammonium sulphate to PoM mitigated the potential of 
NO3− leaching compared to raw PoM, which may predispose these MBFs to be used for 

Figure 3. The electrical conductivity in the leachate over the duration of the experiment for the
1:1 ratio (a), 2:1 ratio (b), and 0.5:1 ratio (c). Bars represent the standard error values used for
comparison of the treatments in the Tukey’s test at each sampling date. PiS + U: pig slurry with
urea; PiS + AS: pig slurry with ammonium sulphate; CaS + U cattle slurry with urea; CaS + AS:
cattle slurry with ammonium sulphate; PoM + U: poultry manure with urea; PoM + AS: poultry
manure with ammonium sulphate; PiS-SOL: solid fraction from pig manure; CaS + SP: cattle slurry
with superphosphate; CaS + PA: cattle slurry with phosphoric acid; PoM + SP: poultry manure with
superphosphate and PoM + PA: poultry manure with phosphoric acid.

4. Conclusions

The soil application of the proposed MBFs, with distinct N:P ratios, had repercussions
on the potential nutrient leaching, demonstrating that the use of these MBFs might have
specific impacts on water quality. The potential of nutrient leaching decreased with time,
indicating that the first 24 days after application are the most problematic in terms of
potential leaching.

Within the 1:1 ratio, PoM led to the highest potential leaching of N, K, Ca and S, indi-
cating that this manure has, on one hand, the highest concentration of nutrients available
to plants, but, on the other hand, it presents a higher risk of water pollution in soil prone
to leaching.

The application of urea or ammonium sulphate to PoM mitigated the potential of
NO3

− leaching compared to raw PoM, which may predispose these MBFs to be used
for winter crops. On the other hand, the addition of urea to slurries, especially to CaS,
exponentially increased the risks of NO3

− leaching. An important feature, common to all
the N-enriched MBFs, was the decrease in the leaching potential of P, turning them into an
important option for lowering the risk of their use in P-saturated soils. One other important
feature, not addressed in this study, were the benefits of organic matter application, which
are also dependent on soil characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13040990/s1, Figure S1: The cumulative leaching of
macronutrients leachate for each 1:1, 2:1 and 0.5:1 ratio; Figure S2: The iron (left) and the copper
(right) concentrations on the leachate for each 1:1, 2:1 and 0.5:1 ratio during the leaching events.;
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Figure S3: The zinc (left) and the manganese (right) concentrations on the leachate for each 1:1, 2:1
and 0.5:1 ratio during the leaching events.; Figure S4: The pH dynamics in the leachate for each 1:1,
2:1 and 0.5:1 ratio during the leaching events.
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