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Abstract: Livestock farming produces high volumes of animal slurry that can be sanitized using
low-cost treatments by pH adjustment, reducing pathogen contamination, and promoting slurry
valorization as a safe fertilizer. This work aims to evaluate the impact of sandy soil amendment
with dairy slurry treated by pH adjustment on the potential release of nutrients and coliforms
into groundwater. A laboratory soil column leaching experiment was conducted and the surface
application of six treatments was tested: raw dairy slurry, dairy slurry acidified with H2SO4, dairy
slurry alkalinized with KOH, alkalinized/neutralized dairy slurry, mineral fertilizer, and a control.
The fertilizer application rate was 0.08 g N kg−1 dry soil. Leachates were analyzed for pH, electrical
conductivity, N-NH4

+ and N-NO3
−, macro- and micronutrients, and fecal coliforms. Results showed

that amendment with dairy slurry led to significantly lower nitrate leaching potential than mineral
fertilizer (maximum 16.1 vs. 50.4%). The use of hygienized slurry by alkalinization decreased
the potential leaching of coliforms relative to raw slurry. However, incomplete sanitization by
acidification strongly promoted coliform leaching and the risk of groundwater contamination. It can
be concluded that the use of alkalinized dairy slurry is a safer solution than raw slurry with regard to
the risk of groundwater pollution.

Keywords: dairy slurry; pH adjustment; leaching potential; nitrates; coliforms; sanitization

1. Introduction

Intensive livestock farming has been responsible for the production of increasingly
higher quantities of animal manure, namely, slurry (1200 million tons year−1 in the EU) [1],
which points to the necessity of new strategies for animal slurry (AS) management and
valorization. Traditionally, AS has been applied to agricultural soils as organic fertilizer,
promoting an integrated and regenerative use of natural resources and by-products and
contributing to the global sustainability of the agri-food system. However, the over-
application of untreated AS to the soil may lead to the contamination of crops, as well as
surface and groundwater, with coliforms that may include pathogenic microorganisms
(e.g., Salmonella) [2–5].

Pathogen survival in the environment depends fundamentally on factors such as:
(i) type of microorganism; (ii) slurry source; (iii) slurry physicochemical composition (pH,
dry matter content, moisture content); (iv) temperature; (vi) oxygen availability; and (vi) mi-
crobial competition [6–9]. According to Cools et al. [10], after field application, slurry-borne
microorganisms can survive for up to three months at 5–25 ◦C. These microorganisms can
be physically strained in narrow soil pore spaces or water films, or they can be chemically
linked to soil and slurry particles [11,12]. In comparison to surface water, groundwater is
considered to be a safer water resource, as infiltration can mitigate potential contaminants,
and soil bacteria can impair pathogen survival [13]. Mechanical properties of the soil (parti-
cle size, porosity) and physicochemical composition (presence of soluble organic substances,
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pH) determine its depuration capacity [14]. Nevertheless, a slurry hygienization treatment
before soil application is strongly recommended to decrease the risk of disease transmission
to humans and other animals, through direct contact with AS or indirect contact through
contaminated food products or water resources. Rodrigues et al. [15] tested a low-cost dairy
and pig slurry sanitization treatment by pH adjustment with promising results, considering
technical feasibility, economical aspects, and the fertilizer value of the AS. Three differ-
ent AS hygienization treatments were tested: (i) alkalinization (AL) to pH 9.5 with KOH;
(ii) acidification (AC) to pH 5.0 with H2SO4; and (iii) a combined treatment—alkalinization
with KOH followed by addition of H2SO4 until neutrality (pH 7.0) (NE)—to prevent NH3
emissions due to alkaline pH. All these AS hygienization strategies have proved to be effi-
cient in reducing pathogen contamination [15]. Besides slurry sanitization, these treatments
also influenced the slurry’s chemical composition. KOH was selected as the alkalinizing
agent for slurry sanitization and subsequent use as an organic fertilizer in horticulture,
since its use enriched the slurry potassium (K) content, a major plant macronutrient with
an important role in the synthesis of organic compounds [16].

According to Rodrigues et al. [15], the total concentration of other plant macronutrients—
calcium (Ca) and magnesium (Mg)—and micronutrients—copper (Cu), zinc (Zn), iron (Fe),
manganese (Mn) and boron (B)—were not affected by the sanitization treatments, but
the soluble fraction of these elements should be affected by treatments; specifically, by
acidification [17]. The same is true for total phosphorus (P) concentration, one of the most
important parameters that determine the AS fertilizer value. Regarding the total nitrogen
(N) content of slurry, it is worth mentioning that slurry acidification with concentrated
sulfuric acid strongly reduces ammonia (NH3) emissions and consequently increases the
AS fertilizer value by preserving N [17].

Several studies reported the impact of animal production on water pollution, namely,
that caused by the leaching of nitrate (NO3

−), P, and slurry-borne microorganisms [3,13,18–22].
Even when AS is treated and applied to the soil, there is still a potential risk of pathogenic
contamination of water resources since, depending on certain conditions, AS may not be
successfully sanitized [23]. However, to our knowledge, the impact of AS sanitization
by pH adjustment on nutrient leaching and the environmental fate of the elements and
microbiota after application to soil has been infrequently studied. Hence, this study aimed
to assess the impact of sandy soil amendment with dairy slurry (DS) treated by three
different strategies of sanitization by pH modification (AC, AL, NE) on the potential release
of nutrients and coliforms into groundwater.

2. Materials and Methods
2.1. Soil Sampling and Slurry Preparation

The soil used in the leaching experiment was collected from the top-soil layer (0–20 cm)
of an arable field located in Palmela (38◦57′95.7′′ N; 8◦82′95.4′′ W), Portugal. The field has
not received any animal slurry in the last 20 years.

Dairy slurry (DS) was collected from the main slurry storage tank at a commercial
dairy farm located in Setubal (38◦33′44.7′′ N; 8◦49′38.0′′ W) and stored at 4 ◦C in non-
hermetic plastic containers before treatments were applied based on the optimized pH
conditions defined by Rodrigues et al. [15]. Briefly, for the slurry acidification treatment
(AC) targeting pH 5.0 and the alkalinization treatment (AL) targeting pH = 9.5, 12 mL of
H2SO4 (95% H2SO4 w/w, d = 1.84) and 6 g of KOH were added per kg of DS, respectively;
for the alkalinization/neutralization (NE) treatment targeting pH 7.0, 6 mL of H2SO4 was
added per kg of alkaline slurry to decrease the pH to a neutral range. The pH values of
the slurries were measured after each addition of acid/alkali using a Russell RL 150 pH
meter. Slurry treatments were performed 24 h before application (day 0). Sub-samples were
collected for microbiological and physicochemical analysis: pH; electrical conductivity
(EC); dry matter content (DM); organic matter content (OM); total Kjeldahl nitrogen (TN),
ammonium N (N-NH4

+), P, K, sodium (Na), Mg, Ca, sulfur (S), Cu, Zn, Fe, Mn, and B
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concentrations; and microbiological composition—detection of Salmonella in 25 g of slurry
and enumeration of E. coli (CFU g−1) as described in Section 2.2.

2.2. Physicochemical Analysis
2.2.1. Soil

Soil was characterized in terms of pH, EC, OM, and soil macro- and micronutrients
and exchange bases (Table 1) according to the following standard laboratory methods:
(i) pH and EC were determined in a soil:water (1:2.5 w/v) suspension after 1 h magnetic
stirring; (ii) OM was quantified by loss-on-ignition after incineration at 500–550 ◦C of dry
sample; (iii) TN was determined by the Kjeldahl method [24]; (iv) mineral N was extracted
with 2M potassium chloride (KCl) solution (30 mL + 6.0 g of moist soil) [25], and the
extract was analyzed by molecular absorption spectrophotometry for N-NH4

+ and nitrate
N (N-NO3

−) contents in a Skalar segmented flow auto-analyzer (ScanPlus, Skalar, Breda),
as described by Fangueiro et al. [26]; (v) K and P contents were determined according to
the Egner–Riehm method [27]; (vi) available Cu, Zn, Fe, and Mn were extracted based on
the procedure described by Lakanen and Erviö [28] and quantified by atomic absorption
spectrophotometry; (vii) exchangeable cations were extracted by 1 mol L−1 ammonium
acetate at pH 7 and measured by atomic absorption spectrophotometry [29]. The pipette
method was used for the determination of soil texture by sedimentation [30].

Table 1. Physicochemical characterization of the soil used in the leaching tests (mean value, n = 3).

Parameter
Mean Value and
Standard Error

(n = 3)

Soil nutrients
(mg kg−1)

TN 914.5 ± 11.4

NH4
+ 7.5 ± 0.7

NO3
− 43.4 ± 3.8

Extractable P 43.4 ± 0.0

Extractable K 336.1 ± 0.0

Available Fe 3851.7 ± 1252.1

Available Cu 26.8 ± 6.3

Available Zn 23.5 ± 3.7

Available Mn 29.5 ± 3.1

Exchangeable
cations

Ca 419.1 ± 20.9

Mg 161.7 ± 7.0

Na 59.3 ± 17.4

Particle Size
Distribution

(%)

Coarse sand 71.9

Fine sand 20.3

Silt 4.5

Clay 3.3

pH
KCl 5.0 ± 0.0

H2O 5.7 ± 0.1

EC (µS cm−1) 74.6 ± 3.6

OM (%) 1.5 ± 0.1

2.2.2. Dairy Slurry and Leachates

Slurry was analyzed as described by Fangueiro et al. [31]. Slurry and leachate samples
were analyzed for pH and EC using a Metrohm 680 conductivity meter (Switzerland) and a
Russell RL 150 pH meter (Thermedics, Chelmsford, MA, USA), respectively.



Agronomy 2023, 13, 1176 4 of 19

The DM content of slurry samples was determined gravimetrically at 105 ◦C to con-
stant weight and the OM content by loss-on-ignition after calcination at 550 ◦C for 4 h.
The TN was analyzed in fresh samples by the Kjeldahl method, following the digestion,
distillation, and titration steps [32], while the N-NH4

+ content was determined directly, by
distillation and titration with HCl.

Leachates’ N-NH4
+ and N-NO3 content were analyzed by spectrophotometry, using

the Berthelot and sulfanilamide methods for NH4 and NO3, respectively, in an automatic
segmented flow analyzer (Autoanalyzer Skalar, Breda, The Netherlands).

Macro- and micronutrients (P, K, Na, Mg, Ca, S, Cu, Zn, Fe, Mn, and B) were deter-
mined by quantification by inductively coupled plasma—mass spectrometry directly in
leachate samples after acid digestion of slurry samples at 105 ◦C with a 9:3 (v/v) mixture
of HCl (37% HCl w/w, d = 1.19) and HNO3 (65% HNO3 w/w, d = 1.39). Samples were
analyzed in triplicate.

2.3. Microbiological Analysis
2.3.1. Detection of Salmonella in DS

The method for the detection of Salmonella in DS samples was based on ISO
6579-1:2017 [33], a horizontal method for the detection of Salmonella in animal feces and
environmental samples from the primary production stage. The sample was submitted to a
pre-enrichment step in a non-selective medium (buffered peptone water) and incubated at
37 ◦C for 18± 2 h. Afterwards, a selective enrichment was performed on plates of modified
semi-solid Rappaport-Vassiliadis (MSRV, Biokar, Beauvais, France) inoculated with the
pre-enriched sample and incubated at 41.5 ± 1 ◦C for (2×) 24 h. Plates of xylose lysine
desoxycholate (XLD, Biokar, Beauvais, France) were then inoculated from the selective en-
richment plates and incubated for 24 h at 37 ◦C for the detection of presumptive Salmonella
colonies. The presence or absence of Salmonella was reported to 25 g of fresh material.
The analyses were replicated using three biologically independent samples (biological
replicates), with two repetitions under identical conditions (technical replicates).

2.3.2. Enumeration of Escherichia coli (E. coli) in DS

The method for the enumeration of E. coli in DS samples was performed following
ISO 16649-2-2015 [34], a horizontal method for the enumeration of beta-glucuronidase-
positive E. coli by the colony-count technique at 44 ◦C using 5-bromo-4-chloro-3-indolyl
beta-D-glucuronide. As recommended for animal feces, 1:10 dilutions of the samples
in Ringer solution were prepared and kept for 20 h in an orbital shaker at +5 ◦C, to
favor the release of the microorganisms from slurry particles, particularly important in
non-homogeneous materials. Afterwards, Tryptone-Bile-Glucuronic plates (TBX, Biokar,
Beauvais, France) were inoculated with serial decimal dilutions of the samples. The
inoculated plates were incubated for 18–24 h at 44 ◦C, and the typical β-glucuronidase-
positive (blue color) E. coli colony-forming units (CFU) were counted and the number of
CFU of β-glucuronidase-positive E. coli per g of slurry was calculated. The analyses were
replicated using three biological replicates and two technical replicates.

2.3.3. Enumeration of Fecal Coliforms in Leachates (MPN/100 mL)

The method used for the enumeration of fecal (thermotolerant) coliforms in leachates
was based on fermentation in multiple tubes, the subculture of positive tubes in confirma-
tion media, and the determination by the most probable number per 100 mL of leachate
(MPN/100 mL) [35]. Briefly: Series of 15 tubes of Lactose Broth (LacB) (Biokar Diagnostics,
Beauvais, France), each with Durham fermentation tubes inside, were inoculated with
appropriate volumes of leachate: (i) five tubes with 10 mL of double concentration of
LacB were inoculated with 10 mL of the leachate sample (1:1); (ii) five tubes of single
concentrated LacB were inoculated with 1 mL of leachate sample (1:10); and (iii) five tubes
of single concentrated LacB were inoculated with 0.1 mL of leachate sample (1:100). The
tubes were then incubated at 35 ± 0.5 ◦C and examined for turbidity after 24 to 48 ± 3 h.
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After this period, all tubes with gas and/or turbidity were subjected to the confirmation
test for fecal coliforms, gently shaken/rotating to homogenize the broth, and transferring
0.1 mL of the culture from each tube to fermentation tubes containing 10 mL of E. coli broth
(Biokar Diagnostics, Beauvais, France) with Durham tubes inside. Tubes were incubated at
44.5 ± 0.2 ◦C for 24 ± 2 h. Growth with gas production in E. coli broth at 44.5 ◦C within
24 ± 2 h or less was considered a positive thermotolerant (fecal) coliform reaction. Failure
to produce gas (with little or no growth) was considered a negative reaction. The most
probable number (MPN) of fecal coliforms/per 100 mL of sample and 95% confidence
limits for various combinations of positive and negative results (when five 10 mL, five
1 mL, and five 0.1 mL test portions were used) were calculated from the number of positive
EC broth tubes according to tabulated values [35].

2.4. Experimental Setup

The leaching experiment was performed in PVC columns (30 cm long, 5.7 cm internal
diameter), sealed at the bottom by a layer of glass wool, and a PVC net filled with 1 kg
of sandy soil. The soil columns were placed in 30 L PVC containers with distilled water,
which rose by capillarity for 48 h until the soil was uniformly saturated. The soil columns
were placed on a shelf, and excess water was drained for 24 h. Surface application of the
treatments was carried out when the soil was at field capacity. Six treatments were tested:
(i) raw DS (RA); (ii) DS acidified with H2SO4 [pH = 5] (AC); (iii) DS alkalinized with KOH
[pH = 9.5] (AL); (iv) alkalinized/neutralized DS [pH = 7] (NE); (v) ammonium nitrogen
aqueous solution (92 g NH4NO3 L−1) as a mineral fertilizer (MN); plus (vi) a control
without any application (CT). Four replicates (n = 4) of each treatment were performed in a
total of 24 soil columns. The application rate of raw/treated DS or mineral fertilizer was
0.08 g N kg−1 dry soil, corresponding to 240 kg N ha−1. The soil columns were weighed
regularly to check the moisture content and kept at 20 ◦C during the experiment.

The columns were equipped at the bottom with a funnel and Erlenmeyer flask to allow
the recovery of the leachates, and rainfall was simulated by carrying out three irrigation
events (IEs) [18]. The total volume of distilled water applied in each irrigation event was
210 mL, equivalent to 100% of the soil water holding capacity (WHC). The three irrigation
events (IEs) were performed three, ten and seventeen days after the application of the
treatments. According to the revised Portuguese version of the code of Good Agricultural
Practices [36], organic amendments must not be applied under adverse climatic conditions,
namely, in periods of precipitation or when precipitation is imminent. A three-day waiting
period between slurry application and the first IE should be respected, as a three-day
weather forecast is a common strategy used by Portuguese farmers in planning this type of
field activity. After each IE, 12 h were allowed for drainage to cease. The total volume of
leachate was then measured, and a sample was collected for subsequent analysis.

2.5. Statistical Analysis

The effects of the slurry sanitization treatments (RA, AC, AL, NE, MN, and CT), time
after fertilizer application (t = 3, 10, and 17 d), and their interaction (sanitization treatment
× time after fertilizer application) on the microbial and physicochemical characteristics
of the collected leachates were determined by a two-way ANOVA. The normality and
homogeneity of the variances were first checked by the Shapiro Wilk and Levene tests,
respectively. Three levels of significance were considered: p ≤ 0.05 and >0.01, ≤0.01 and
>0.001, and ≤0.001. Whenever significant differences were found (p ≤ 0.05), a post hoc
Tukey HSD (Honest Significant Difference) test was used to elucidate differences between
means (p ≤ 0.05). The statistical software package used was Statistica 10.0 (StatSoft Inc.,
Tulsa, OK, USA).
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3. Results and Discussion
3.1. Physicochemical and Microbiological Characterization of Raw and Treated Slurries

The physicochemical and microbiological characterization of raw and treated dairy
slurries used in the leaching test are presented in Table 2. The nutrient content of raw dairy
slurry can be highly variable [37] and can be affected by animal species, age, production
and animal diet, farm management, and housing system [38]. N is normally present in
dairy slurry in two forms: (i) N-NH4

+ and (ii) organic N, which is less available to plants.
The N-NH4

+ content of the RA was 1.44 ± 0.03 g kg−1, corresponding to approximately
40% of the total N content (Table 2). The sustainable use of slurry as fertilizer results
in a slow release of nutrients, reducing its potential environmental impact [39]. In the
present study, the slurry was applied on the soil surface without incorporation, which
might have promoted ammonia losses in RA, AL, and NE treatments relative to AC [40],
and consequently decreased the amount of NH4

+ in the soil available to be nitrified and
potentially leached.

Table 2. Physicochemical and microbiological parameters of raw and treated dairy slurries used in
the leaching test (Mean values, n = 3).

Slurry Sample ID RA AC AL NE

Physicochemical
parameters

pH 7.51 ± 0.03 5.13 ± 0.08 9.0 ± 0.01 7.11 ± 0.1

EC (mS cm−1) 14.99 ± 0.32 17.13 ± 0.63 17.63 ± 0.41 19.16 ± 0.61

DM (g kg−1) 88.13 ± 4.39 83.72 ± 0.62 88.18 ± 2.35 95.83 ± 3.19

OM (g kg−1) [DM] 678.07 ± 4.69 798.88 ± 147.86 670.9 ± 25.41 619.08 ± 6.39

N-NH4
+

(g kg−1)

1.44 ± 0.03 1.38 ± 0.04 1.11 ± 0.02 1.25 ± 0.01

TN 3.59 ± 0.16 3.53 ± 0.04 3.26 ± 0.02 3.40 ± 0.01

P 0.60 ± 0.03 0.49 ± 0.04 0.55 ± 0.02 0.57 ± 0.01

K 2.66 ± 0.16 2.08 ± 0.11 4.61 ± 0.23 4.70 ± 0.13

Na 1.44 ± 0.10 1.12 ± 0.05 1.47 ± 0.06 1.53 ± 0.05

Mg 0.57 ± 0.04 0.52 ± 0.12 0.54 ± 0.01 0.54 ± 0.01

Ca 1.31 ± 0.09 1.14 ± 0.1 1.30 ± 0.01 1.26 ± 0.02

S 0.36 ± 0.02 3.04 ± 0.24 0.36 ± 0.01 3.21 ± 0.12

Cu

(mg kg−1)

3.27 ± 0.27 2.95 ± 0.27 2.95 ± 0.07 2.89 ± 0.11

Zn 20.19 ± 1.30 17.96 ± 1.6 18.70 ± 0.25 18.32 ± 0.4

Fe 180.86 ± 14.04 193.52 ± 53.74 165.80 ± 6.15 174.04 ± 24.5

Mn 24.36 ± 1.56 21.04 ± 1.67 22.71 ± 0.16 22.27 ± 0.3

B 2.67 ± 0.19 2.90 ± 0.7 2.48 ± 0.1 2.45 ± 0.08

Microbiological
parameters

E. coli CFU g−1 1.56 × 104 1.62 × 103 1.40 × 103 3.23 × 103

Salmonella Not detected in 25 g
Note: RA = Raw dairy slurry; AC = Acidified dairy slurry; AL = Alkalinized dairy slurry; NE = Neutralized
dairy slurry.

The sanitization treatments by pH adjustment, with the addition of chemical reagents,
had an impact on the EC of the DS. The highest increase in EC was observed in the alkalin-
ized/neutralized slurry (NE) with the addition of H2SO4 and KOH (Table 2). Considering
that the main objective of the slurry treatment would be its application as an organic
fertilizer, this increase of almost 28% in EC could lead to problems of soil salinity and
phytotoxicity during plant growth and impair the DS’s value as a fertilizer, an issue that
needs proper evaluation [41,42].

The alkalinized/neutralized dairy slurry (NE) presented the highest value of DM
content, whereas the acidified dairy slurry (AC) presented the highest OM content (Table 2).
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DS sanitization treatments that included KOH addition (AL and NE) doubled the total K
concentration compared with raw slurry, while treatments with the addition of concentrated
H2SO4 (AC and NE) resulted in a 10 time increase in total S concentration (Table 2).

Slurry acidification treatment may lead to nutrient solubilization, which increases the
fraction of available nutrients to plants, but it may also increase the risk of nutrient leaching.
However, total concentrations of macronutrients (Ca and Mg) and micronutrients (Cu, Zn,
Fe, Mn, and B) were not affected by the sanitization treatments. The same was true for total
P concentration, one of the most important parameters for DS fertilizer value. The legal
microbiological criterion for fertilizers is the absence of Salmonella in 25 g of material and
less than 103 CFU of E. coli per g of fresh material. Salmonella was not detected in any of the
slurry samples used in this study (Table 2).

In previous work [15], it was possible to reduce E. coli, both in dairy and pig slurry,
below the legal criterion of 103 CFU g−1. DS is a more heterogeneous material than pig
slurry and, consequently, may be more difficult to sanitize. In this work, the three treatments
of the DS (AC, AL, and NE) were performed based on the optimized pH conditions defined
by Rodrigues et al. [15]. Although the three treatments were able to reduce E. coli by about
1 log CFU g−1, the sanitization of the slurries was not completely achieved (Table 2). This
emphasizes the heterogeneity of the material mainly related to farm management, making
it difficult to use a standard recipe for sanitizing DS.

3.2. Physicochemical Characterization of the Leachates

The volumes of collected leachates did not vary significantly between treatments (RA,
AC, AL, NE, MN, CT) for the same leaching event (3, 10, and 17 days after application)
(Table S1). The variation of pH and EC (µS cm−1) of leachates collected 3, 10, and 17 days
after the fertilizer application for each treatment considered (RA, AC, AL, NE, MN and
CT) are presented in Figure 1. The leachates collected from soils with the application of
acidified dairy slurry (AC) had a pH of 5.75 at the first leaching event. However, pH values
of leachates from AC tended to increase over time towards a more neutral value (t = 17 d,
pH = 7.02). The pH of leachates collected in RA, NE, and MN was not significantly different
from the control (CT) and remained close to a neutral range over the three IEs (Figure 1A).
As previously discussed in Section 3.1, the addition of acids or bases to the slurries leads
to an increase in their EC and, consequently, such an increase was reflected in the EC of
the leachates collected during the first leaching event (Figure 1B), where higher values
of EC were observed in AC, MN, NE, and AL. Nevertheless, 17 days after the fertilizer
application, the EC of leachates did not present any significant differences. Fangueiro
et al. [18] observed the same trend in a study about the impact of slurry acidification and
application techniques on potential leaching. According to the authors, in the first event,
the EC of leachates was always significantly higher in slurry-amended treatments than in
the control due to the higher risk of leaching of slurry particles. The same authors also
determined that slurry acidification led to a significant increase of leachate EC over the
four events performed, relative to the untreated slurry.
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Figure 1. Effect of fertilizer treatment (RA = Raw dairy slurry; AC = Acidified dairy slurry;
AL = Alkalinized dairy slurry; NE = Neutralized dairy slurry; MN = Mineral fertilizer; CT: Control)
and time after fertilizer application (3, 10, and 17 days) on the EC (a) and pH (b) values measured
in leachates. Two-way ANOVA indicated a positive interaction of both parameters. Mean values
(n = 4) with different letters indicate significant differences based on the Tukey test (p < 0.05). Error
bars represent standard errors of 4 replicates.

3.2.1. Nutrient Leaching

To evaluate the impact of mineral and organic fertilizer application on the composition
of the leachates, variations in the concentration of some macronutrients (N-NO3

−, N-NH4
+,

S, P, and K) in leachates collected 3, 10, and 17 days after the fertilizer application for
each treatment were assessed, and these are presented in Figure 2. Table 3 presents the
cumulative amount of nutrient lost by leaching over the three IEs, expressed as a percentage
(%) of the amount initially applied.
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Figure 2. Effect of fertilizer treatment (RA = Raw dairy slurry; AC = Acidified dairy slurry;
AL = Alkalinized dairy slurry; NE = Neutralized dairy slurry; MN = Mineral fertilizer; CT: Control)
and time after fertilizer application (3, 10, and 17 days) on the [NH4

+-N] (mg L−1) (a), [NO3
−-N]

(mg L−1) (b), [S] (mg L−1) (c), [P] (mg L−1) (d), and [K] (mg L−1) (e) values in leachates. Two-way
ANOVA indicated a positive interaction of both parameters. Mean values (n = 4) with different letters
indicate significant differences based on the Tukey test (p < 0.05). Error bars represent standard errors
of 4 replicates.
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Table 3. Amount of N-NO3
−, N-NH4

+, T-P, T-K and T-S lost by leaching over the three IEs in the
treatments considered (RA = Raw dairy slurry; AC = Acidified dairy slurry; AL = Alkalinized dairy
slurry; NE = Neutralized dairy slurry; MN = Mineral fertilizer), expressed as a percentage of the
amount applied (means, n = 4). For each nutrient, values followed by different letters are significantly
different based on the Tukey test (p < 0.05).

Nutrient Units RA AC AL NE MN

N-NO3
−

% of N applied
11.04 ± 2.92 bc 16.06 ± 3.26 b 14.17 ± 0.33 bc 5.98 ± 3.26 c 50.34 ± 7.65 a

N-NH4
+ 2.59 ± 0.25 b 16.75 ± 1.37 c 7.40 ± 1.17 a 16.58 ± 2.20 c 19.68 ± 3.37 c

T-P % of T-P applied 29.53 ± 19.63 a 18.01 ± 9.78 a 33.37 ± 22.02 a 23.15 ± 13.80
a -

T-K % of T-K applied 5.38 ± 6.97 b 13.63 ± 1.91 ab 5.38 ± 6.97 b 24.22 ± 2.78 a -

T-S % of T-S applied 69.43 ± 8.59 c 87.16 ± 2.88 ab 92.42 ± 7.12 a 78.45 ± 5.65
bc -

Nitrogen Content of the Leachates

The two main sources of N for agriculture are mineral fertilizers and animal manure.
While many studies have considered the risk of N leaching following mineral N fertiliz-
ers [43–45], there is less information available regarding the potential risk of N leaching in
soils amended with animal slurry, namely, slurry treated by pH modification. In the first
days following slurry application, N immobilization is normally greater than mineraliza-
tion [46]. Ammonia that is not lost during or after the application is adsorbed by soil clay
particles and organic matter, remaining immobile. Net mineralization is affected by (i) the
breakdown characteristics of the organic material, (ii) soil temperature, and (iii) the C/N
ratio.

N release from organic components may occur at different rates, and there is still a lack
of knowledge on the availability of the N applied with dairy slurry, which has important
consequences for assessing the slurry’s fertilizing value [47].

Nitrate (NO3
−)

When nitrate is washed out of agricultural soil, contamination of shallow groundwater
occurs first, and at a later stage, deeper groundwater. Most groundwater supplies in the EU
are from deep wells and are not immediately affected by high nitrate concentrations [48].

However, in areas where water is obtained from shallow groundwater sources, there
is a risk to human health with high nitrogen concentrations. When comparing dairy slurry
and inorganic fertilizer, applied at the same total N rate, previous studies have shown
lower N leaching losses with slurry [49,50]. Accordingly, in this study, mineral fertilizer
had a significantly higher nitrate leaching potential than the treated and untreated slurries
(approximately 50% N applied was lost by leaching for MN versus less than 17% N applied
for the slurries) (Table 3).

It is important to mention that the incorporation of acidified slurry into the soil can
affect pH-sensitive biological soil processes, including N mineralization [51,52]. According
to Fangueiro et al. [53], slurry acidification might inhibit or delay the nitrification process
after soil application, and such an effect relies on the soil properties, namely, its buffer
capacity.

However, leachates from RA, AC, and AL were not significantly different in terms of
nitrate concentration (Figure 2). Nevertheless, NE reduced the potential for nitrate leaching
on the first event when compared with RA (NE 13.0 mg L−1 vs. RA 48.5 mg L−1), but in
the second and third events, treatments were no longer significantly different.

In a field experiment, three different rates of fresh pig slurry (50, 100, and 150 m3 ha−1)
and a mineral treatment were applied as fertilizers to soil to assess the risk of nitrate
leaching in an irrigated Mediterranean ecosystem [54]. Nitrate concentrations in the soil
solution at a 0.9–1.2 m depth were higher for the mineral treatment (44.7 mg NO3

−_N L−1)
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than for the slurry treatments (19.9–28.0 mg NO3
−-N L−1), indicating higher susceptibility

to nitrate leaching for the mineral treatment, which corroborates the results obtained in
this study.

Fangueiro et al. [18] showed that the amount of NO3
− leached three days after the

application of raw or acidified slurry represented less than 5% of the mineral N applied
and concluded that acidification did not affect the loss of N-NO3

−, as seen in this study.

Ammoniacal Nitrogen (NH4
+)

Ammonium is less prone to leaching than N-NO3
− due to its binding to soil par-

ticles [55] and its fast conversion into N-NO3
−. In the first event, MN treatment had a

significantly higher leaching potential for ammoniacal nitrogen (36.7 mg L−1) than the
chemically treated and raw slurry treatments (<25.0 mg L−1). Furthermore, in the first
event, AC (25.0 mg L−1) and NE (21.9 mg L−1) dairy slurries presented a higher leaching
potential for NH4

+ than the RA and AL dairy slurries (14.3 and 13.8 mg L−1, respectively)
(Figure 2).

On the other hand, in the second event, the leaching potential of NH4
+ in AC and NE

treatments increased (AC 39.4 mg L−1; NE 39.5 mg L−1) compared with the first event, with
NH4

+ concentrations in the leachates not significantly different from the MN treatment
(MN = 30.7 mg L−1) (Figure 2). It indicates that slurry acidification and neutralization
treatments might delay the nitrification process, as already reported by Fangueiro et al.,
and increase the risk of NH4

+ leaching [53].
In terms of N-NH4

+ concentration in the leachates, AC and NE treatments were
similar to MN treatment but showed significantly higher concentrations than in RA and
AL treatments.

Previous studies [56,57] reported low concentrations of NH4
+ in the leachates from

slurry-amended soils, contributing marginally to N leaching. However, Fangueiro et al.,
reported that 17% of the NH4

+ applied was lost by leaching in soil amended with acidified
slurry, right in the first event [18]. This unusually high NH4

+ leaching rate was attributed
by the authors to the sandy texture and low cation exchange capacity of the soil. Still,
these results are merely indicative of what may occur in field conditions before plant
growth. Crops uptake mostly N in inorganic form during their vegetative growth period
which might limit the potential leaching of NH4

+ and NO3
− during the growing season.

Furthermore, it is known that soil characteristics affect the N form that is preferably used
by plants, e.g., in acidic or low redox potential soils, plants preferably take up ammonium,
whereas in calcareous, high-pH soils, plants prefer nitrate [58].

Phosphorus (P)

Phosphorus is a limiting macronutrient that is becoming scarce in soils worldwide
due to the depletion of phosphate rock [59]. Application of animal slurry as an alternative
organic soil fertilizer is a way to mitigate P deficiency [60,61]. However, in areas with
high livestock densities, excessive slurry application rates on agricultural land, to levels far
above plant requirements, could result in agronomic P surpluses and accumulation in the
soil [62–64].

In the first event, P concentration in leachates was higher for RA and AL (RA = 14.9 mg
L−1; AL = 13.6 mg L−1) than for AC (4.1 mg L−1), while P concentrations of leachates for
NE (6.1 mg L−1) were not significantly different from the control (Figure 2).

The P concentration in leachates increased with the time elapsed since the fertilizer
application day for all treatments because of the mineralization process. However, as shown
in Figure 2, in AC treatment, the mineralization kinetics was slower, since P concentrations
in the leachates collected in the first and second events (4.1 and 5.0 mg L−1, respectively)
were lower and significantly different from the other fertilizer treatments and about three
to four times lower than in the RA (14.9 and 14.7 mg L−1). This is in agreement with the
fact that the incorporation of acidified slurry into the soil can affect pH-sensitive biological
soil processes [65,66], including P mineralization [51]. Furthermore, the application of
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acidified slurry may have caused greater P sorption, as in non-calcareous soil, P sorption
increases with decreased pH [67]. However, some studies have shown that acidification
can increase the total dissolved P content of slurry [17,68], and increased solubility could
imply greater P mobility in soil solution. Overall, it can be said that P leaching increases
with the increase of dissolved P content of acidified slurry and decreases with higher
P sorption once applied to non-calcareous soil. However, cumulative P leaching did not
differ significantly between treatments, with AC showing the lowest leaching percentage
(Table 3). Li et al. [69] evaluated how slurry acidification affects the speciation and vertical
movement of particulate and non-particulate phosphorus in the soil after cattle slurry
application. The authors verified that the particulate fraction (0.45–63 µm) represented 62%
of total P content, of which 46% was labile inorganic P and 20% labile organic P. Acidification
through dissolution and desorption reduced the total P content of the particulate fraction
by 26%. However, overall acidification had no impact on P leaching, as observed in the
present study.

Sulfur (S) and Potassium (K)

In the acidification and the alkalinization/neutralization treatments, an amount of
6.86 g and 3.43 g of S were added per kg of DS, respectively, which corresponds to 0.17 g
and 0.09 g of S added per soil column. The S content of the leachates resulting from the
application of AC and NE were significantly higher than in the remaining treatment
with values of 39.71 and 37.15 mg L−1 in the first LE, respectively, against less than
10.28 mg L−1 in the remaining treatments (Figure 2).

The S concentration in leachates decreased over time with less than 6.44 mg L−1 in
all treatments in the last event (Figure 2). The percentage of T-S lost by leaching did not
differ significantly between AC and NE, but both were significantly higher than in RA
(Table 3). Although S is an important element in fertilizers, excessive levels of S can impair
groundwater quality. Therefore, the application rate of AC or NE slurry should be carefully
assessed to ensure that the amount of S-SO4

2− applied corresponds to the needs of the
plants and does not endanger groundwater quality.

In the alkalinization and the alkalinization/neutralization treatments (NE), 3.55 g of K
were added per kg of DS, which corresponds to 0.09 g of K added per soil column. Despite
the added K in AL, after the first event, K concentration in the leachates collected from the
soil columns with the application of the AL slurry did not differ significantly from the RA
or the control (Figure 2), and neither NE treatment differed from mineral fertilizer or the
AC slurry. However, after the second and third events, K concentration in the leachates
from the NE treatment was significantly higher than in the other treatments (Figure 2). The
addition of sulfuric acid to decrease the pH value of the alkalinized slurry to 7.0 might
have led to K solubilization. The K cumulative leaching potential of NE was significantly
different from RA and AL but did not differ significantly from AC (Table 3). So far, K losses
by leaching have received little attention because of their low environmental impacts.

The effect of slurry acidification on S and K dynamics was studied in a column leaching
trial with different slurry application rates (15 and 45 m3 ha−1) [70]. The use of acidified
slurry resulted in an increase of S and K leaching in a similar way to our results.

Other Nutrient Leaching (Na, Ca, Mg, Fe, Cu, Zn, Mn, and B)

Cations such as Na, Ca, Mg, Fe, Cu, Zn, and Mn are held on the surfaces of the
negatively charged colloidal clay and organic matter in the soil as exchangeable cations.
They can be replaced and are in equilibrium with cations in the soil water. The percolating
soil solution that carries nutrients in the soil profile is necessarily electrically neutral;
therefore, anions are leached together with equivalent amounts of anions [71].

Since adsorbed/relatively insoluble forms of the nutrients are much less mobile in
the soil, their leaching potential is relatively low. The concentration of Na, Ca, Mg, Fe, Cu,
Zn, Mn, and B in the leachates was assessed, and the results are presented in Table 4. The
highest concentrations were observed in the leachates collected after the first event.
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Table 4. Concentration (mg L−1) of Na, Ca, Mg, Fe, Cu, Zn, Mn and B in the leachates collected after the three IEs (corresponding to t = 3 d, t = 10 d, and
t = 17 d after fertilizer application, respectively) for each treatment considered (RA = Raw dairy slurry; AC = Acidified dairy slurry; AL = Alkalinized dairy slurry;
NE = Neutralized dairy slurry; MN = Mineral fertilizer; CT: Control) (mean value, n = 3). Different letters indicate significant differences based on the Tukey test
(p < 0.05).

Leachate
Sample ID

Time after Fertilizer
Application (d)

Na Ca Mg Fe Cu Zn Mn B

mg L−1

RA

3 49.22 ± 2.44 b 108.88 ± 18.72 c 22.19 ± 4.69 bc 5.74 ± 2.05 a 0.25 ± 0.0 def 0.19 ± 0.0 def 3.51 ± 0.57 bc 0.065 ± 0.010 ab

10 32.63 ± 3.15 de 58.78 ± 3.97 de 12.25 ± 0.79 def 2.91 ± 0.71 abcde 0.94 ± 0.34 ab 0.37 ± 0.07 abc 2.15 ± 0.50 cd 0.027 ± 0.004 f

17 26.39 ± 3.86 ef 19.16 ± 2.19 gh 3.61 ± 0.53 g 2.45 ± 0.45 bcde 0.71 ± 0.18 bcd 0.26 ± 0.05 cde 0.41 ± 0.22 def 0.040 ± 0.005 cdef

AC

3 68.91 ± 4.42 a 199.20 ± 22.92 a 41.22 ± 5.35 a 3.48 ± 1.44 abc 0.17 ± 0.03 ef 0.46 ± 0.13 a 8.25 ± 1.72 a 0.056 ± 0.004 abcd

10 49.91 ± 5.54 b 81.67 ± 10.27 d 19.15 ± 4.94 cd 2.40 ± 0.71 bcde 0.41 ± 0.11 cdef 0.43 ± 0.07 a 4.26 ± 1.15 b 0.062 ± 0.009 ab

17 17.45 ± 1.63 gh 15.60 ± 3.05 h 3.39 ± 0.70 g 2.18 ± 0.30 bcde 0.65 ± 0.12 bcde 0.26 ± 0.05 cde 0.52 ± 0.27 def 0.066 ± 0.006 a

AL

3 50.45 ± 1.97 b 111.39 ± 11.82 c 22.87 ± 2.70 bc 2.43 ± 1.47 bcde 0.24 ± 0.02 def 0.13 ± 0.03 defg 3.62 ± 0.44 bc 0.048 ± 0.004 abcde

10 35.64 ± 3.92 cd 44.09 ± 8.47 efg 8.94 ± 2.00 efg 5.93 ± 2.68 a 1.25 ± 0.56 a 0.40 ± 0.07 ab 2.00 ± 0.44 cde 0.032 ± 0.002 ef

17 23.60 ± 2.75 fg 20.09 ± 1.33 gh 3.88 ± 0.48 g 3.33 ± 0.83 abcd 0.84 ± 0.22 abc 0.27 ± 0.04 bcd 0.48 ± 0.18 def 0.038 ± 0.003 def

NE

3 62.19 ± 4.80 a 150.75 ± 13.20 b 26.54 ± 6.16 b 1.57 ± 0.24 cde 0.21 ± 0.05 ef 0.12 ± 0.07 fg 3.93 ± 1.50 b 0.048 ± 0.004 abcde

10 49.92 ± 5.20 b 75.62 ± 4.29 d 15.96 ± 1.70 cde 4.78 ± 2.10 ab 0.69 ± 0.02 bcd 0.12 ± 0.04 efg 2.87 ± 0.49 bc 0.026 ± 0.012 f

17 31.78 ± 3.11 def 30.39 ± 2.25 fgh 4.57 ± 1.05 g 2.55 ± 1.74 bcde 0.59 ± 0.28 bcdef 0.16 ± 0.06 defg 0.28 ± 0.19 ef 0.057 ± 0.015 abc

MN

3 43.50 ± 1.50 bc 140.71 ± 16.17 b 20.32 ± 1.99 bc 0.65 ± 0.18 cde 0.18 ± 0.02 ef 0.03 ± 0.02 g 2.07 ± 0.55 cd 0.047 ± 0.004 bcde

10 11.69 ± 0.96 hi 30.94 ± 2.97 fgh 4.61 ± 0.56 g 0.66 ± 0.16 cde 0.40 ± 0.03 cdef 0.09 ± 0.01 fg 0.25 ± 0.07 ef 0.032 ± 0.002 ef

17 5.99 ± 0.82 i 28.58 ± 2.36 fgh 3.89 ± 0.28 g 0.25 ± 0.03 e 0.23 ± 0.04 def 0.07 ± 0.01 fg 0.18 ± 0.14 f 0.061 ± 0.002 ab

CT

3 33.85 ± 1.55 de 49.19 ± 1.54 ef 7.62 ± 0.35 fg 0.61 ± 0.16 cde 0.21 ± 0.02 ef 0.07 ± 0.01 fg 0.66 ± 0.05 def 0.047 ± 0.002 bcde

10 15.23 ± 1.35 h 27.99 ± 2.7 fgh 4.66 ± 0.53 g 0.41 ± 0.17 de 0.18 ± 0.01 ef 0.05 ± 0.01 g 0.26 ± 0.08 ef 0.032 ± 0.001 ef

17 9.28 ± 1.84 hi 20.19 ± 1.62 gh 3.05 ± 0.32 g 0.23 ± 0.10 e 0.12 ± 0.02 f 0.04 ± 0.01 g 0.13 ± 0.01 f 0.057 ± 0.009 abc
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The same trend was observed regarding the EC values as previously mentioned
in Section 3.2.1. Electrical conductivity in leachates was higher when more ions were
solubilized and leached. Acidification treatment enhanced Na, Ca, and Mg leaching after
the first event. This is probably due to ion exchange, involving the movement of cations
(Ca, Mg, Na) through the soil. A soil with a low cation exchange capacity (CEC) is less able
to hold positively charged ions.

On the other hand, Fe leaching from soil columns amended with AL slurry was
delayed, probably due to the capacity of humic substances to complex with iron at a higher
pH. Fe concentration in leachates collected after the first event in soil amended with RA
was close to the Fe concentration in leachates collected after the second event, in soil
amended with AL. Acidification treatment promoted the leaching of Mn, probably due to
the formation of complexes with dissolved OM (organic matter). Little scientific literature
is available on micronutrient leaching. In most soils, the cations most likely to be leached
are Ca and Mg [71]. In sandy soils, considerable amounts of Mg can be leached after
the application of K chloride or K sulfate fertilizers [72]. K is usually leached in smaller
quantities than Ca and Mg, even when applied as fertilizer. Among the micronutrients, Mn
and B are susceptible to leaching in certain soils [72]. B has the highest leaching potential
and Cu has the least [73]

Haynes and Swift [74] studied the effects of soil acidification (pH 6.5–3.8) on levels of
extractable nutrients and subsequent leaching and concluded that below pH 5.5, exchange-
able cations were displayed from exchange sites, and Ca, Mg, K and Na in the soil solution
increased markedly [74].

3.2.2. Coliform Leaching

In the absence of microbiological regulation for leachates, the legal framework for irri-
gation water (Ministry of the Environment of Portugal, Ministerial Diploma 236/98), which
establishes a maximum recommended value of 100 fecal (thermotolerant) coliforms/100 mL,
was used in this work to assess the microbiological quality of the leachates [75].

As seen in Figure 3, the incomplete sanitization of the slurries (E. coli > 103 CFU g−1,
Table 2) resulted in the presence of fecal coliforms in the leachates above the recommended
legal value. This effect was particularly noted with leachates from soil amended with
acidified DS in LE1, LE2, and LE3. When the soil was amended with DS treated by AL or
NE, the level of coliforms was above the legal limit in LE1, but after 7 days (in LE2 and LE3),
the number of fecal coliforms was below the legal limit of 100/100 mL. In the remaining
treatments (RA, MN, and CT), the leachates fulfilled the legal criteria for irrigation water
in all events (Figure 3). Fangueiro et al. also observed a higher number of fecal coliforms
in leachates from sandy soil amended with acidified slurry than with raw slurry [18].
Nevertheless, our results might also be due to incomplete slurry sanitization that can lead
to the potential leaching of pathogens. The incomplete treatment may have eliminated
part of the competing microbiota, favoring the multiplication and consequent leaching of
coliforms. Indeed, the number of coliform present in the leachates rely not only on the
survival rate of the pathogens after treatment by pH adjustment and after soil application
but also on the movement of the pathogens in the soil column. More assays should be
developed to validate these results, so that it can be possible to support decision-making
and risk analysis regarding the slurry acidification strategy and to sanitize or minimize
NH3 emissions.
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Figure 3. Log 10 of fecal coliforms per 100 mL of leachate collected after the first, second, and third
IEs (corresponding to t = 3 d, t = 10 d, and t = 17 d after fertilizer application, respectively) for each
treatment considered (RA = Raw dairy slurry; AC = Acidified dairy slurry; AL = Alkalinized dairy
slurry; NE = Neutralized dairy slurry; MN = Mineral fertilizer; CT: Control) (mean values, n = 3).

4. Conclusions

This study showed that amendment with dairy slurry, sanitized or not, may lead
to significantly lower nitrate leaching than mineral fertilizer (RA 11.0%, AC 16.1%, AL
14.2%, NE 6.0% vs. MN 50.4%). This aspect is relevant since the EU Nitrates Directive
sets a limit of 170 kg N from livestock manure per ha and per year for Nitrate Vulnerable
Zones. On the other hand, inorganic fertilizers, despite having a higher leaching potential
of nitrate, do not face this restriction. Regarding nutrient leaching potential, the use of
organic fertilizers should be combined with good agricultural practices to guarantee an
efficient balance of quick/slow-release nutrients and to avoid leaching. It is also advisable
to include phosphorous in the criteria of slurry management practices rather than defining
application rates solely based on the crop’s N needs, which can lead to a P surplus that
modifies the P dynamics and promotes leaching.

Incomplete slurry sanitization by acidification strongly promotes coliform leaching. Since
the presence of coliform microorganisms in the water also indicates the potential contamina-
tion with pathogenic bacterial species, there is a greater risk of groundwater contamination. As
slurry acidification is commonly used as a strategy to minimize NH3 emissions, for example,
in countries like Denmark, further studies should be carried out to support decision-making
and risk analysis regarding the slurry acidification strategy. It is important to address the
potential impacts of manure amendment in a holistic way, considering the effects of the
proposed strategies on water, air, and soil.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agronomy13041176/s1, Table S1: Effect of fertilizer treatment
(RA = Raw dairy slurry; AC = Acidified dairy slurry; AL = Alkalinized dairy slurry;
NE = Neutralized dairy slurry; MN = Mineral fertilizer; CT: Control) and time after fertilizer ap-
plication (3, 10, and 17 days) showed by a two-way ANOVA for volumes leached (L). Different letters in
the mean volumes leached (n = 4) indicate significant differences based on the Tukey test (p < 0.05).
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