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Abstract

Introduction: Soil contamination by agro-industrial waste, such as whey, poses a significant threat to ecosystem
sustainability and agricultural productivity.

Objetive: This study evaluated the effectiveness of organic fertilizer as a bioremediation strategy for Andisols con-
taminated with whey in Villa Moreno, Buesaco (Narifio).

Metodology: The impact on key physicochemical properties such as pH, electrical conductivity (EC), organic matter
(OM), cation exchange capacity (CEC), bulk density, and porosity was analyzed. A randomized block design was
implemented with treatments of control soil, contaminated soil, and soil contaminated with two different doses of
organic fertilizer (500 g and 1000 g per 3 kg of soil).

Results: The results indicated that the addition of whey slightly acidified the soil and significantly increased its sa-
linity. The application of organic fertilizer effectively neutralized the pH, improved the organic matter content and
CEC, and reduced the bulk density, increasing porosity. Although both fertilizer doses were effective, the higher
dose showed faster neutralization but also a higher risk of salinization.

Conclusions: It is concluded that organic fertilizer is a viable and sustainable alternative for the remediation of
soils contaminated by whey, although careful management of the dose is required to balance fertility recovery and
salinity control.

Keywords: Bioremediation, soil contamination, liquid whey, organic fertilizer, physicochemical properties, Andisols.

Resumen

Introduccion: La contaminacion del suelo por residuos agroindustriales, como el suero de leche, representa una amenaza
significativa para la sostenibilidad de los ecosistemas y la productividad agricola.

Objetivo: Este estudio evalud la efectividad del fertilizante organico como estrategia de biorremediacién para Andisoles
contaminados con suero de leche en Villa Moreno, Buesaco (Narifio).

Metodologia: Se analizé el impacto sobre propiedades fisicoquimicas clave como pH, conductividad eléctrica (CE), materia
organica (MO), capacidad de intercambio catidnico (CIC), densidad aparente y porosidad. Se implementé un disefio de blo-
ques al azar con tratamientos de suelo control, suelo contaminado y suelo contaminado con dos dosis diferentes de fertili-
zante organico (500 g y 1000 g por 3 kg de suelo).

Resultados: Los resultados indicaron que la adiciéon de suero de leche acidifico ligeramente el suelo y aumenté significa-
tivamente su salinidad. La aplicacion de fertilizante orgéanico neutralizé eficazmente el pH, mejord el contenido de materia
organica y la CIC, y redujo la densidad aparente, incrementando la porosidad. Aunque ambas dosis de fertilizante fueron
efectivas, la dosis mas alta mostr6 una neutralizacidn mas rapida, pero también un mayor riesgo de salinizacion.
Conclusiones: Se concluye que el fertilizante orgénico es una alternativa viable y sostenible para la remediacién de suelos
contaminados con suero de leche, aunque se requiere un manejo cuidadoso de la dosis para equilibrar la recuperacién de la
fertilidad y el control de la salinidad.

Palabras clave: Biorremediacion, contaminacién del suelo, suero de leche liquido, fertilizante organico, propiedades fisicoquimicas, Andi-
soles.
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Why was it carried out?

The disposal of untreated whey can disrupt soil chemical balance (acidification and salinization) and impose a high organic
load. This issue is particularly relevant in municipalities of Narifio (Colombia), where adequate treatment processes for this
type of wastewater are often limited. In addition, Andisols—common in volcanic regions of the area—exhibit distinctive phy-
sical and chemical properties (high organic matter, high cation exchange capacity, strong sorption capacity, and the influen-
ce of amorphous minerals) that can govern solute mobility, contaminant retention, and the soil response to amendments,
making them a key system for remediation research. Therefore, we evaluated whether the organic amendment ABONISSA
could rapidly restore soil chemical functionality and promote early attenuation of n-hexane extractable material (HEM) un-
der controlled microcosm conditions.

Most relevant results

Over 7-15 days, ABONISSA treatments showed: (i) acidity neutralization (pH increase), (ii) significant increases in organic
matter and cation exchange capacity (CEC), (iii) decreases in HEM relative to the whey-contaminated soil, and (iv) physical
improvements (lower bulk density and higher porosity). However, EC increased markedly, especially at the high dose (REM1),
indicating a risk of secondary salinization.

What do they contribute?

The results support ABONISSA as a promising early-stage management option for whey-affected Andisols, while emphasi-
zing that the assessment captures an initial response rather than definitive soil remediation. The study also demonstrates a
dose-dependent salinity risk, highlights the need for EC mitigation/monitoring, and recommends longer-term (greater than
60 days) and field validation to confirm sustainability and potential impacts on agricultural productivity. In addition, these
findings open the possibility of considering more integrated treatment approaches for this type of wastewater, in which
Andisols, due to their distinctive physical and chemical properties, could function as controlled receiving media and regu-
latory filters, contributing to contaminant retention/attenuation and organic-load reduction in combined soil-amendment
treatment schemes (e.g., ex situ systems or integrated processes), provided that appropriate management, monitoring, and
safeguards are implemented to prevent secondary impacts such as salinization.

Graphical Abstract
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Introduction

Soil contamination has emerged as a formidable and escalating global environmental crisis,
casting a long shadow over the sustainability of our planet’'s ecosystems and the productivity
of its agricultural lands (1). Within rural landscapes characterized by intensive agro-industrial
operations, such as the Narifio region of Colombia, the inadequate management of dairy
byproducts, most notably whey, has been identified as a primary driver of this environmental
degradation. Whey, despite its rich organic composition, triggers a cascade of adverse
physicochemical alterations when discharged into the soil without proper control. These
detrimental effects include significant soil acidification, increased salinization, and a diminished
capacity for retaining essential nutrients and water. Such changes directly compromise

soil fertility and disrupt the delicate balance of essential microbial communities (2,3). The
repercussions of this degradation extend beyond the immediate threat to agricultural yields

a cornerstone of local economies as they can also precipitate the leaching of nitrates and
phosphates into groundwater. This nutrient runoff exacerbates the eutrophication of adjacent
water bodies, thereby endangering the quality of water resources vital for both human
consumption and agricultural irrigation (4).

The remediation of soils degraded by agro-industrial waste is an imperative for safeguarding
environmental health and securing the global food supply. Within this framework,
bioremediation, particularly through the strategic application of organic fertilizers, is increasingly
recognized as a highly promising and environmentally sustainable solution. These fertilizers,
derived from the controlled decomposition of plant and animal materials, not only supply a rich
profile of essential nutrients but also stimulate the activity of beneficial microorganisms. This
microbial enhancement is key to facilitating the breakdown of organic pollutants and improving
the overall physical and chemical structure of the soil (5). A substantial body of previous
research has validated the capacity of organic amendments to increase the Cation Exchange
Capacity (CEC), stabilize pH levels, and significantly improve water retention in compromised

soils_(6).

Despite this progress, a critical knowledge gap persists regarding the specific efficacy and
optimal application rates of organic fertilizers for the remediation of Andisols—a soil type
prevalent in tropical regions like Villa Moreno, Buesaco (Narifio)—that are specifically
contaminated with whey. Andisols, while possessing good drainage, are inherently limited in
their ability to retain water and nutrients, which makes them exceptionally vulnerable to the
impacts of contamination (7). This vulnerability necessitates a rigorous and systematic evaluation
to quantify the effects of varying doses of organic fertilizer on the soil’s key physicochemical
properties. A comprehensive analysis of pH, electrical conductivity (EC), organic matter (OM),
CEC, bulk density, and porosity is essential to develop and optimize effective soil recovery
strategies.

This research directly confronts this knowledge deficit by systematically evaluating the use of
organic fertilizer as a bioremediation tool for whey-contaminated Andisols in Villa Moreno.
Our findings indicate that while whey contamination leads to soil acidification and increased
salinity, the application of organic fertilizer effectively counteracts these effects. It successfully
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neutralizes pH, enriches the soil with organic matter, boosts CEC, and reduces bulk density,
thereby enhancing porosity. Although both tested fertilizer doses were beneficial, the higher
dose provided faster neutralization but also introduced a heightened risk of salinization.
Consequently, this investigation is guided by the following central research question:

To what precise extent can the application of organic fertilizer remediate Andisols contaminated
by whey in Villa Moreno, Buesaco, Narifio, while simultaneously optimizing the recovery of soil
fertility and maintaining effective control over salinity?

Materials and Methods
Study Area

The research was conducted in La Florida, a municipality situated in the department of Narifio
in the southwestern Andean region of Colombia. This mountainous area is characterized by a
temperate climate and a diverse topography of mountains, valleys, and rivers, which collectively
foster a conducive environment for a range of agricultural pursuits. Dairy production stands
out as a cornerstone of the local economy. The whey utilized as the contaminating agent in

this investigation was procured from Lacteos Figueroa, a prominent dairy enterprise that is
representative of the region’s productive sector. The main administrative center of La Florida is
located at an elevation of 2,077 meters above sea level (m.a.s.l.), experiencing an average annual
temperature of approximately 17°C and receiving nearly 2,500 mm of annual precipitation. The
municipality spans three distinct thermal zones: cold, temperate, and the high-altitude paramo
(Figure 1).

Figure 1. Map of key locations in the investigation Source: Adapted from IGAC and Colombia en
Mapas

The specific experimental site was located in Villa Moreno, a sub-district within the municipality
of Buesaco, also in Narifio. Buesaco is nestled in the Andean highlands, with its municipal center
at an average altitude of 1,959 m.a.s.l, while the Villa Moreno sub-district can reach elevations
approaching 2,200 m.a.s.l. (8). The municipality is renowned for its favorable climate, often
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cited as one of the “best climates in the nation,” with average temperatures around 20°C in

certain areas, making it ideal for agriculture (8). While precipitation in this part of the Andes is

variable, it is generally adequate to support a diversity of crops. Historically, Buesaco has been a
territory of significant agricultural importance, with a peasant economy founded on traditional

production systems where coffee and corn are the most notable crops (8).

Descripcion de metodologias

A representative plot within the study area was selected for the excavation of a soil pit

(calicata) to facilitate a detailed morphological analysis. The in-situ description of the soil

profile involved identifying distinct horizons and meticulously documenting their visual and

tactile characteristics. A comprehensive set of parameters was recorded, including soil color

(determined using the Munsell color chart), texture assessed by feel, soil structure (categorized

by type, size, and grade), consistency (evaluated in wet, moist, and dry states), the presence
and abundance of plant roots, the existence of mottling, visible porosity, and any other

distinguishing features such as hardened pans or carbonate accumulations. This thorough

characterization provided a critical baseline understanding of the initial soil properties and their

potential influence on the subsequent contamination and remediation dynamics.

To quantitatively evaluate the changes in the soil’s physicochemical properties, samples

were systematically collected at key stages: prior to any treatment (control soil), following

contamination with whey, and after the application of varying doses of ABONISSA organic

fertilizer, as dictated by the experimental design. These samples underwent a battery of
laboratory analyses to determine a range of physicochemical properties. The specific analytical

methods employed for each parameter are detailed in Table 1.

Table 1. Laboratory methods for the analysis of soil physicochemical properties.

Test

Method

Instruments

Reagents

Organic Matter
CEC (Cation
Exchange
Capacity)

True Density

Bulk Density

pH

Electrical
Conductivity

Soil Texture

Walkley and Black

Titration
(Ammonium
acetate)
Pycnometer
method
Graduated
cylinder (Clod
method)
Potentiometry
(saturated paste)
Conductometry
(saturation
extract)

Hydrometry
(Bouyoucos)

Spectrophotometer;
Erlenmeyer flask

Burette; beaker;
Erlenmeyer flask

Pycnometer; balance;
syringe

Graduated cylinder;
balance

pH meter; glass jars

Conductivity meter;
beaker

Hydrometer; dispersing
cup; graduated cylinder

Ingenieria y Competitividad, 2026 vol 28(1) e-20715329/ Jan-Aph

Potassium dichromate (K,Cr,05);
Sulfuric acid (H,S04)
Ammonium acetate (CHsCOONH,);
Sodium hydroxide (NaOH);
Formaldehyde (CH,0)

Distilled water (H,0)

Buffer solutions

Distilled water (H,0)

Sodium hexametaphosphate
((NaPOs)e); Sodium carbonate
(Na,CO3); Distilled water (H,0)
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Porosity Indirect True and bulk density _
calculation data
Moisture Gravimetry (oven

) Oven; balance; crucibles -
drying)

To quantify the reduction of fats and oils across the different treatments (CONT, REM1, REM2)
and sampling intervals, the standardized procedure for determining n-Hexane Extractable
Material (HEM), as outlined in the NMX-AA-134-SCFI-2006 standard (9), was strictly followed.
A soil subsample (approximately 10 g), which was pre-mixed with anhydrous sodium sulfate if
necessary to remove excess moisture, was subjected to an extraction process using n-hexane
as the solvent. This was performed with a sonication device (an ultrasonic disruptor with

a submersible horn) under the conditions specified by the standard (30 mL of n-hexane,
sonication at 100% power with a 50% pulse for 3 minutes, with the extraction repeated). The
resulting extract was carefully separated from the soil matrix via centrifugation or filtration.
Subsequently, the solvent from the pooled extract was evaporated in a pre-weighed round-
bottom flask containing boiling chips, using a water or steam bath. A distillation apparatus was
used as needed to recover the solvent until the residue was completely dry. The flask containing
the HEM residue was then dried in an oven at 125°C for one hour, cooled in a desiccator, and
weighed repeatedly until a constant weight was achieved. The concentration of HEM—which,
according to definition 4.5 of the standard, includes fats, oils, non-volatile hydrocarbons, and
waxes—was calculated gravimetrically and expressed based on the dry mass of the soil.

Experimental Design

To rigorously pursue the study’s objectives, a quantitative Randomized Block Experimental
Design was meticulously implemented. This robust design was chosen to systematically
evaluate the efficacy of the organic fertilizer as a remediation agent for whey-contaminated
soil. Furthermore, this experimental structure ensures the statistical validity of the results by
effectively minimizing the influence of variability arising from external, uncontrolled factors.

Treatments
The experimental treatments were structured as follows:

T1: Uncontaminated Control Soil (CTR). This treatment consisted of pots filled with 3 kg of
uncontaminated soil, to which neither whey nor organic fertilizer was applied. It served as the
critical baseline, representing the natural physicochemical state of the soil and providing a
benchmark against which the impacts of contamination and remediation could be accurately
measured.

T2: Whey-Contaminated Soil (CONT). In this treatment, 750 ml of whey was applied to pots
containing 3 kg of soil, with no subsequent addition of organic fertilizer. This allowed for the
direct assessment of whey's impact on soil properties, establishing a clear baseline of the
negative effects of the contamination.

T3: Contaminated Soil with High-Dose Remediation (REM1). This treatment involved applying
750 ml of whey along with a 1000 g dose of organic fertilizer (compost or vermicompost) to
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pots containing 3 kg of soil. Its purpose was to investigate the remediation potential of a higher
application rate of the organic amendment.

T4: Contaminated Soil with Low-Dose Remediation (REM2). This treatment consisted of applying
750 ml of whey along with a 500 g dose of organic fertilizer to pots with 3 kg of soil. It was
designed to evaluate whether a lower, more moderate dose of the organic amendment could
still achieve a significant and effective remediation outcome.

To isolate the effects of the treatments, a uniform watering regime was applied to all
experimental units throughout the duration of the study. Specifically, 140 ml of water was
administered at intervals corresponding to the sampling schedule (7 days before the first
sampling, M1, and 15 days before the second sampling, M2), in accordance with the established
experimental protocol (2).

Response Variables

The efficacy of the treatments was assessed through a series of response variables directly linked
to the physicochemical parameters measured in the laboratory and field:

« Soil pH

« Solil Texture

« Bulk density

« Particle density

* Moisture content

« Porosity

+ Electrical conductivity

« Cation Exchange Capacity (CEC)

« Organic matter content

« Fat and oil content
Statistical Analysis

The empirical data generated from this experiment will be subjected to a rigorous statistical
analysis using a two-way Analysis of Variance (ANOVA). This powerful statistical method is ideal
for evaluating the main effects of multiple factors (treatment type and time) and their potential
interactions. The ANOVA will facilitate a detailed comparison of the mean values of the various
physicochemical soil properties, not only across the different treatment groups (CTR, CONT,
REM1, REM2) but also between the two distinct sampling points in time (M1 at 7 days and M2 at
15 days).
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Morphological Characterization of the Soil

An in situ morphological characterization of the soil was conducted to establish a baseline

of its properties prior to the application of the experimental treatments. To this end, a soil

pit was excavated to a depth of 52 cm and four horizons (H1-H4) were described, recording
visual and tactile parameters such as soil color, texture, roots, moisture, and consistency. This
information is crucial because it controls processes such as infiltration, water retention, aeration,
and solute mobility, which in turn govern whey dynamics and the soil’s response to the organic
amendment. Overall, this baseline enables more accurate interpretation of subsequent changes
and a more robust assessment of the effectiveness of the proposed remediation design.

Soil characterization revealed a profile with four horizons (0-52 cm) (Table 2). The surface
horizons H1 (0-14 cm) and H2 (14-26 cm) showed a sandy loam texture, dark colors, subangular
blocky structure, mottling, and hardened layers (3.4 and 2.8 cm), with a predominance of fine
roots. In contrast, the deeper horizons H3 (26-38 cm) and H4 (38-52 c¢m) shifted to a loamy
sand texture, with relatively lighter colors, no mottling, and thinner hardened layers (2.1 and 1.7
c¢m); root abundance also decreased with depth and was absent in H4.

Table 2. Data from the morphological characterization of the soil.

Horizon 1 2 3 4
Depth (cm) 0-14 14-26 26 —38 38-52
Texture Sandy Loam Sandy Loam Loamy Sand Loamy Sand
Munsell Color 10YR 3/2 7.5YR 3/2 10YR 3/3 10YR 4/4
Subangular Subangular Subangular Subangular
Structure Blocks Blocks Blocks Blocks
Mottling Yes Yes No No
Consistency . . . .
(Moist) Friable Very Friable Very Friable Very Friable
Plasticity Non-Plastic Slightly Plastic Slightly Plastic Non-Plastic
. Slightly Slightly Slightly Slightly
Adhesiveness Adherent Adherent Adherent Adherent
Roots Fine Fine Fine Not found
Abundance Very Abundant Scarce Scarce Not found

Mottling in H1-H2 suggests periodic moisture fluctuations and alternating saturation/oxidation
conditions (10), whereas the dark surface coloration is consistent with higher organic matter
accumulation and biological activity (11). The transition from sandy loam to loamy sand may be
related to a lithological discontinuity or differential pedogenetic processes (12) and generally
implies better drainage but also greater susceptibility to leaching and lower water and nutrient
retention at depth (13). The slight stickiness observed is consistent with the role of clay and
organic matter as binding agents that promote aggregation (14). Finally, the absence of roots in
H4 may be explained by greater depth and/or less favorable physical conditions (lower water-
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holding capacity or local barriers) that restrict root penetration and development (13).

Evaluation of Changes in Physicochemical Properties of Contaminated Soil Following the
Application of ABONISSA Organic Fertilizer

This section provides a detailed assessment of the shifts in the physicochemical properties of
the soil that was previously contaminated with whey. This evaluation was conducted following
the application of a bioremediation treatment centered on the use of ABONISSA, a powdered
organic amendment specifically formulated for direct soil application. Its composition is based
on a blend of animal and plant-derived materials, including poultry manure, sugarcane dust, and
sawdust, and it was selected for its recognized properties as a restorer of edaphic characteristics.
The production of this fertilizer involved a carefully controlled process of composting and
maturation. The guaranteed chemical analysis of Abonissa revealed a substantial contribution of
macronutrients, containing 1.5% total nitrogen (N), 4% available phosphorus (P205), and 3.5%
soluble potassium (K20). Furthermore, its high content of oxidizable organic carbon (19%) and
its distinctly alkaline nature, with an initial pH of 8.2, were notable features (15).

The contaminating agent, whey, is a major byproduct of the cheese manufacturing industry. Its
improper disposal is a significant environmental concern due to its high biochemical oxygen
demand and organic load. Previous physicochemical analyses have classified this type of
byproduct as sweet whey, characterized by an average pH of 5.7. This pH is higher than that
of acid wheys and directly influences its interaction with the soil matrix. Lactose was identified
as its primary component, with a reported concentration of approximately 5.1%. The whey's
composition also included a protein fraction of about 0.71% and a fat content of 0.5%. While
these components have nutritional value, they are the main contributors to its high pollution
potential when mismanaged (16).

pH Analysis

Soil pH, a measure of its acidity or alkalinity, is a master variable in soil science, exerting a
profound influence on the bioavailability of nutrients for plants, the activity and diversity

of microbial ecosystems, and the overall efficiency of remediation processes (17). n this
investigation, the control soil (CTR), which received no whey or organic fertilizer, exhibited a
stable and near-neutral pH, with an average of 6.80 at the 7-day mark (M1) and 6.81 at 15 days
(M2).
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These pH values fall squarely within the slightly acidic to neutral range as defined by the

FAO classification system (Table 3). This is highly consistent with the known characteristics of
Andisols, which are soils derived from volcanic ash. These soils frequently display a pH in this
range due to their unique mineralogy and typically high concentration of organic matter. During
decomposition, this organic matter can release various organic acids, which contributes to the
soil's natural acidity (12,18).

Table 3. Soil pH classification according to the FAO. Fuente: Adaptado de FAO (2006).

PH Classification
Range
<45 Extremely acid

4.5-5.0 Very strongly acid

5.1-5.5 Strongly acid
5.6-6.0 Moderately acid
6.1-6.5 Slightly acid
6.6-7.3 Neutral

74-7.8 Slightly alkaline
7.9-8.4 Moderately alkaline

8.5-9.0 Strongly alkaline

Very strongly

>9.0 alkaline

The introduction of whey (CONT treatment) induced a noticeable, albeit slight, acidification of
the soil. The pH dropped to 6.695 at M1 and was 6.781 at M2. This acidifying effect is directly
attributable to the presence of organic acids, such as lactic acid, within the whey (19,20).
Statistical analysis (Figure 2) confirmed that the pH of the CONT M1 treatment was significantly
lower than that of the other treatments at the M1 sampling and also significantly lower than its
own value at the M2 sampling.

Figure 2. pH in Soil Subjected to Different Treatments.
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The application of the ABONISSA organic fertilizer in the REM1 (1000 g) and REM2 (500 g)
treatments demonstrated a potent alkalinizing, or neutralizing, effect. The REM1 treatment
achieved a pH of 7.120 at M1 and 6.920 at M2, while the REM2 treatment recorded a pH

of 6.920 at M1 and 6.589 at M2 (Figure 2). This increase in pH is attributed to two primary
mechanisms: the inherent alkalinity of the fertilizer itself (with a starting pH of 8.2) and the
release of basic cations during its decomposition (21,22). The ANOVA results were particularly
revealing, indicating that the pH of REM1 M1 was significantly higher (p=0.040) than that

of CONT M1. This suggests that the higher fertilizer dose led to a more effective and rapid
neutralization of the whey-induced acidity. Interestingly, while there were no significant pH
differences between M1 and M2 for the REM1 treatment, there was a significant decrease in pH
over time for the REM2 treatment.

This downward trend in pH observed in REM2 M2, and the slight reduction in REM1 M2,

could be explained by the production of organic acids during the more advanced stages of
the fertilizer's decomposition, or perhaps by the gradual neutralization of the fertilizer's initial
alkalinity by the soil's buffering capacity (23,24). Previous studies, such as the one by Mendoza-
Hernandez et al. (2020), have similarly shown that alkaline organic amendments are effective

at stabilizing the pH of contaminated soils. In the context of this study, the REM1 treatment
demonstrated superior efficacy in the short term, successfully counteracting the acidification
from the whey and re-establishing a pH level close to neutral, which is highly favorable for the
soil's overall biological activity.

Conductivity Analysis

Electrical conductivity (EC) serves as a direct measure of soil salinity, a critical parameter that
can significantly impact both plant growth and the activity of soil microorganisms (17). The
control soil (CTR) consistently exhibited low EC values, with averages of 0.559 mS/cm at M1 and
0.542 mS/cm at M2 (Figure 3). These values are characteristic of non-saline Andisols and were
significantly lower than those recorded in all other treatments (12,18).

Figure 3. Electrical Conductivity (uS/cm) in Soil Subjected to Different Treatments

The addition of whey (CONT treatment) led to a marked increase in EC, with values rising to
1.075 mS/cm at M1 and 1.182 mS/cm at M2. This increase is a direct consequence of the soluble
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salts and other ionizable compounds inherent in the whey (19,25). Despite this increase, the
EC of the CONT treatment remained significantly lower than that of the fertilizer-amended
treatments, and there were no statistically significant differences between its two sampling
times.

The most dramatic increases in EC were observed in the treatments amended with ABONISSA
fertilizer (REM1 and REM2), as shown in Figure 3. The REM1 treatment averaged 3.120 mS/cm at
M1 and rose further to 3.675 mS/cm at M2. Similarly, the REM2 treatment averaged 2.810 mS/
cm at M1 and was 2.645 mS/cm at M2. This substantial rise in salinity is due to the combined
release of ions from both the organic fertilizer (particularly from its poultry manure component)
and the whey (21,22). All REM treatments displayed EC values that were significantly higher than
both the CTR and CONT treatments. The ANOVA results confirmed the magnitude of this effect,
showing that the EC of REM1M2 (3.675 mS/cm) was significantly greater than that of CTRM2
(0.542 mS/cm) (p < 0.001) and CONTM1 (1.075 mS/cm) (p < 0.001).

The additive effect of whey and the organic amendment on soil electrical conductivity (EC)

is unmistakable. Although this increase may reflect greater nutrient availability for plants, it

also entails a significant risk. EC values approaching or exceeding the 4 mS/cm threshold—as
observed in one replicate of REM1M2—may induce osmotic stress, lowering soil water potential
and hindering root water uptake even when soil moisture is adequate. This can result in reduced
germination, slower vegetative growth, restricted root development, and yield losses, particularly
in salt-sensitive species or at early crop stages (6,17). Moreover, sustained elevation of EC can
promote nutrient imbalances through ionic antagonisms (e.g., interference with Ca?*, Mg#',

and K* uptake), increase the risk of salt-induced phytotoxicity, and constrain the activity of key
microorganisms involved in mineralization and the degradation of organic compounds (26,27).

In this context, the EC increase observed in REM1 constitutes a warning signal of potential
secondary salinization associated with the combined management of the dairy residue and the
organic amendment (28). Although this effect was assessed over a short period (7-15 days), its
implications for future agricultural productivity justify monitoring salinity dynamics over time,
particularly under field conditions where leaching, drainage, and ion-exchange processes may
vary. Therefore, while ABONISSA showed positive effects on fertility indicators (pH, OM, and
CEQ), its use should be accompanied by careful dose management, salinity-mitigation strategies
(e.g., split applications, controlled leaching, or the use of lower-salinity materials), and evaluation
of local crop responses to ensure agronomic sustainability.

Moisture Analysis

Soil moisture content is a dynamic property that plays a crucial role in regulating biological
processes, nutrient availability, and the physical characteristics of the soil (29). In this study, the
CTR treatment had an average moisture content of 4.415% at M1, which increased to 5.600% at
M2 (Figure 4). Andisols are generally known for their high water retention capacity (30,31), so
the relatively low initial moisture levels in the CTR may have been due to the specific antecedent
conditions before the experiment began. The significant increase in moisture from M1 to M2

in the CTR treatment is likely a direct result of the controlled irrigation applied. The addition
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of whey (CONT treatment) elevated the moisture content to 5.755% at M1 and 5.660% at M2,
a logical consequence of the high water content of the whey itself (25). The CONT treatment
exhibited significantly higher moisture than the CTR at M1, with no significant difference
between its own two sampling times.The REM1 and REM2 treatments, which received both
whey and organic fertilizer, displayed the highest moisture contents overall (Figure 4). The
REM1 treatment averaged 7.045% moisture at M1 and 6.580% at M2, while the REM2 treatment
averaged 5.490% at M1 and 6.380% at M2. This is attributable to the combined effect of the
water introduced with the whey and the enhanced water-holding capacity provided by the
organic fertilizer (32). All REM treatments consistently maintained moisture levels that were
significantly higher than the CTR and were similar to or higher than the CONT treatment. The
ANOVA further highlighted this, showing that REMT1M1 (7.045%) had a significantly higher
moisture content than CTRM1 (4.415%) (p = 0.020).
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Figure 4. Moisture (%) in Soil Subjected to Different Treatments

The immediate impact of the water added via the whey and the fertilizer is clearly demonstrated.
While the organic matter in the fertilizer is known to improve long-term water retention by
enhancing soil structure (33), within the short timeframe of this study, the directly added water
was the predominant factor. The notable variability observed in the replicates of the REMT1M2
treatment (ranging from 4.94% to 8.22%) suggests a degree of heterogeneity in the soil-
amendment mixture. Over a longer period, it is expected that the organic matter would more
fully integrate with the soil, leading to a more stable and uniform increase in water retention
capacity and an overall improvement in soil structure.

Bulk Density Analysis

Bulk density (BD) is a key physical indicator of soil compaction and, inversely, its porosity (29).
The control (CTR) treatment exhibited average BD values of 0.8700 g/cm3 at M1 and 0.8956
g/cm?3 at M2 (Figure 5). These values are typical for Andisols, which are known for their low

bulk densities, generally ranging from 0.5 to 1.0 g/cm3, a characteristic attributed to their high
porosity and well-developed structure (30,31).
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No significant differences in BD were observed between the two sampling times for the CTR
treatment, which consistently showed the highest (most compact) values among all treatments.
The application of whey (CONT treatment) led to a significant decrease in BD to 0.7439 g/cm3
at M1, which then partially rebounded to 0.8345 g/cm?3 at M2. This initial reduction in density
is due to the incorporation of low-density organic matter from the whey and the stimulation

of microbial activity, which enhances soil aggregation and creates pore space. The CONT M1
treatment had a significantly lower BD than the CTR.

The REM1 and REM2 treatments, which included the organic fertilizer, successfully maintained
low bulk densities (Figure 5). The REM1 treatment averaged 0.7410 g/cm?3 at M1 and 0.8045
g/cm3 at M2, while the REM2 treatment averaged 0.7670 g/cm3 at M1 and 0.7456 g/cm3 at
M2. The intrinsically low density of the fertilizer itself contributed significantly to this effect. At
the M1 sampling, both REM treatments had lower BD values than the CTR. By M2, the REM2
treatment had a significantly lower BD than the CTR. The ANOVA results provided strong
statistical support for these observations, showing that the CTRM2 value (0.8956 g/cm3) was
significantly higher than those of REM1M1 (0.7410 g/cm3, p=0.030), CONTM1 (0.7439 g/cm3,
p=0.040), and REM2M2 (0.7456 g/cm3). This confirms that both the whey and the organic
fertilizer were effective in reducing soil bulk density. A reduction in BD is highly beneficial for
soil health, as it implies greater porosity, improved aeration, and enhanced conditions for root
growth (34). These findings are consistent with research by Cabrera Lobelo & Unibio Salcedo
(2019) (35) who also reported significant decreases in BD (to 0.62-0.70 g/cm?3) in diesel-
contaminated soils following remediation with organic materials. Although the contaminants
differ, the underlying principle—that the addition of organic matter tends to decrease soil
bulk density—is clearly demonstrated. The rapid biodegradation of the whey and the resulting
improvement in soil aggregation, coupled with the physical contribution of the low-density
organic fertilizer, appear to be the key mechanisms driving this positive change.

Figure 5. Apparent Density (g/cm3) in Soil Subjected to Different Treatments
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Particle Density Analysis

In contrast to bulk density, particle density (PD) refers to the density of the soil solid particles
(excluding pore space) and is governed primarily by mineralogical composition and, to a lesser
extent, by organic matter content (29).

In the control soil (CTR), particle density (PD) was 2.27 g/cm3 at M1 and 2.15 g/cm?3 at M2
(Figure 6), values consistent with the expected range for Andisols, where the presence of low-
density minerals (e.g., allophane) and high organic matter contents can reduce PD relative to
typical mineral soils (30,31).

Figure 6. Particle Density (g/cm3) in Soil Subjected to Different Treatments

Overall, no significant differences in PD were detected among treatments or between sampling
times (p > 0.05), as reflected by the uniform statistical lettering in Figure 6. The whey-
contaminated treatment (CONT) showed PD values of 2.24 g/cm3 (M1) and 2.20 g/cm3 (M2),
which were statistically indistinguishable from the control. Similarly, the ABONISSA-amended
treatments exhibited slightly lower mean values (REM1: 2.08 g/cm3 at M1 and 2.15 g/cm3 at M2;
REM2: 2.15 g/cm3 at M1 and 2.14 g/cm3 at M2), but without significant differences. Although,

in theory, the incorporation of lower-density organic materials could decrease PD, these results
suggest that over the short term (7-15 days) the composition of the soil solid phase did not
change detectably, or that any effect was too subtle relative to the inherent variability of the
measurement. In summary, the stability of PD indicates that the changes observed in other
physical variables (e.g., bulk density and porosity) are mainly attributable to modifications in soil
structure and pore arrangement rather than to changes in the density of the mineral particles.

Porosity Analysis

Soil porosity, defined as the volume of void spaces between solid particles, is a fundamental
physical property that dictates the soil's capacity for water and air retention and movement.
It also defines the habitat available for plant roots and essential soil microorganisms (29). n
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this study, the control soil (CTR) initially exhibited an average porosity of 61.4443% at 7 days
(M1), which then decreased to 57.9055% by 15 days (M2) (Figure 7). This high initial porosity is
characteristic of Andisols, which are well-known for their total porosity often exceeding 60%, a
feature attributed to their well-developed structure and the low bulk density of their constituent
particles (30,31).

The statistically significant decrease in porosity observed in the CTR treatment from M1 to M2
is likely due to a slight natural consolidation or settling of the soil within the experimental pots
over time, accelerated by the watering regime. In stark contrast, the addition of whey (CONT
treatment) led to a remarkable increase in porosity. At day 7 (M1), the average porosity surged
to 66.5523% and remained elevated at 62.7101% on day 15 (M2) (Figure 7).
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Figure 7. Porosity (%) in Soil Subjected to Different Treatments

This enhancement in porosity is directly and inversely correlated with the decrease in bulk
density observed in the same treatment. It can be explained by two primary factors: the physical
incorporation of organic matter from the whey and, more significantly, the stimulation of
microbial activity which promotes the formation of stable soil aggregates, thereby creating new
and larger pore spaces. The graphical representation in Figure 7, where both CONT bars are
labeled “Aa,” indicates that the porosity in this treatment was significantly higher than in the CTR
at M2.

The treatments that included ABONISSA organic fertilizer (REM1 and REM2) either maintained
or further increased the high porosity levels seen in the contaminated soil (Figure 7). In the
REM1 treatment, the average porosity was 63.3324% at M1 and remained stable at 63.4760%
at M2. For the REM2 treatment, the average porosity was 63.3899% at M1 and increased to
66.8229% at M2. The incorporation of organic matter from the fertilizer, especially from the
poultry manure and plant residues, is a well-documented method for improving soil structure
and increasing porosity (21,34). The “Aa” labels on all REM1 and REM2 bars indicate that these
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treatments sustained a significantly high porosity, comparable to or greater than the CONT
treatment and significantly higher than the CTR at M2.

The two-way ANOVA confirmed these observations, revealing significant differences among the
treatments. For instance, the REM2M2 treatment (average porosity 66.8229%) had a significantly
higher porosity than the CTRM2 treatment (average porosity 57.9055%) (a difference of 8.917%,
p = 0.020). Similarly, the CONTM1 treatment (average porosity 66.5523%) also had a significantly
higher porosity than CTRM2 (a difference of 8.647%, p = 0.020). These results provide strong
evidence that both the whey contamination and the subsequent application of organic

fertilizer led to a beneficial increase in soil porosity. Enhanced porosity is highly desirable in

soil remediation, as it facilitates crucial processes like aeration, drainage, water infiltration, and
nutrient transport, and provides a more favorable environment for root development and the
biodegradation of contaminants (29). The improvement of porosity is, therefore, one of the most
significant benefits of using organic amendments in soil remediation programs.

Cation Exchange Capacity (CEC) Analysis

Cation exchange capacity (CEC) is a critical measure of a soil’s ability to retain positively charged
ions (cations), which include essential plant nutrients like calcium (Ca?*), magnesium (Mg?"),
potassium (K*), and ammonium (NH,"). This retention occurs on the negatively charged surfaces
of clay particles and organic matter, making CEC a cornerstone of soil fertility and nutrient
availability (29). In this study, the control soil (CTR) demonstrated an average CEC of 33.3672
meqg/100g at 7 days (M1), which increased to 38.3224 meq/100g by 15 days (M2) (Figure 8).
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Figure 8. CIC (meg/100g) in Soil Subjected to Different Treatments

Andisols are known to have a variable CEC that is strongly influenced by pH as well as the
content and type of organic matter and clay minerals present. CEC values between 20 and 50
meq/100g are common for this soil type. A key characteristic is that their CEC tends to increase
with rising pH, due to the pH-dependent charge of minerals like allophane and of the organic
matter itself (30,31). The graphical representation in Figure 8, where both CTR bars are labeled
“Aa,” indicates that there were no statistically significant differences in the CEC of the control soil
between the two sampling times.
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The addition of whey (CONT treatment) resulted in CEC values that were similar to or slightly
higher than the control at M1, with an average of 34.1485 meq/100g. By M2, the average CEC
was 34.6027 meq/100g (Figure 8). While whey contains proteins and other organic compounds
that could theoretically provide some exchange sites, its direct impact on the mineral soil’s

CEC is typically limited in the short term, unless it causes significant shifts in pH or leads to the
formation of new, stable organic matter. The "Aa” labels on the CONT bars suggest that, overall,
there were no significant differences compared to the control or between its own sampling
times, although a high degree of variability was noted in the CONTM2 samples.

The most substantial and consistent increases in CEC were observed in the treatments amended
with ABONISSA organic fertilizer (REM1 and REM2), as shown in Figure 8. In the REM1
treatment, the average CEC was 37.7698 meq/100g. For the REM2 treatment, the average CEC
was 35.0186 meq/100g at M1 and increased to 36.1298 meq/100g at M2. This significant boost
in CEC is primarily attributed to the high content of stable, humified organic matter present in
the composted fertilizer (especially from the poultry manure). This organic matter possesses

a high density of negatively charged functional groups (carboxyl and phenol groups) that are
highly effective at retaining cations (21,22). nterestingly, the graph shows that for REM1, the M1
bar ("Aa") is slightly higher than the M2 bar (“Ba”), suggesting a possible minor decrease over
time, though both values remain elevated. For REM2, both bars are labeled “Aa,” indicating a
consistently high CEC.

The comprehensive ANOVA and Tukey's test revealed complex interactions. While one
comparison indicated that CTRM2 had a significantly higher CEC than REM1M1, other
comparisons showed that the average CEC of REM2M2 (36.1298 meq/100g) was significantly
higher than that of REM1M1 (p=0.003), and that CONTM1 (34.1485 meq/100g) was significantly
lower than REM1M1 (p < 0.001). Taken together, these comparisons suggest that the treatments
with organic fertilizer (REM) were more effective at increasing the CEC than either the whey
alone (CONT) or the control (CTR), with the high dose (REM1) showing a particularly strong
initial effect. An increase in CEC is a clear and positive indicator of enhanced soil fertility and an
improved capacity to retain essential nutrients, thereby preventing their loss through leaching

(34).

Organic Matter (OM) Analysis

Soil organic matter (OM) is a cornerstone of soil health, acting as a crucial component that
profoundly influences soil fertility, physical structure, and the intensity of biological activity.
In this study, the control soil (CTR) presented an average OM content of 6.7826% at 7 days
(M1) and 7.1285% at 15 days (M2) (Figure 9). These levels are entirely consistent with the
characteristics of Andisols, which are known to accumulate substantial quantities of OM.
This accumulation is due to the formation of highly stable complexes between the organic
matter and the unique minerals found in these soils, such as allophane and imogolite, which
significantly retards the rate of decomposition (30,31).
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Figure 9. Organic Matter (%) in Soil Subjected to Different Treatments

As depicted in Figure 9, both the CTR M1 and CTR M2 data points are labeled “Ab.” This
notation signifies that there were no statistically significant differences in the OM content of the
control soil between the two sampling times, and that these values represent the lowest baseline
level of OM among all the experimental treatments. The addition of whey (CONT treatment)

led to a notable increase in OM content, with an average of 8.7399% at M1 and 8.7182% at M2
(Figure 9). This increase is a direct and predictable consequence of the contribution from the
intrinsic organic components of the whey itself.

The figure further shows that both data bars for the CONT treatment are labeled “"ABb.” This
indicates that the OM content in this treatment was significantly higher than in the CTR (which
belongs to group “A"), but it was not as elevated as in some of the remediated treatments
(which fall into group “B"). The lowercase "b" for both time points indicates that there were no
significant changes in the OM content of the CONT soil between the two sampling times.

The most substantial and impactful increases in OM content were observed in the treatments
amended with ABONISSA organic fertilizer (REM1 and REM2), as shown in Figure 9. The REM1
treatment averaged an impressive 10.7724% OM at M1, and this value increased significantly
to 13.3733% by M2. This temporal increase in OM within the REM1 treatment is statistically
significant, as denoted by the different lowercase letters (“a” for M1 and "b” for M2). The
REM2 treatment showed an OM content of 11.2687% at M1, with a slight, though statistically
significant, decrease to 10.3606% at M2.

This marked overall increase in OM in the REM treatments is directly attributable to the
substantial input of stabilized, carbon-rich organic matter from the composted fertilizer (36,37).
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The two-way ANOVA and subsequent Tukey's test confirmed that the differences in OM content
among the treatments were highly significant (p < 0.001). To illustrate, the REM1M2 treatment
(with an average OM of 13.3733%) had a significantly higher OM content than the CTRM1
treatment (average OM of 6.7826%), with a difference of 6.591% (p < 0.001). The addition of this
organic matter is fundamental for improving a wide range of soil properties and for stimulating
the microbial activity that is essential for the degradation of contaminants.

Texture Analysis

Soil texture, which is defined by the relative proportions of sand, silt, and clay particles, is a
fundamental and relatively stable physical property of soil. It exerts a profound influence on a
wide array of soil functions, including water retention, aeration, workability (tilth), the capacity
to supply nutrients, and susceptibility to erosion (13). As a result, a true change in textural class
is not expected over short periods (7-15 days) following the addition of organic amendments;
therefore, the differences observed among sampling times and treatments should be
interpreted as variations in “apparent texture” or as limitations of the hydrometer (Bouyoucos)
method, particularly in Andisols and soils with high organic matter (OM) content (38,40). In this
study, organic matter was not removed prior to analysis using H,O,, which may have promoted
incomplete dispersion of fine particles and the formation of microaggregates, thereby affecting
the estimation of sand, silt, and clay fractions. Thus, the results primarily reflect changes in
aggregation and methodological sensitivity rather than actual modifications of the soil’s mineral
texture (41).

As shown in Table 3, both the control soil and the whey-contaminated soil fall within the sandy
clay loam textural class in both M1 and M2, which is consistent with the expected stability of
the mineral fraction. The ABONISSA-amended treatments were classified as sandy loam in M1,
followed by a shift to loam (REM1 in M2) and sandy loam (REM2 in M2). These variations do
not indicate a true change in mineral texture, but rather differences in aggregation state and/or
dispersion efficiency during the analysis (41,42).

Table 3. Percentages of mineral fractions

Sample % Sand %Clay %Silt Total Textural Class

Control (M1) 54 36 10 100 Sandy clay loam
Contaminated (M1) 57 30 13 100 Sandy clay loam
Remediated 1 (M1) 60 11 29 100 Sandy loam
Remediated 2 (M1) 55 11 34 100 Sandy Loam

Control (M2) 51 34 15 100 Sandy clay loam
Contaminated (M2) 55 35 10 100  Sandy clay loam
Remediated 1 (M2) 47 13 40 100 Loam
Remediated 2 (M2) 51 11 38 100 Sandy loam
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The Bouyoucos method assumes complete particle dispersion; however, under high organic
matter (OM) conditions—and especially after adding an organic amendment—OM can act as a
cementing agent, promoting the formation of stable aggregates and microaggregates. Under
these conditions, part of the clay fraction may not fully disperse and may settle as larger units,
leading to a relative overestimation of coarser fractions and an apparent underestimation of clay
(41,43). This effect is relevant for interpreting the differences in measured textural class between
M1 and M2 in amended soils.

In addition, Andisols commonly contain amorphous minerals (e.g., allophane/imogolite) and
organo—mineral complexes that promote strong microaggregation and hinder clay dispersion.
Therefore, even when chemical dispersants are used, hydrometer results may partially reflect the
aggregation state rather than the true mineral particle-size distribution (44). In this sense, the
results in Table 3 should be discussed as indirect evidence of rapid physical changes induced by
the amendment (aggregation/structural stability), not as changes in mineral texture.

Analysis of the Reduction of Fats and Oils in the Contaminated Soil Following the Application of
Organic Fertilizer as a Remediation Method

The quantification of n-Hexane Extractable Material (HEM) serves as an essential indicator for
determining the concentration of fats, oils, and other lipid-based compounds within the soil.
This measurement is critical for both assessing the magnitude of contamination and evaluating
the efficacy of the implemented remediation strategies. In this study, the control soil (CTR),
which represents the baseline condition without any added contaminants or amendments,
exhibited an average HEM content of 949.25 mg/kg in the first sampling at 7 days (M1), as
shown in Figure 11. It is important to recognize that soils, even in the absence of direct industrial
contamination, naturally contain a lipid fraction derived from the decomposition of plant and
animal residues as well as from the metabolic activity of the native soil microbial community
(45). In this context, the presence of a detectable baseline level of HEM in the control soil is
expected and does not necessarily indicate residual contamination. Moreover, the NMX-AA-134-
SCFI-2006 standard defines HEM broadly as the material extracted with n-hexane, including not
only fresh fats and oils but also waxes, hydrophobic compounds associated with organic matter,
and other non-volatile hydrocarbons. Accordingly, the control soil was used as a reference

for the natural content of hexane-extractable material, and treatment effects were interpreted
relative to this baseline. Thus, the measured HEM values reflect both the soil’s natural lipid
fraction and the extractable fraction associated with soil-amendment dynamics, avoiding an
overestimation of residual contamination based solely on the presence of HEM (9).
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Figure 11. Fats and oils (mg/kg) in different treatments

Initially, the control soil (CTR) had an average HEM content of 907.3 mg/kg (Figure 11). This
basal concentration is consistent with the natural lipid fraction found in soils that have a notable
organic matter content, originating from the decomposition of various biological residues and

the soil’s own microbial biomass.

Following the application of the contaminant, the treatments with whey (CONT) showed

a discernible increase in HEM content, reaching average values of 925.3 mg/kg in the first
sampling and 937.4 mg/kg in the second. This increase is directly attributable to the intrinsic

fat fraction present in the whey. Although this fraction is a minor component of whey's overall
composition, it contributes measurably to the total lipid load in the soil (9). The treatments
amended with ABONISSA organic fertilizer (REM1 and REM2) demonstrated the most significant
and positive effects. The remediated soils exhibited HEM concentrations that were consistently
and substantially lower than those of the contaminated soil, with average values dropping

to as low as 882.5 mg/kg. Remarkably, these values were not only lower than those of the
contaminated treatment but, in some instances, were even lower than the background levels of

the control soil.

A rigorous statistical analysis confirmed this trend with a high degree of certainty, revealing

statistically significant differences between the contaminated and the remediated treatments (p
< 0.05). For instance, the comparison between the CONT2 treatment and the REM2_2 treatment
yielded a p-value of less than 0.001, which provides robust validation of the treatment'’s efficacy

in reducing the concentration of lipids.

This pronounced remedial effect is attributed to a process of biostimulation. The addition of the
ABONISSA organic fertilizer, which is rich in essential nutrients and stabilized carbon, acted as a
catalyst, promoting the growth and metabolic activity of the native microbial community. These
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microorganisms, finding themselves in a nutritionally enriched environment, were able to utilize
the lipid compounds as a readily available substrate and energy source, thereby accelerating
their degradation. This is a fundamental principle of bioremediation for soils contaminated with
organic compounds, where stimulating the indigenous microbiota is often a more effective
strategy than introducing external microbial strains (46).

To place the magnitude of this impact in context, it is pertinent to note that the initial
contaminant load in this study (close to 1000 mg/kq) is considerably lower than the
concentrations of total petroleum hydrocarbons (TPH) often reported in other bioremediation
studies, which can range from 10,000 to 50,000 mg/kg. This lower initial load likely facilitated a
more rapid and efficient remediation process by the soil microbiota, which was not inhibited by
excessive toxicity and was thus able to metabolize the contaminant effectively (47).

The temporal dynamics of the process revealed an accelerated microbial response, as no
statistically significant differences were found between the samplings conducted at 7 and

15 days (p > 0.05). This suggests that the microbial community, stimulated by the addition

of the fertilizer, began the degradation of the lipids almost immediately. This rapid onset

of degradation is in stark contrast to the remediation of more recalcitrant contaminants,

which often require prolonged periods of acclimatization before any significant reduction is
observed (48). The biodegradation of complex lipids is a process that requires time and the
concerted action of diverse microbial populations, and this study effectively demonstrates that
biostimulation with a suitable organic fertilizer can significantly optimize this process, even from
its earliest stages (9).

Conclusions

The main objective of this study was to comprehensively assess the feasibility of applying

the organic amendment ABONISSA as a management strategy for Andisols affected by whey
contamination in La Florida (Narifio). The in situ morphological characterization established a
baseline, revealing a stratified soil profile with textural variability and features such as mottling
and hardened layers, which influence hydrological behavior and condition both contaminant
mobility and the soil’s response to the amendment.

Physicochemical evaluation confirmed that the application of untreated whey produces
undesirable alterations, particularly slight acidification and a marked increase in electrical
conductivity, highlighting its potential to induce salinization processes in the soil environment.
Although favorable physical changes were observed—such as reduced bulk density and
increased porosity—the overall balance indicates that whey can compromise soil quality and
supports the need for corrective measures.

Over the short evaluation period (7-15 days), the application of ABONISSA in treatments
REM1 and REM2 produced an immediate, favorable response in key variables of the whey-
contaminated soil, notably the neutralization of acidity and significant increases in organic
matter and cation exchange capacity (CEC). These results suggest that the amendment can
act as a rapid agent for restoring soil chemical functionality, promoting conditions conducive
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to microbial activity and fertility recovery. However, it is important to emphasize that this
timeframe corresponds primarily to an initial stage or early response; therefore, the findings
represent short-term effects rather than definitive soil remediation.

Despite the improvements observed, a critical challenge associated with the combined use of
whey and the organic amendment was identified: the marked increase in electrical conductivity
(EC), particularly at the highest dose (REM1). This represents a potential agronomic risk due to
osmotic stress and possible effects on certain microbial groups; thus, any real-scale application
should incorporate salinity management strategies and monitoring over time.

Dose comparison (REM1: 1000 g vs. REM2: 500 g per 3 kg of soil) showed that, although REM1
tended to induce faster and more pronounced changes, it also posed the greatest risk of
salinization. In contrast, REM2 achieved significant improvements in most evaluated parameters
with a smaller increase in EC, suggesting that a moderate dose may provide a better balance
between physicochemical recovery and salinity risk. Nevertheless, it must be acknowledged
that the REM1 dose is high and may be difficult to implement directly under field conditions;
therefore, these assays can be interpreted as an ex situ approach (conditions comparable to

a biopile), aimed at assessing immediate responses under a high-intensity treatment, while
scalability validation remains pending.

Additionally, ABONISSA showed potential to reduce the soil lipid fraction in the short term, as

evidenced by decreases in n-hexane extractable material (HEM) relative to the contaminated soil.

This outcome suggests an initial biotransformation process associated with biostimulation of the
native microbiota; however, the complete biological degradation of fatty compounds typically
requires longer periods. Accordingly, extending the monitoring period (weeks to months) is
recommended to confirm the persistence and stability of the observed effect.

In summary, ABONISSA represents a promising alternative for improving the physicochemical
conditions of whey-affected Andisols at early stages, but its practical applicability requires
longer-term studies—preferably under field conditions—to assess salinity dynamics over time,
crop responses, and the overall sustainability of the treatment.
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