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Abstract: The increasing demand for food has led to rise in both swine and agricultural production.
However, pig farming contributes significantly to environmental pollution. Swine wastewater is rich
in nutrients and can serve as an alternative source of fertilization for plants. This study evaluated the
effects of swine wastewater on the distribution and concentration of essential and non-essential
elements, and morphology of habanero pepper (Capsicum chinense Jacq.) seedlings. Seedlings were
irrigated with varying concentrations of swine wastewater: T1= 20% wastewater + 80% water; T2=40%
wastewater + 60% water; T3= 60% wastewater + 40% water; T4= 80% wastewater + 20% water; T5=
100% wastewater; T6= control (100% water with conventional fertilization). The experiment followed
a completely randomized design with five replications. Parameters measured included seedling
emergence, distribution and concentration of essential and non-essential elements, morphological
characteristics, and seedling quality were measured. Emergence percentage and rate were highest in
T1 and T6. Potassium and calcium showed excellent distribution and concentration in seedlings,
under diluted wastewater treatments, promoting better growth. In contrast, irrigation with 100%
wastewater increased chlorine and sulfur accumulation, negatively affecting morphology. Diluted
swine wastewater improved elemental availability, seedling emergence, and growth. Thus, using
diluted swine wastewater, particularly at 20%, presents a viable alternative for the production of
highquality habanero pepper seedlings.

Keywords: Capsicum chinense; X-ray microfluorescence; swine wastewater; minerals distribution

1. Introduction

In Mexico, the main types of meat consumed are beef, pork, lamb, and poultry. Specifically in
Yucatan, the pig industry has seen significant growth in recent years due to its accessibility in terms
of price and the economic impact it generates [1]. However, the expansion of farms and the increased
number of animals per pen have led to a rise in the generation and discharge of pig farm wastewater
into the karstic soils of Yucatan. In Yucatan, it is estimated that over 6,000,000 m?® of pig wastewater
are generated annually. Of this volume, more than 30% receives no prior treatment before being
discharged, often directly onto the ground or in areas near the farms [2]. Due to the highly permeable
nature of the karstic soils and the shallow depth of the groundwater, the region is particularly
vulnerable to contamination from untreated pig farm effluents [3]. These wastes contaminate the
environment through both direct and indirect contact, leading to issues such as water quality
degradation, unpleasant odors, accumulation and saturation of organic matter in the soil, increased
salinity, elevated concentrations of metals, and potential health risks, among others [4,5]. On the other
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hand, due to their high content of organic matter and mineral elements, these wastes can be utilized
by plants during growth as a type of biofertilizer [6]. However, it is essential to conduct further
studies to determine appropriate disposal methods and optimal sites for final discharge, as well as
strategies for reuse, in order to enhance their utility while minimizing the risk of environmental
contamination [7].

Several studies suggest the use of liquid manures and leachates as biological fertilizers or
biofertilizers. In this context, [8] reported positive results in Capsicum plant performance following
the application of liquid swine excreta. Similarly, [9] evaluated the effects of bovine manure and
chemical fertilizers on the morphological development of husk tomato (Physalis ixocarpa Brot.)
seedlings. In maize seedlings, bovine manure leachate was found to influence both plant height and
fresh weight in treated groups [10]. Additionally, the use of manures such as bovine manure has been
reported to increase nitrogen (N), phosphorus (P), and potassium (K) concentrations in tomato plants
[11]. In Capsicum annuum L. plants, goat manure leachates have also been shown to enhance both
plant height and leaf number [12].”

The use of waste from pig farms represents a sustainable alternative for agricultural production.
However, due to the limited information available regarding the interaction and response of plants
in contact with piggery wastewater, it is imperative to generate knowledge on this subject. This
would allow for the development of a biological fertilizer with reduced environmental and public
health risks. Therefore, the objective of this study was to evaluate the impact of swine wastewater on
the distribution, elemental concentration, and morphology of habanero pepper (Capsicum chinense
Jacq.) seedlings.

2. Materials and Methods
2.1. Study Site

The experiment was conducted at the Faculty of Engineering of the Autonomous University of
Yucatan, specifically in the Environmental Engineering Laboratory A greenhouse structure was built,
enclosed with mesh and covered with plastic sheeting, to produce habanero pepper (Capsicum
chinense Jacq.) seedlings irrigated with treated swine wastewater.

2.2. Swine Wastewater Collection and Characterization

The swine wastewater used in this study was collected from a pig farm selected based on its
size, production scale, location, compliance with regulatory, and the presence of an on-site
wastewater treatment plant (WWTP). The WWTP system includes a pumping station, solids
separator, anaerobic biodigester, and facultative lagoons equipped with aeration and zoning. The
wastewater for the experiment was obtained after the final stage of treatment. According to Mexican
regulations (NOM-001-SEMARNAT-2021 and NOM-003-ECOL-1997), this treated swine wastewater
mets the requirements for agricultural reuse.

2.3. Experimental Design and Plant Material

The experimental design was a completely randomized design (CRD) with five replicates per
treatment. Each replicate consisted of 10 seedlings. Seeds of habanero pepper (Capsicum chinense
Jacq.) were sown individually into polystyrene trays (200 cells) filled with peat moss-based substrate.
After germination, seedlings were irrigated with different treatments: T1 = 20% wastewater + 80%
water; T2 = 40% wastewater + 60% water; T3 = 60% wastewater + 40% water; T4 = 80% wastewater +
20% water; T5 = 100% wastewater; T6 = control (100% water, grown with conventional fertilization).
Irrigation was performed three times per week over a period of 40 days. The control group received
a conventional nutrient solution with 190 mg L of NPK (Poly-Feed 19-19-19, Haifa Chemicals,
Mexico City, Mexico). Environmental conditions averaged 32 + 3 °C daily temperature and 60%
relative humidity.
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2.4. Evaluated Variables

In the swine wastewater and its dilutions according to each treatment, physicochemical
parameters were determined, including pH, Electrical Conductivity (EC), Suspended Solids (SS),
Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN), and Total Phosphorus (TP), in
accordance with current regulations. In the seedlings, physiological variables such as seed emergence
and emergence rate were evaluated, as well as morphological and growth variables, including
elemental distribution and concentration, as well as seedling quality indices.

2.5. Emergency Test and Emergency Rate Index

Seedling emergence and emergence rates were evaluated in polystyrene trays filled with
germination substrate. One seed was placed in each cell, and a seedling was considered to have
emerged when the hypocotyl hook was visible. The count was conducted daily for a period of 7 days.
The variables were calculated according to [13].

2.6. Evaluation of the Morphological Traits of the Seedlings

Seedling height was measured from the base to the tip of the apical shoot using a tape measure.
After 40 days of emergence, seedlings were harvested and separated into roots and shoots (leaves +
stem). Each section was dried and weighed to determine dry biomass. Based on the biomass data, the
Shoot-to-Root Ratio (SRR) and the Dickson Quality Index (DQI) were calculated following the
method described by [14].

2.7. Elemental Analysis of Seedlings

Elemental analysis was conducted 40 days after seedling emergence. Five seedlings per
treatment were selected and placed on graphite plates. Elemental distribution and concentration were
determined using an X-ray microfluorescence analyzer (M4 TORNADO, Bruker, Billerica, MA, USA)
operating at 50 kV and a distance of 3 cm. Scans were performed across the entire surface of each
seedling. The elements quantified included potassium (K), calcium (Ca), phosphorus (P), chlorine
(C), and sulfur (S).

2.8. Statistical Analysis

Percentage data were transformed using the arcsine square root method. Analysis of variance
(ANOVA) was performed for the evaluated variables at a significance level of p < 0.05. When
significant differences were found between treatments, means were compared using Tukey’s test («
=0.05). All statistical analyses were conducted using Statistica version 7 (StatSoft, Tulsa, OK, USA).

3. Results

3.1. Physicochemical Parameters of Swine Wastewater

The treatments with swine wastewater did not show significant differences in pH. In terms of
EC, the control treatment had the lowest value (878 uS/cm), with T1 being close at 2120 uS/cm, while
the 100% wastewater treatment (T5 = 7233 uS/cm) increased the EC by up to 87%. A similar trend was
observed for chemical oxygen demand (COD); treatments with a higher proportion of wastewater
showed the highest values (T5 = 563 and T4 = 485 mg/L), with the organic load in the wastewater
influencing the COD concentrations in the treatments. In total Kjeldahl nitrogen (TKN), the
percentage of wastewater in the treatments increased the concentration of this element by up to 98%
compared to the control (T6 = 5.8 mg/L). On the other hand, the total phosphorus (TP) results were
reversed: T1 (11.2 mg/L), with the lowest percentage of wastewater, had higher values compared to
the other treatments, while those with higher wastewater concentrations, as well as the control,
showed lower values (Table 1). The percentage of swine wastewater in the various treatments
influenced the physiological characteristics of the seeds and seedlings of habanero pepper.
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Table 1. Physicochemical Parameters of Swine Wastewater and Wastewater Dilutions in the Treatments.

pH EC (uS/cm) COD (mg/l) TKN TP
(mg/l)  (mg/l)
T1: 20% wastewater + 80% water  7.53NS  2120+0.11e 144+0.17d  136+02 112+

Treatments

e 0.12a
T2: 40% wastewater + 60% water  8.55NS 3437 +0.13d 201 £0.22 ¢ 247+0.3 9.80 *
d 0.15a
T3: 60% wastewater + 40% water 87NS  4612+0.17c¢ 290 +0.27 b 422+ 8.11=%
033c 021b
T4: 80% wastewater + 20% water  8.91 NS 5700+ 0.24 ab 485+041a 571+ 534+
052b 0.33c¢
T5: 100% wastewater 920NS 7233+0.3la 563 +0.55 a 711+  6.63 %
0.74a 0.38c
T6: 100% water (Control) 7O0NS  878+0.034f menora<20+ 58+01 6.0+
0.0le f 0.09 ¢

pH: Hydrogen ion concentration in the water; EC: Electrical conductivity; COD: Chemical oxygen demand; TKN:
Total Kjeldahl nitrogen; TP: Total phosphorus. The data are means. Different letters in the same column indicate

statistically significant differences between treatments (Tukey, p = 0.05). NS: Not significant.

3.2. Seedling Emergence and Emergence Rate

Significant differences were found between treatments for the physiological variables of the
seeds. For emergence, treatments T1 (97%) and the control (98%) were statistically superior to the
other treatments. Similarly, for emergence rate, these treatments had the highest values, with 13.09
and 13.58 seedlings/day, respectively. In both variables, the percentage of swine wastewater modified
seed vigor expression, decreasing emergence and the number of seedlings per day, while the 20%
dilution enhanced the number of seedlings and consequently resulted in a higher percentage (Table
2).

Table 2. Seedling emergence percentage and rate of habanero pepper (Capsicum chinense Jacq.) irrigated with

swine wastewater.

Seedling emergence (%)  Emergence rate

Treatments
(seedling/day)

T1: 20% wastewater + 80% water 97 £0.06 a 13.09+0.01 a
T2: 40% wastewater + 60% water 87 +0.05 ab 9+0.03b
T3: 60% wastewater + 40% water 81 +0.06 bc 51+0.01c
T4: 80% wastewater + 20% water 78 +0.87 bc 3.77+1.04 c
T5: 100% wastewater 70+2.0c 3.10+151 ¢
T6: 100% water (Control) 98 +0.03 a 13.58 £0.01 a

The data are means. Different letters in the same column indicate statistically significant differences between

treatments (Tukey, p = 0.05).
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3.3. Distribution of Essential Elements in Habanero Pepper Seedlings

Swine wastewater influenced the distribution and concentration of essential elements in
habanero pepper seedlings. The dilution of the wastewater was a key factor in the distribution of
certain elements, such as potassium (K), with treatments T1 and the control (T6) showing higher K
accumulation in growth areas, such as the stem and root meristems. The increased presence of K
facilitated vital processes like protein synthesis, photosynthesis, and overall growth. In contrast,
higher wastewater concentrations reduced potassium distribution, likely due to the excess organic
load present in the wastewater (Figure 1).

Elemental Concentration

Figure 1. Distribution of K in habanero pepper seedlings irrigated with swine wastewater and dilutions of swine
wastewater 40 days after planting. T1: 20% wastewater + 80% water; T2: 40% wastewater + 60% water; T3: 60%

wastewater + 40% water; T4: 80% wastewater + 20% water; T5: 100% wastewater; T6: 100% water (Control).

Ca, similar to K, was distributed in the growth areas of the seedlings, as it is an element that acts
as a metabolic activator and is involved in plant growth. In the treatments with 20% and 40% swine
wastewater (T1 and T2), a higher distribution was observed in the growth meristems, even higher
than the Control (T6). The distribution was also found in the root, but in smaller amounts, while
treatment T5 showed the lowest distribution (Figure 2).

Elemental Concentration

Figure 2. Distribution of Ca in habanero pepper seedlings irrigated with swine wastewater and dilutions of
swine wastewater 40 days after planting. T1: 20% wastewater + 80% water; T2: 40% wastewater + 60% water; T3:

60% wastewater +40% water; T4: 80% wastewater + 20% water; T5: 100% wastewater; T6: 100% water (Control).
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P, being a mobile element, was found in the stem and roots of the seedlings. A similar
distribution was observed in most treatments (T1, T2, T3, and Control), except for treatments T4 and
T5, which showed lower elemental distribution. This could be due to inhibition of element absorption
as a result of a higher concentration of another element, which was observed in the smaller seedlings
obtained from these treatments (Figure 3).

Elemental Concentration

Figure 3. Distribution of P in habanero pepper seedlings irrigated with swine wastewater and dilutions of swine
wastewater 40 days after planting. T1: 20% wastewater + 80% water; T2: 40% wastewater + 60% water; T3: 60%

wastewater + 40% water; T4: 80% wastewater + 20% water; T5: 100% wastewater; T6: 100% water (Control).

Cl, being a non-essential element for plants, is generally required in low concentrations.
However, in treatments with a higher presence of wastewater (T5, T4, and T3), a greater distribution
of this element was observed. This is due to the fact that swine wastewater has higher concentrations
of this element, which originates from the cleaning of pens and other activities in pig farms. As a
result, the seedlings showed higher concentrations. In contrast, treatments with lower dilutions (T1
and T2) and the Control showed lower elemental presence (Figure 4).

Elemental Concentration

Figure 4. Distribution of Cl in habanero pepper seedlings irrigated with swine wastewater and dilutions of swine
wastewater 40 days after planting. T1: 20% wastewater + 80% water; T2: 40% wastewater + 60% water; T3: 60%

wastewater +40% water; T4: 80% wastewater + 20% water; T5: 100% wastewater; T6: 100% water (Control).

The elemental analysis revealed a high presence of S in treatments with higher concentrations
of wastewater (T5 and T4). The prolonged contact time with the wastewater hindered the seedlings’
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ability to achieve optimal growth, and also resulted in a decrease in seedling survival due to
prolonged intoxication. However, low dilutions of wastewater (T1 and T2) and the Control (T6)
showed a lower distribution of S, which favored better growth in the seedlings (Figure 5).

Elemental Concentration

Figure 5. Distribution of S in habanero pepper seedlings irrigated with swine wastewater and dilutions of swine
wastewater 40 days after planting. T1: 20% wastewater + 80% water; T2: 40% wastewater + 60% water; T3: 60%

wastewater + 40% water; T4: 80% wastewater + 20% water; T5: 100% wastewater; T6: 100% water (Control).

3.4. Concentration of Essential and Non-Essential Elements in Habanero Pepper Seedlings

Swine wastewater played a significant role in the concentration of essential (K, Ca, and P) and
non-essential elements (Cl and S) in habanero pepper seedlings. Treatment T1 exhibited the highest
concentration of potassium (K) at 4.5 mg g™, which was 44% higher compared to the control (T6) and
more than 60% higher than T5, which had the lowest potassium concentration (1.74 mg g™!) (Figure
1a). Similarly, calcium (Ca) concentration was highest in T1 (1.24 mg g™), followed by T2 (1.17 mg
g™) and T3 (1.04 mg g7), all of which were higher than the Control and treatments with higher
wastewater concentrations (T4 and T5) (Figure 1b). Phosphorus (P) showed a similar trend, with T1
having the highest concentration at 0.05 mg g!, comparable to the Control (T6: 0.04 mg g™). In
contrast, T4 (0.03 mg g!) and T5 (0.03 mg g!) had the lowest phosphorus concentrations (Figure 1c).
These findings demonstrate that the concentration of essential elements in the seedlings was
significantly affected by both the nutrient content and the organic load of the swine wastewater. The
dilution of the wastewater was crucial for optimizing the absorption of these elements, which in turn
supported the proper morphological development of the seedlings.
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Figure 6. Concentration of Essential Elements: K (a), Ca (b), and P (c) in Habanero Pepper Seedlings Irrigated
with Swine Wastewater and Its Dilutions. T1: 20% swine wastewater + 80% water; T2: 40% swine wastewater +
60% water; T3: 60% swine wastewater + 40% water; T4: 80% swine wastewater + 20% water; T5: 100% swine

wastewater; T6: 100% water (Control).
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The concentration of Cl and S was highest in treatments T5 (0.44 and 0.07 mg g, respectively)
and T4 (0.40 and 0.06 mg g, respectively). The higher concentrations of these elements can be
attributed to activities carried out in swine farms, which increase the levels in the wastewater.
Consequently, these higher concentrations were reflected in the seedlings irrigated with the
wastewater, leading to toxicity. This toxicity resulted in the death of some seedlings in treatment T5.
In contrast, treatments with lower percentages of swine wastewater (T1 and T2), as well as the control,
exhibited lower concentrations of Cl and S (Figure 7). These lower concentrations did not interfere
with the interaction of other elements and, in fact, promoted better seedling growth.

06 a) b)

a

0.08 1
a
0.5 a ab

ab
ab
—~ 041 a5 ab __ 0.06 T ;L
o 2
= o
E 034 b £ b b b
& o 0.04
0.2 4
0.02
0.1
0.0 - . 0.00 - - :
T1:20% T2:40% T3:60% T4:80% T5:100% Control T1:20% T2:40% T3:60% T4:80% T5:100% Control
Treatments Treatments

Figure 7. Concentration of Non-Essential Elements: Cl (a) and S (c) in Habanero Pepper Seedlings Irrigated with
Swine Wastewater and Its Dilutions. T1: 20% swine wastewater + 80% water; T2: 40% swine wastewater + 60%
water; T3: 60% swine wastewater + 40% water; T4: 80% swine wastewater + 20% water; T5: 100% swine

wastewater; T6: 100% water (Control).

3.5. Morphological Characteristics in Habanero Pepper Seedlings

Significant differences were observed in the carbon/nitrogen (C/N) ratio with respect to the
concentration of swine wastewater. Treatments with higher concentrations exhibited higher values:
T5=4.2 and T4 = 4.07. This indicates that these treatments had a higher nitrogen content in the leaves
compared to the other treatments. However, these treatments did not show the highest
morphological growth. Regarding seedling height, treatments T1 (8.11 cm) and T6 (7.87 cm) exhibited
the greatest growth, while the treatment with the highest wastewater concentration (T5 = 3.31 cm)
showed the lowest height. In all growth variables (dry biomass), treatment T1 was statistically
superior in terms of dry weight of the stem, root, and total weight (130.94, 41.83, and 172.77 mg,
respectively), even surpassing the control treatment. The C/N ratio in treatment T1 allowed for a
balance between nitrogen and carbon concentration, promoting enhanced plant growth (Table 3).

The morphological characteristics obtained led to the production of high-quality seedlings, as
evidenced by the higher values in the Stem Index and Dickson Quality Index. The 20% swine
wastewater treatment recorded the best values (4.26 and 0.023, respectively), statistically similar to
the control (3.85 and 0.022, respectively), but 36% higher compared to T5, which had the lowest
indices (2.69 and 0.005, respectively) (Table 3).
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Table 3. Morphological Characteristics of Habanero Chili Seedlings Irrigated with Swine Wastewater and Its

Dilutions.
C/N Heig Stem Dry Weight Root Total Slendern Dicks
ht (mg) Dry Dry essIndex on
Treatments (cm) Weig Weig Qualit
ht ht y
(mg) (mg) Index
T1:20% wastewater +80% 3.75+0.09 8.11 130.94+0.003a 41.83 1727 426+ 0.23%
water b + t 7+ 0.04a  0.001
0.06 0.001 0.003 a
a a
T2:40% wastewater +60% 3.90+0.14 725 107.63+0.004b 2639 1340 377+ 0.15%
water b + + 2+ 0.05b  0.005
0.08 0.002 0.004 b
bc b b
T3:60% wastewater +40% 3.97+0.22 6.68 105.18+0.005b 3043 1356 3.73+ 0.19%
water ab + + 3+ 0.06 b 0.06
0.08 0.003 0.003 ab
b b
T4:80% wastewater +20% 4.07+£0.30 6.46 96 +0.007 b 22.87 1188 359+  0.017
water a * t 7+ 0.08b +0.09
0.10 0.003 0.006 b
b b
T5: 100% wastewater 420+0.55 3.31 58.84 £0.006c 685+ 6569 269+ 0.05+
a + 0.010 = 024c 011c
0.32 c 0.008
c

T6: 100% water (Control) 3.40+0.01 7.87 112.51+0.002ab 41.85 1543 3.85+ 0.22+

c + + 6+ 0.05ab  0.001
0.05 0.001 0.003 a
a a ab

C/N: Carbon-to-nitrogen ratio. Data are presented as means. Different letters within the same column indicate

statistically significant differences between treatments (Tukey, p = 0.05).

4. Discussion

4.1. Swine Wastewater

The pH and EC values are critical parameters influencing nutrient availability and uptake in
plants. The swine wastewater and its dilutions used in this study showed variations within these
parameters, which can fluctuate depending on factors such as pig age, diet, and the treatment system
employed [15]. Treatments with 20% swine wastewater (T1 = 7.5) and the control (T6 = 7.0)
maintained a neutral pH, and their EC values were below 3000 uS/cm (Table 1). These conditions
favored a balanced availability and absorption of nutrients by the seedlings. According to [8], these
parameters tend to decrease with lower proportions of swine effluents, and increase with higher
concentrations. Conversely, high pH and EC values (>3000 uS/cm) can reduce nutrient uptake
efficiency and disrupt plant-nutrient interactions, ultimately leading to nutritional imbalances that
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adversely affect plant growth, development, and productivity [16,17]. This was evident in seedlings
under treatment T5, where pH and EC values exceeded optimal thresholds (9.2 and 7233 uS/cm,
respectively), resulting in reduced growth (Tables 1 and 3).

Regarding chemical oxygen demand (COD), 100% swine wastewater (T5) exhibited the highest
organic load among all treatments. Nevertheless, the observed values were considerably lower than
those reported by [6], who documented COD levels ranging from 3000 to 9000 mg/L in similar
effluents. Such variations may be attributed to differences in farm size, herd density, feeding
practices, and waste management strategies [6]. In treatment T1, dilution of the wastewater reduced
organic load by 74%, resulting in a COD value of 144 mg/L, while the control registered <20 mg/L
(Table 1), both values notably lower than those reported in the literature.

Swine wastewater typically contains high concentrations of total Kjeldahl nitrogen (TKN), as
observed in treatment T5 (711 mg/L), which is primarily attributed to the mixture of urine and
undigested feed from pigs. Although the values obtained in this study are lower than those reported
by [3], who found TKN concentrations ranging from 1260 to 2861 mg/L, they still exceed the
permissible limits established by the NOM-001-SEMARNAT-2021 standard, which ranges between
15 and 40 mg/L. The 20% dilution of swine wastewater (T1) effectively reduced TKN levels,
facilitating the availability of nitrogen for seedling uptake (Table 1).

Regarding total phosphorus (TP), lower concentrations of wastewater in the treatments
increased the availability of the element. Treatment T1 recorded the highest value (11.2 mg/L), which
is notably higher than the 4.45 mg/L reported for swine effluents by [15]. Greater phosphorus
availability contributed to improved seedling growth and vegetative development (Table 1). Several
studies have shown that liquid leachates from livestock manure, containing appreciable
concentrations of nitrogen, phosphorus, and potassium, enhance growth in tomato and Capsicum
annuum (chile xcat’ik) plants [18,19].

4.2. Physiological Responses of Habanero Pepper Seeds

Seeds imbibed with diluted swine wastewater, particularly at 20% concentration (T1), exhibited
a significant increase in emergence rate (97%) and uniformity (13.09 seedlings day™') compared to
other treatments (Table 2). The mineral content present in the diluted wastewater likely facilitated
the uptake of key nutrients such N, K, Ca and P enhancing seed metabolic activity and promoting
faster and more uniform seedling development. It has been reported that the assimilation and
accumulation of essential minerals like N, P, K, and iron during early germination stages can
influence internal physiological processes, thereby enhancing vigor and seedling emergence [20].
However, excessive nutrient concentrations, high organic load, and elevated electrical conductivity
(EC) can produce phytotoxic effects, compromising seed performance and viability [17]. Such
negative impacts were evident in treatment T5, which, despite its high elemental and organic content,
resulted in poor physiological performance across the evaluated variables (Table 2).

4.3. Distribution of Essential Elements in Habanero Pepper Seedlings

The distribution of essential elements in habanero pepper seedlings varied according to the
concentration of swine wastewater in the treatments. Higher levels of potassium (K), calcium (Ca),
and phosphorus (P) were observed in treatments T1 (20% wastewater) and T2 (40% wastewater),
particularly in key growth zones such as apical meristems and root tips (Figures 1-3). These nutrients
are known to play fundamental roles in metabolic processes including protein synthesis,
photosynthesis, and energy transfer mechanisms involved in biosynthetic and catabolic pathways
[22]. A higher elemental distribution of K, Ca, and P in T1 and T2 enhanced nutrient activity and
availability within the seedlings, which was reflected in increased growth and morphological
development. The dilution of raw wastewater appears to have moderated the high organic and
nutrient load, promoting better elemental availability and facilitating nutrient uptake and
translocation within plant tissues.
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Previous studies have shown that nutrient-rich liquid leachates from organic manures enhance
the distribution and accumulation of essential elements such as N, P, and K in tomato leaves [18], and
also improve SPAD readings in pepper plants following bovine manure applications [21]. Similarly,
Calero-Hurtado [23] reported improved growth in bean and cotton plants irrigated with leachates
derived from vegetable waste and manures. Swine manure, when properly treated, contains valuable
nutrients required for plant development and can serve as a viable alternative to costly chemical
fertilizers [8].

In this context, the favorable elemental distribution observed in T1 and T2, especially in growth
regions (Figures 1-3), underscores the importance of nutrient accessibility during early
developmental stages. Essential elements like N, K, Mg, P, Ca, and Fe are closely linked to
photosynthetic activity and energy transference in plant systems [24]. A reduced elemental
distribution observed in treatments T4 and T5 limited photosynthetic activity, metabolic processes,
and energy transference in the seedlings, which was reflected in diminished vegetative growth
(Figures 1-3). The excessive organic and nutrient load in undiluted wastewater (T5) appeared to
hinder rather than promote elemental distribution, negatively affecting seedling development.

Non-essential elements are generally not required in large quantities by plants, and thus their
distribution should be lower compared to macronutrients. However, treatments with higher
concentrations of swine wastewater 80% (T4) and 100% (T5) showed increased accumulation of
chlorine (Cl) and sulfur (S) in the apical meristems of the seedlings (Figures 4 and 5). The elevated
presence of these elements is attributed to their high concentrations in the wastewater, resulting from
various management activities on pig farms. Excessive accumulation of Cl and S can disrupt the ionic
balance within the plant, hindering the uptake and translocation of other essential elements. This
imbalance may lead to elemental deficiencies, water stress, and nutrient toxicity, ultimately impairing
biomass accumulation and overall plant growth [17]. Conversely, treatments with higher wastewater
dilutions (T1 and T2), as well as the Control, showed lower levels of Cl and S in the leaves, which
likely favored interactions with other nutrients (Figures 4 and 5). Although Cl and S are involved in
the synthesis of various secondary metabolites and contribute to key physiological functions, their
excess can negatively affect plant development [25].

Dilutions of swine wastewater at 20% (T1) and 40% (T2) increased the concentration of
potassium (K), calcium (Ca), and phosphorus (P) compared to the other treatments (Figure 6), even
surpassing the Control treatment (T6). The reduction in organic load due to dilution enhanced the
availability and uptake of nutrients present in the wastewater, which was reflected in improved
vegetative growth, as the seedlings received adequate amounts of nutrients required for their
development. One of the key physiological processes influenced by proper nutrient availability
particularly N, P, K, Ca and Fe is photosynthesis. Thus, maintaining an appropriate concentration of
essential elements in accordance with the plant’s phenological stage is critical [24,26]. The
concentrations of N and P are especially important for plant growth, as they play a central role in
photosynthesis and energy transfer within the biosynthetic and degradation pathways of metabolism
[12,22]. Similar results have been reported in Capsicum annuum L., where the application of goat
manure leachate enhanced both leaf number and plant height, likely due to the higher nutrient
content in the organic amendment [12]. In contrast, lower nutrient availability is typically associated
with reduced growth and development, as was evident in the treatments with 80% (T4) and 100%
(T5) swine wastewater, which recorded the lowest nutrient concentrations and poorest plant
performance (Figure 6).

The higher organic and nutritional load of the pig wastewater (T4 and T5) did not influence the
concentration of essential elements, but it did increase the absorption and distribution of S and Cl in
the seedlings (Figure 7). The high concentration prevented the plants from achieving greater growth,
simultaneously limiting the absorption of other elements. However, these elements are not required
in large quantities by various species [27], and the amounts required by the plants are generally
supplied by rainfall [28]. Cl accumulates primarily in the chloroplasts of the leaves and is essential
for photosynthetic function [29]. In this context, seedlings from treatments T1 and T2, which
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registered a lower concentration of the element, showed greater plant growth (Figure 7). The effects
of Cl depend on the species’ sensitivity and the external concentration; high concentrations of Cl can
damage leaf cells and, consequently, cause photosynthesis issues [30]. Regarding S, the treatments
with lower concentrations (T1 and T2) exhibited better morphological response, while treatments T5
and T4, with higher values, negatively affected plant growth. Some studies suggest that sulfur
concentration influences biomass, general morphology, yield, and nutritional value of plants [31].

4.4. Morphological Responses of Habanero Chile Seedlings Irrigated with Pig Wastewater

Pig wastewater adversely affected the carbon/nitrogen (C/N) ratio in the treatments. The low
C/N ratio was due to the high nitrogen content in the wastewater, meaning that the seedlings
absorbed a larger amount of nitrogen. This can promote plant growth in moderate amounts, or, in
excess, lead to a nutritional imbalance [31]. This was observed in T5 (100% wastewater), where the
seedlings presented an ionic imbalance that affected their morphology (Table 3). The treatments with
diluted wastewater and the control had a lower range of 3.4-3.7. Although the C/N ratio was lower,
this allowed the plants to have greater height and biomass accumulation (Table 3). Despite the low
ratio, the presence of nitrogen influenced the plant’s development. Nitrogen content can enhance
protein synthesis and other processes that boost plant growth [31].

The lower concentration of pig wastewater in T1 (20% wastewater) increased the height and dry
biomass accumulation in the stem, roots, and total biomass (Table 3). The physicochemical
parameters in the wastewater were favorable for the interaction between elements, enhancing
seedling growth (Tables 1 and 3). Therefore, the nutritional content in the wastewater was a
determining factor in plant growth and development. The use of liquid manure and leachates in
agriculture has been beneficial for seedling production in nurseries, as well as an alternative
production method [32]. In pepper plants, the application of goat manure leachate increased plant
height and leaf number due to the high nutrient content in goat manure [12]. Similarly, in bean
(Phaseolus vulgaris L.) and cotton (Gossypium hirsutum) plants, the application of bovine manure
leachates improved plant growth [23,33].

The values obtained regarding the growth and development of seedlings were fundamental for
producing quality seedlings (SSR, DQI)). Specifically, the treatment with 20% pig wastewater (T1)
showed the best morphological response in the seedlings, demonstrating higher quality compared to
the other treatments, including the control (T6) (Table 3). These results are consistent with previous
studies where bovine and ovine manure leachates were used in seedlings of Capsicum annuum L. and
coffee, where values for the SRR ranged from 4.0 to 4.7 and for the DQI from 0.18 to 0.40 [34,35]. In
this sense, seedlings produced with diluted pig wastewater represent a viable alternative, with
greater vigor and survival, which enhances their successful transplantation in the definitive field.

5. Conclusions

The use of 100% pig wastewater increased the physicochemical parameters, which negatively
affected the physiological attributes of the seeds during seedling development. A higher
concentration of wastewater reduced the distribution and concentration of K, Ca, and P, while
increasing the presence and concentration of Cl and S in the leaves. The use of 100% wastewater had
a detrimental impact on the morphology of the seedlings. In contrast, diluting the wastewater to 20%
decreased the organic and nutritional load, which enhanced elemental absorption in the seeds and
promoted more uniformity and emergence of the seedlings. This dilution increased the distribution
and concentration of K, Ca, and P in both the leaves and roots of the seedlings, which in turn
enhanced their growth and morphological development. The use of 20% diluted wastewater for
seedling production represents a viable alternative for plant production in seedbeds, enabling the
production of homogeneous, vigorous, and high-quality plants in a shorter period.
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