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ABSTRACT

Objective: To evaluate the physical and chemical properties of waste from the oil palm industry (empty fruit
bunches and palm kernel shell charcoal), from the forestry industry (Cedrela odorata sawdust and Eucalyptus spp.
bark), and from the agroindustry (sugarcane bagasse, cocoa pod husk, and coconut fiber), in order to determine
their potential as components of regional substrates.

Design/Methodology/Approach: A completely randomized design was used for the experiment. Seven
regional substrate treatments with three replicates were used to evaluate the response variables. An analysis
of variance (ANOVA) and Tukey’s multiple comparison test (p=<0.05) were used to analyze the results in the
InfoStat v. 2020 statistical software.

Results: Regional substrates had similar characteristics —and even a higher concentration of nutrients—
than the commercial substrate, which was mainly based on sphagnum peat moss. Substrate S5 —eucalyptus
(Eucalyptus spp.) bark:cocoa pod husk:cedar (Cedrela odorata) sawdust (3:1:1)— had more variables that were
statistically similar to the commercial substrate, while S4 —cocoa pod husk:cedar sawdust:palm kernel shell
charcoal (3:1.5:0.5)— stood out for its higher concentration of micronutrients. The results identified sustainable
and accessible options that meet the recommended criteria for plant production in containers.

Study Limitations/Implications: This study only took into account the characterization of regional waste
and substrates; consequently, its effects on future plant production should be evaluated.
Findings/Conclusions: The substrates were sustainable and affordable and met the recommended criteria for
the plant production in containers.

Keywords: organic waste, sphagnum peat moss, physical and chemical properties, nursery, recycling.

INTRODUCTION
Peat moss is an organic, natural, and renewable material, widely used in horticulture and
agriculture due to its fiber structure and porosity that favor water retention and drainage

[1]. Peat moss mainly comes from peatlands in the northern hemisphere, where anaerobic
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decomposition of plant material has created large deposits. However, its extraction implies
the drainage of wetlands, resulting in the subsequent loss of ecosystem services [2].

A wide range of waste with the potential to become substrates can be found in
southeastern Mexico. The valuation of this waste offers an alternative to mitigate
environmental impacts. Waste from fishing, agricultural, forestry, poultry, and cattle-
raising activities (and its resulting inputs) can be classified as special waste [3]. This type of
waste comes from production processes and is not considered dangerous or part of urban
solid waste, because it is not produced by large urban solid waste generators.

One of the main types of waste of the oil palm (Elaeis guineensis Jacq.) agroindustry
is the empty fruit bunches. This fibrous and lignocellulosic material is the waste of the
processing of fresh bunches and each tonne of raw palm oil causes 350 kg of dry waste
[4]. The bunches are first introduced into a sterilizer, where they are subjected to high
temperatures and moisture in order to facilitate the loosening of the fruits. Afterwards,
a threshing machine separates the fruits from the bunches, leaving aside the empty
bunches [5]. Another by-product is palm kernel shell charcoal. This hard and compact
biomass is obtained from the husk that protects the kernel that contains the palm oil
[6]. During this production process, the nuts are crushed to divide the kernels from
the husk, which is usually used as a combustion energy source [4]. In the sugarcane
(Saccharum officinarum L.) agroindustry, sugarcane bagasse is a fibrous waste resulting
from the extraction of the juice from cane stalks. This material is mainly made up
of raw fiber and neutral and acid detergent fibers [7]. Cocoa pod husk is the waste
produced by the cacao (Theobroma cacao L.) agroindustry. It accounts for 60-70% of the
dry weight of cocoa pods. It is composed of cellulose (35%), hemicellulose (11%), lignin
(14.6%), and pectin (6.1%) [8, 9]. Cocoa producers usually throw this waste out in their
growing areas. In time, soil microorganisms degrade cocoa pod husks, releasing organic
matter back to the soil as nutrients and minerals, starting once again the production
cycle [10]. Cedar (Cedrela odorata L..) sawdust is a by-product of the timber industry. It
has abundant cellulose (45-50%), lignin (23-30%), and hemicellulose (20-30%) [11]. In
Mexico, Cedrela odorata is the second most popular timber species, after FEucalyptus spp.,
with a 37,296 ha established area in commercial forest plantations. Cedar also classifies
second in Tabasco, with 3,211 ha established areas [12]. Its importance in the forestry
industry offers opportunities to add value to its waste. Eucalyptus (Eucalyptus spp.) has
the largest established commercial plantation area in Mexico: 48,523 ha. Out of this
total, 21,757 ha are located in Tabasco [12]. This tree is mainly used to produce cellulose
and, to a lesser degree, lumber. One of the initial processes of eucalyptus exploitation is
debarking, which produces large quantities of waste (bark). Eucalyptus bark is a valuable
resource for the circular economy of the forestry industry [13]. Coconut (Cocos nucifera
L.) fiber is another valuable resource. It is made up of the coconut external shell and
an intermedium layer that surrounds the fruit. The white meat inside the coconut shell
is known as copra and it has a high commercial value. The coconut fiber by-product is
obtained during the copra exploitation from the mesocarp and the short fibers of the shell
[14]. Tabasco has the fifth largest planting area (12,644 ha) used for the exploitation of
copra [15]. Coconut fiber has favorable properties for the production of plants; however,
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its effects on the growth, development, yield, and quality of high value crops has not
been studied in depth yet [16].

Substrates are made up of solid materials. They are different from the natural soils. They
can be made up of minerals, organic matter, and synthetic or waste products. Substrates are
used in containers in order to support and anchor to the plant root system. This material can
be used pure or mixed. Its main purpose is to guarantee appropriate oxygen and moisture
conditions, as well as to provide nutrients required to achieve an optimal plant growth.
The composition of these substrates can include porous, low fertility, and lifeless materials
that favor aeration and water balance in the root environment [17, 18, 19]. The quality
of substrates is fundamental for plant production, because they must provide the physical,
chemical, and biological conditions, as well as the essential nutrients, required to achieve
the appropriate plant development [20]. In order to evaluate the suitability of the substrate
formulas, the following properties were analyzed: apparent density (AD), total porosity
(TP), aeration porosity (AP), water retention porosity (WRP), pH, electrical conductivity
(EC), organic matter (OM), organic carbon (OC), carbon:nitrogen ratio (C:N), and total
nutrient of the substrate [19, 21, 22]. These parameters determine nutrient availability and
the development of seedlings, contributing to more sustainable and accessible agricultural
practices for the production of plants in containers. Therefore, the objective of this study
was to characterize local organic waste and the resulting regional substrates, evaluating
their usefulness in the production of plants in containers.

MATERIALS AND METHODS
Study Area

Waste was collected from the Prolade S.A.PI. de C.V. oil palm extractor and the
Presidente Benito Judrez (IPBJ) — Impulsora sugar mill, located in the municipality
of Huimanguillo, Tabasco. In addition, wood waste was collected from the “Maderas
COCONA” lumberyard and cocoa waste came from the Rancherfa Nicolds Bravo cocoa
plantation, both located in the municipality of Teapa, Tabasco. Finally, the processing and
characterization of the waste and the substrates were carried out in the Laboratorio de
Ciencia Animal and the Laboratorio Central in the Area de Instrumentacién Analitica of

the Colegio de Postgraduados - Campus Tabasco.

Organic Waste

The waste evaluated as potential components of regional substrates were: oil palm
empty fruit shells, palm kernel shell charcoal, sugarcane bagasse, cocoa pod husk, cedar
sawdust, eucalyptus bark, and coconut fiber. In addition, COSMOPEAT® peat moss —the
main component of the commercial control substrate— was partially and totally replaced
in the regional substrate treatments. The waste was open-air dried, chopped, and sieved in

a 5.0 mm mesh before it was processed.

Physical and Chemical Properties of Waste and Substrates
The physical and chemical properties chosen to characterize the waste and substrates

were based on previous studies that proved their important role in the quality evaluation
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of substrates used in the production of plants in containers [21, 23, 24, 25]. The values of
cach property were determined based on the averages from the three replicates established
for each type of organic waste and substrate.

The apparent density (AD) of the organic waste was determined following the NMX-
FF-109-SCFI-2008 Mexican standard, which establishes the quality characteristics and
specifications of vermicompost [26]. The procedure consisted of drying the sieved sample
(5.0 mm mesh) in an oven, at 70£5 °C for 24 h. Five-point-cero and 10 g (W) of the
samples were used. The sample was poured into a 100 mL graduated cylinder, wrapped in
a dampened cloth over a firm base. The cylinder was hit twenty times on the side, at 10-20
cm height, with a frequency of one blow per second. Subsequently, the final volume (V) of

the sample was measured and the following calculation was made:

The process described by Landis et al. was used to determine the total porosity (TP),
aeration porosity (AP), and water retention porosity (WRP) of the substrates [27]. The
different substrates were placed in 160 mL sealed cells. Water was slowly poured into each
substrate, until it was completely saturated (the surface became bright). The total water
added to the substrates was recorded (total pore volume). Subsequently, the seal of each
cell was removed and the freely-drained water was collected. The volume of drained water
was measured (acration pore volume). The TP, AP, and WRP were determined with the

following formulas:

total volume of pores(mL) .

7P(%) = 100

container volume (mL)

volume of aeration pores(mL)

AP(%) = *100

container volume (m1.)
WRP (%) = total porosity(%) — aeration porosity(%)

A Hanna® Instruments handheld potentiometer and conductivity meter was used to
measure the pH and electric conductivity (EC) of organic waste and substrates, with a
solution volume ratio of 1:2 (substrate:distilled water) [28, 29].

The calcination method was used to determine organic matter (OM) and organic carbon
(OC) [26]. One-point-five grams of sample were weighted and placed in a previously dried
and weighted porcelain crucible. Subsequently, the crucibles were placed for three hours
in a muffle that had been previously warmed until it reached 550 °C. Afterwards, the
crucibles were cooled in a desiccator and weighted. The ash OM, and OC percentages

were calculated. The 1.724 factor proposed by Van Bemmelen was used to convert OM

into OC [30].
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Weight of the crucible with ashes (g)— Weight of thecrucible 100

% =
Adhih sample(g)

OM % =100 — Ash%

OM %
1.724

0C% =

Nitrogen (N) concentration was determined with the semimicro Kjeldalh method, with
sulfuric-salicylic acid for the digestion [31]. Zero-point-fifteen grams of the sample were
crushed and sieved with a 2.0 mm diameter sieve (mesh 10). The percentages of OC and
N were divided to determine the carbon:nitrogen ratio (G:N).

The nutrient concentration of the substrates was measured by wet digestion with the
perchloric acid (HCIO,) and nitric acid (HNOs) digestion mix (2:1 ratio) [32]. The extracts
were read in a PerkinElmer Inc. AANALYST™ 700 high-performance atomic absorption
spectrometer, using the Syngistix™ for AA v. 3.0.3 software.

Substrates

Seven substrates were prepared, including a control. Control was a commercial
substrate with a higher proportion of peat moss and it was used in the nursery of Prolade
S.A.P.I. de C.V. This material was partially or totally replaced in the other substrates. The
substrates were prepared mixing the previously open-air dried waste, sieved in a 5.0 mm

mesh. Twenty L of each substrate were prepared for their characterization.

Experimental Design and Statistical Analysis

The experimental design was completely randomized and included 7 regional
substrates treatments, with three replicates. They were used to evaluate the responses of
the abovementioned variables. An analysis of variance (ANOVA) and Tukey’s Multiple

Comparison Test were used to analyze the results in the InfoStat v.2020 software [33].

Production Costs of Regional Substrates

The expenses associated with the preparation of regional substrates for the production
of plants were taken into account. This analysis included two main components: local
waste costs and the costs of preparing the substrates. Local waste costs included the costs of
the materials available in the region. Data was gathered about the price per unit of volume
of each waste, depending on its availability and transportation to the processing site and
manpower. The costs associated with the activities required to prepare the substrates
included the collection, cleaning, processing, and mix of waste. The parameters used for
this calculation were working hours and hourly rate. The costs in local currency were
estimated through the sum of these two elements. This approach resulted in a valuation of
the technical feasibility for the implementation of regional substrates in the production of

oil palm seedlings.
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Structure of the Unit Cost of the Materials Used in the Experiment
This section briefly describes the materials and the conditioning (preparation) process

that generated the various substrates used in this research.

a) Empty fruit bunches: Provided by the Prolade S.A.P.I. de G.V. oil palm extractor.
It was delivered as dry bunches, open-air dried under a shade. It was minced with a
Siemens™ meat mincer (5 HP and 220 V). A worker sieved it through a 5 cm mesh
for three hours. One worker operated a mini skid steer to load the waste into the
container, which was then transported 9.1 km to the nursery.

b) Oil palm kernel shell charcoal: Provided by the Prolade S.A.P.I. de C.V. oil palm
extractor. Two working days were required to load and unload the charcoal (cost of
the working day: MXIN$281.00 (USD$16.72)). It was transported in a 1 tonne pick-
up truck. This waste was processed with a Siemens™ meat mincer (5 HP and 220
V). One worker sieved it through a 5 cm mesh for three hours.

c) Eucalyptus bark: Provided by Tecnotabla by PROTEAK. It was loaded into
a dump truck and transported 47.1 km to the nursery, where a worker sieved it
through a 5 mm mess for three hours.

d) Cedar sawdust: Collected fresh, no later than 3 months after it was produced at a
timber shop in Teapa, Tabasco. It was transported 121 km to the nursery, where one
worker sieved it through a 5 cm mesh for 3 hours.

e) Cocoa pod husk: Collected from a cacao plantation harvest, located in Rancheria
San Nicolds, municipality of Teapa, Tabasco. The husk was stored in sacks for six
months after the harvest. It was transported 121 km to the nursery and was open-air
dried under a shade, before it was sieved using a 5 cm mesh.

f) Coconut fiber: Bought online. It consisted of 50% coconut fiber and 50% coconut
bran. The 20 L were decompressed after the package was opened. No additional
processing was required and it was transported 19.7 km to the nursery.

g) Peat moss: Bought online. It recorded a 0.11 g cm™ AD and 45-50% moisture
content. It did not require additional processing and it was transported 19.7 km to
the nursery.

h) Perlite: Bought online. It had a 34-65% porosity, 63% water retention, and 1.5-
2.3 mm granules. It did not require additional processing and it was transported
19.7 km to the nursery.

i) Vermiculite: Bought online. Granules with fine and coarse particles. It did not

require additional processing and was transported 19.7 km to the nursery.

RESULTS AND DISCUSSION
Physical and chemical properties of organic waste

Table 1 shows the physical and chemical characteristics of the diverse types of organic
waste. The AD of peat moss (0.11 g Cm_3) is statistically similar to the AD of empty fruit
bunches and eucalyptus bark. The AD of peat matches the results of Estrada-Botello et al.
[34] (0.12 ¢ cm_3), although the value of empty fruit bunches in their study (0.24 g cm_3)
was higher than the value reported in this research (0.14 g cm ™). Ol palm kernel shell
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Table 1. AD, pH, EC, OM, and OC value of the evaluated waste.

. AD EC OM (o] N
Organic wastes — 3 pH dS m~! n C/N
Peat moss 0.114 5.2 0.80° 69.108 40.088 0.83¢ 48.06¢
Empty fruit bunches of palms 0.144 7.67* 1.16° 91.68% 53.18% 2.01° 26.62°
palm kernel shell charcoal 0.48° 7.49° 0.39¢ 95.47" 55.38" 0.78¢ 71.31¢
sugarcane bagasse 0.08° 6.28" 0.38¢ 91.10 52.844 0.42¢ 127.82"
Cocoa pod husk 0.34" 5.49% 1.27 75.15" 43.59" 2.58" 16.68°
Coconut fiber 0.07° 6.03" 3.28" 94.52"¢ 54.82™ 0.48° 115.41°
Eucalyptus bark 0.144 6.34" 0.34¢ 82.92° 48.10° 1.06° 44.614
Cedar sawdust 0.17¢ 5.83¢ 0.35¢ 98.53° 57.17° 0.19" 9297.91°

AD: apparent density. pH: potential of hydrogen. EC: electric conductivity. OM: organic matter. OC: organic carbon. N: nitrogen. C:N:
carbon:nitrogen ratio. Means that share the same letter in the same column are not significantly different (p>0.03).

charcoal had the greatest AD among all the waste types (0.48 g cm™ %) and consequently
a greater weight. For its part, cocoa pod husk had a 0.34 g cm ™’ density, which makes it
the second heaviest type of waste. These findings are different from the values reported by
Sanchez-Hernandez ¢t al. [35] (0.676 g Cm_g) and Estrada-Botello ¢t al. [34] (0.27 g Cm_3)
for this type of waste in Tabasco.

Meanwhile, coconut fiber and sugarcane bagasse were the waste types with the lowest
ADs, indicating that they are lighter than the other analyzed materials. Sdanchez-Herndndez
et al. [35] reported a significantly higher AD (0.42 g Cm_3) for sugarcane bagasse, which
could be attributed to differences in waste management.

The pH values of the analyzed waste have significant differences. The pH values of oil
palm kernel shell charcoal (7.49) and empty fruit bunches (7.67) were close to neutrality.
Cocoa pod husk and peat were the most acid waste. A clear variability can be seen in
the pH results of cocoa pod husk (5.42) reported by other authors. Sanchez-Herndndez
et al. [35] recorded a 6.4 pH, suggesting a slightly acid original environment. For their
part, Estrada-Botello et al. [34] reported a significantly higher pH (7.4), which indicates
that cocoa pod husk waste was practically neutral. Likewise, Palma-Lépez et al. [36]
recorded a 6.9 pH a greater alkaline level than the results of this research. According
to the NOM-021-SEMARNAT-2000 official Mexican standard [37], peat moss, cocoa
pod husk, eucalyptus bark, coconut fiber, sugarcane bagasse, and cedar sawdust had
a moderately acid pH (5.1-6.5), while empty fruit bunches and oil palm kernel shell
charcoal had a moderately alkaline pH (7.4-8.5). These differences can be explained
by several factors, including cultivation conditions, cocoa pod husk management, and
the geographical origin of the samples. The variable pH of cocoa pod husk depends on
regional agricultural practices —e.g., the application of Bordeaux mixture (calcium and
sulphur) as a health control measure.

Eucalyptus bark and cedar sawdust recorded the lowest EC values: 0.34 dS m~! and
0.35dS m™', respectively. Oil palm kernel shell charcoal (0.39 dS m~!) and sugarcane
bagasse (0.38 dS m_l) had statistically similar values. For its part, coconut fiber (3.28 dS
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m™ ") stood out as the waste with the highest salt concentration. The EC of coconut fiber
(3.28 dS m_l) was significantly higher than the results of Gayosso-Rodriguez et al. [38],
who recorded a 1.49 dS m~"' EC for this material, indicating potential differences in its
origin or in the preparation of the samples.

The N concentrations of the waste recorded a clear variability (0.19-2.58%). Cocoa
pod husk and empty fruit bunches had the highest N concentrations, which explains
their low C:N ratio. In contrast, cedar sawdust recorded the lowest N concentration and
the highest G:N ratio (297.91) among the evaluated materials. This result suggest that
this type of waste has a limited mineralization capacity. Consequently, cedar sawdust
is not be the best material for the application of N to the substrate. Regional waste had
higher organic matter values than peat, indicating a higher carbon availability (Table 1).
This high content of organic matter can improve the quality of substrates. Meanwhile,
N is an essential structural constituent of all proteins and chlorophyll [39]. Its presence
in substrates is key to guarantee the adequate development of plants. The C:N ratio
plays a key role in the regulation of the decomposition rate of organic matter and the
availability of nutrients in the substrate. The most popular waste used for composting
(i.e., empty fruit bunches and cocoa pod husk) recorded the lowest C:N ratio, while fresh

cedar sawdust had the highest value among the evaluated waste.

Physical and Chemical Properties of Regional Substrates

Substrate formulations based on regional materials are a sustainable alternative for
the production of plants in containers. Several local materials were chosen as substrate
components in this study (Table 2). The ratios are connected to the substitution of the
components of the commercial substrate, according to their function.

Seven substrates were formulated (control and S1-S6). The control substrate was
evaluated as a commercial substrate, given its high ratio of peat moss. This commercial
substrate is currently used in “La Razdén” nursery of Prolade S.A.P.I. de C.V. to produce
oil palm seedlings in the pre-nursery stage. A higher ratio of regional waste was used in
substrates S1-S6, complemented with lower volumes of other materials, in order to improve
physical and chemical properties and to favor the adequate growth and development of
plants grown in containers (cells).

Table 2. Materials used in the formulation of seven substrates and their volumetric ratio.

Substrates | Peat moss | Perlite | Vermiculite ];?‘)Trl:(:l};: 1(1)1; O keri)n:r:hell e B I
palms sawdust charcoal husk bark fiber
Control 3 0 0 0 0 0 2 0
Sl 1 0.5 0.5 3 0 0 0 0 0
S2 0 0 0 3 1 0.5 0.5 0 0
S3 1 0 0 0 3 0.5 0.5 0 0
S4 0 0 0 0 1.5 0.5 3 0 0
S5 0 0 0 0 1 0 1 3 0
S6 0 0 0 0 1 0 1 0 3
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Tables 3 and 4 show the physical and chemical characteristics of the substrates. S4
was the formulated substrate with the highest AD. Additionally, only substrates S1 and S6
recorded statistically similar AD. Abad et al. [17] reported that plants grown on the open
air must be cultivated in substrates with 0.50-0.75 g cm > AD. Meanwhile, AD in nurseries
(where wind is not a limiting factor) can be aslow as 0.15 g cm >, The AD of the substrates
formulated for this study are lower than the recommended density.

TP was statistically similar in the control and S4. Both substrates recorded the highest
values, which complied with the recommended values (RV). Meanwhile, substrates
S1, S2, S4, S5, and S6 had statistically similar AP values. S3 recorded the lowest AP,
while the control had the highest value and was the only substrate to reach the RV.
The PA values of the substrates were below the recommended range (20-35%). However,
Bowman and Paul and Cabrera [40, 41] suggest that the optimal AP ranges from 10 to
20% although these values belong to substrates commonly used to produce ornamental
plants in pots. Regarding the capacity of substrates to retain water in their pores after
irrigation, all the evaluated substrates fall within the recommended WRP values (25-
55%) [27]. WRP varied between formulated substrates. S4 recorded the highest WRP
(49.80%), surpassing the control and the remaining substrates. All substrates complied
with the RV for WRP.

Out of the seven substrates evaluated, only two (SI and S2) had a high pH (>7), according
to the classification proposed by Warnecke and Krauskopf [28]. This phenomenon could
be attributed to their higher ratio of empty fruit bunches (Tables 2 and 3). The pH of the
other substrates fell within the 5.0-6.5 range recommended by Warnecke and Krauskopf
[28] and Landis et al. [27]. Meanwhile, the EC level of the waste with greater ratio in the
substrate diminished when it was mixed with other materials, consequently falling within
the value recommended (<1.00 dS m_l) by Landis et al. [27]. The EC value of S6 was

Table 3. Physical and chemical characteristics of the evaluated substrates.

Substrates . chlr?_S L A:/f ‘ WRE pH dSEr:_l oM ) o¢ C/N
Control 0.11¢ 66.46° 20.6% 45.86% 6.134 0.36° 68.65¢ 39.82° 40.28"
S1 0.13% 58.59" 19.70% 38.89° 7.21° 0.81" 66.43 38.53¢ 26.564
S2 0.16" 50.20¢ 16.77% 33.434 7.60% 0.78" 83.22° 48.27° 26.854
S3 0.11° 53.54 13.54" 40.00" 6.59° 0.25° 89.31° 51.81% 67.61%
S4 0.31° 66.46" 16.67% 49.80% 5.49" 0.72" 74.584 43.261 26.73¢
S5 0.16" 51.41% 16.77% 34.65% 5.87° 0.22° 85.56" 49.63" 35.26°
S6 0.13% 54.95¢ 17.07% 37.88% 5.82° 1.08% 87.10% 50.52 40.66°
RV 60-80 20-35 25-55 5.5-6.5 <1.0 50-70

AD: apparent density. TP: total porosity. AP: aeration porosity. WRP: water retention porosity. pH: potential of hydrogen. EC: electric
conductivity. OM: organic matter. OC: organic carbon. (C/N): carbon:nitrogen ratio. Control (experimental control): peat moss:eucalyptus
bark (3:2). SI: empty fruit bunches:peat moss:perlite:vermiculite (3:1:0.5:0.5). S2: empty fruit bunches:cedar sawdust:palm kernel shell
charcoal:cocoa pod husk (3:1:0.5:0.5). S3: cedar sawdust:peat moss:palm kernel shell charcoal:cocoa pod husk (3:1:0.5:0.5). S4: cocoa pod
husk:cedar sawdust:palm kernel shell charcoal (3:1.5:0.5). S5: eucalyptus bark:cocoa pod husk:cedar sawdust (3:1:1). S6: coconut fiber:cocoa pod
husk:cedar sawdust (3:1:1). RV: recommended values for substrates used to produced forest species in trays [27, 19]. Means that share letters in

the same column are not significatively different (p>0.05).
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slightly higher (1.08 dS m™ 1. However, according to Abad et al. [42], the acceptable content
of soluble salts in substrates can reach up to 1.5 dS m™ . For their part, Warnecke and
Krauskopf [28] pointed out that the adequate EC range in substrates fluctuates between
1.0and 2.0 dSm™".

OM and OC contents were similar between control and S1. However, the other
substrates recorded a higher OC content. S3 recorded the highest OC content, although it
also had the lowest N content (Table 4) and the highest C:N ratio among all the substrates.
This situation would limit the absorption of N by the plants. All the substrates complied
with the C:N ratio values included in the criteria set forth by Landis et al. [27]. With
a balanced C:N ratio (50:70), microorganisms can efficiently mineralize organic matter,
releasing essential nutrients that are then absorbed by the plants. S4 recorded a higher
micronutrient and OC content than the control; among all the evaluated substrates, it
had the lowest pH (5.49). Ior their part, S5 and S6 had statistically similar pH values (5.87
and 5.82, respectively). Additionally, these two substrates recorded a higher micronutrient
content than control. Given its impact on nutrient availability (particularly micronutrients),
pH is a critical factor in mineral soils. Under extreme pH conditions, certain nutrients can
become hard to reach or even toxic. Organic soils have a greater availability of nutrients
at a lower pH (=5.5.) than mineral soils, which have a maximum pH availability of =6.5
[27]. This difference could explain the higher concentration of micronutrients and OM in
S4 —whose pH is closer to the optimal level for organic soils. Controlling pH in organic
crop environments is of great importance.

Substrates S1, S2, S4, S5, and S6 had a higher N and K concentration than the control.
For its part, the higher acidity of S4 was likely the cause of its micronutrient concentration

—the highest among all substrates.

Economic evaluation of the production of regional substrates
Table 5 shows the costs associated with organic waste. Costs were calculated based on
an exchange rate of MXIN$16.80 pesos per US dollar (April 2024).

Table 4. Average nutrient concentration in the evaluated substrates.

N P | K | Mg | Ca Fe | Mn | Zn | Cu
Substrates
(%) (mgkg™")

Control 1.00° 0.33% 0.12" 2.20° 0.87° 8713.64" | 168.04% 24.42° 10.32"
S1 1.46° 0.44 0.72 2.13% 1.19" 8557.40° | 171.88¢ 26.88° 47.65"
S2 1.80% 0.29" 0.76% 0.32° 1.32% 4699.88° | 151.66 35.454 49.91°
S3 0.76" 0.09¢ 0.21° 0.68" 0.641 4399.22° | 140.30" 23.66° 17.015°
S4 1.63" 0.17% 0.23" 0.37™ 0.734 14793.21* | 632.29° 114.17° 55.82°
S5 1.41° 0.12¢ 0.15" 0.25° 0.94° 8024.80" | 338.15¢ 61.13¢ 28.834
S6 1.25¢ 0.13¢ 0.74% 0.32° 0.67¢ 8773.42" | 394.99" 82.96" 39.70°

N: nitrogen. P: phosphorous. K: potassium. Mg: magnesium. Ca: calcium. Fe: iron. Mn: manganese. Zn: zinc. Cu: copper. Control (experimental
control): peat moss:eucalyptus bark (3:2). S1: empty fruit bunches:peat moss:perlite:vermiculite (3:1:0.5:0.5). S2: empty fruit bunches:cedar
sawdust:palm kernel shell charcoal:cocoa pod husk (3:1:0.5:0.5). S3: cedar sawdust:peat moss:palm kernel shell charcoal:cocoa pod husk
(3:1:0.5:0.5). S4: cocoa pod husk:cedar sawdust:palm kernel shell charcoal (3:1.5:0.5). S5: eucalyptus bark:cocoa pod husk:cedar sawdust (3:1:1).
S6: coconut fiber:cocoa pod husk:cedar sawdust (3:1:1) Means that share letters in the same column are not significatively different (p>0.05).
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Table 5. Costs of organic waste substrate (including costs of the waste,
transportation to the nursery and preparation).

T Cost per litler Cost per li}er
(MXNL ) (USDL™ )
Empty fruit bunches of palm $0.03 0.0018
Palm kernel shell charcoal $1.39 0.0827
Eucalyptus bark $0.71 0.0422
Cedar sawdust $2.50 0.1488
Cocoa pod husk $7.79 0.4636
Coconut fiber $7.75 0.4613
Peat moss $12.62 0.7511
Perlite $13.55 0.8065
Vermiculite $22.65 1.3482

Exchange rate: USD$1 = MXN$16.80 (April 2024).

Unit Cost per Liter of Regional Substrates

The study cost included the abovementioned materials and the values of the substrate
mixes. This analysis recorded a variability in the prices of substrates (Table 6). With a higher
empty fruit bunches ratio, S2 was the most economical substrate, at a cost of MXN$1.44
L~". In contrast, the control —which had more peat moss than S1-S6— was the most
expensive substrate, at a cost of MXN$7.86 L~!. The prices of substrates S1 (MXN$6.16
L_I) and S6 (MXNS$6.71 L_l) were closer to the prices of the control substrate.

Table 6. Costs of the regional substrates used in the experiment at Huimanguillo, Tabasco.

Substrates Control S1 S2 S3 S4 S5 S6
Cost per liter MXN L™Y) | $7.86 $6.16 $1.44 $4.94 $5.56 $2.48 $6.71
Cost per liter (USD L™ $0.4678 | $0.3666 | $0.0857 | $0.2940 | $0.3309 | $0.1476 | $0.3994

Control: peat moss:cucalyptus bark (3:2). S1: empty fruit bunches:peat moss:perlite:vermiculite (3:1:0.5:0.5).
S2: empty fruit bunches:cedar sawdust:palm kernel shell charcoal:cocoa pod husk (3:1:0.5:0.5). S3: cedar
sawdust:peat moss:palm kernel shell charcoal:cocoa pod husk (3:1:0.5:0.5). S4: cocoa pod husk:cedar
sawdust:palm kernel shell charcoal (3:1.5:0.5). S5: eucalyptus bark:cocoa pod husk:cedar sawdust (3:1:1). S6:
coconut fiber:cocoa pod husk:cedar sawdust (3:1:1). Exchange rate: USD$1 = MXN$16.80 (April 2024).

Seedling production depends on two key factors: the cost and the availability of
the materials required to formulate the substrates [43]. An ideal substrate must have
characteristics that favor the species to be produced and should be easily available in the
vicinity of the nursery, in order to minimize labor and costs [44]. Therefore, in the case
of the regional substrates analyzed in this study, S2 had the highest ratio of empty fruit
bunches and S5 had the highest ratio of eucalyptus bark. Both are the most inexpensive
substrates, due to their regional availability.

CONCLUSIONS
The organic waste available in Tabasco has the potential to be used as substrate in the
production of plants grown in containers. The physical and chemical properties of the
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substrates are closely related to the characteristics of each type of waste, which depend on
its origin and handling.

Some properties of the evaluated substrates are similar to the characteristics of the
commercial substrate (peat:eucalyptus bark (3:2)) that was used as control for this
study. Specifically, S5 (eucalyptus bark:cocoa pod husk:cedar sawdust (3:1:1)) had the
highest number of variables that where statistically similar to the commercial substrate.
Additionally, S1 (empty fruit bunches:peat:perlite:vermiculite (3:1:0.5:0.5)) and S4
(cocoa pod husk:cedar sawdust:palm kernel shell charcoal (3:1.5:0.5)) recorded a higher
concentration of micronutrients than the commercial substrate. Choosing to use regional
substrates is mainly based on the ease with which the waste they are composed of can be
acquired, as well as their physical and chemical properties, which can be applied for the
production of plants in containers.
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