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Abstract

This study evaluates the technical feasibility of decentralized vermicompost production by
smallholder farmers within a structured rural development program. Conducted under
the KOP-TEYAP initiative in Kırşehir Province, Türkiye, the research assesses whether
farmers can consistently produce vermicompost that meets international quality standards
following a participatory training and infrastructure support model. Fourteen farmers,
selected through a merit-based process from 232 trainees, were provided with standard-
ized production units. The produced vermicompost was analyzed for critical chemical
parameters (pH, EC, organic matter, C:N ratio, K, Cu, Zn) and biological indicators (basal
CO2 respiration, microbial biomass carbon) and benchmarked against regulations from
the EU, France, Germany, Austria, Canada, India, and Türkiye. Results indicated that the
majority of farmer-produced samples successfully met the critical thresholds for chemical
quality and safety. Furthermore, biological maturity was confirmed by low basal respiration
levels and high microbial biomass across the samples. These findings demonstrate that
structured farmer training combined with standardized low-cost infrastructure enables
smallholders to reliably produce high-quality vermicompost, validating this model as an
effective agroecological strategy for rural development.

Keywords: agroecology; farmer training; managing organic resources; rural development;
sustainable agriculture; vermicompost standards

1. Introduction
Agricultural enterprises rank among the foremost sources of plant- and animal-derived

waste, which contain organic materials critically important for soil ecology in intensive
farming systems. For many growers, however, the necessity of properly valorizing these
residues is often impeded by constraints on labor and time, creating agronomic risks. Con-
sequently, farmers frequently opt to dispose of organic waste in ways that contribute to
environmental pollution rather than channeling them back into the very soils from which
they originate—soils that would most benefit from such amendments. Vermicomposting,
as a mesophilic process, offers a more environmentally benign alternative to conventional
composting, yielding an end product characterized by exceptionally high microbial activity
and superior soil health benefits. Moreover, vermicompost poses no risk of introducing the
toxic compounds, pathogen loads, salinity issues, heavy metals, or weed seeds sometimes
associated with traditional composts. Through a combination of microbial metabolism and
the rapid, one-day gut processing by earthworms, vermicomposting effects humification,
detoxification, sanitization, stabilization, and bioaccumulation. Effective waste manage-
ment therefore requires an integrated view of the entire cycle—from waste transformation
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and soil application through plant growth to harvest. Unlike conventional compost piles,
which may attract pests and necessitate chemical interventions, vermicompost beds actively
deter pest ingress through the presence of earthworms.

Sustainable agriculture is essential for addressing challenges such as climate change,
food insecurity, and biodiversity loss. Practices like crop rotation, organic fertilization, and
proper nutrient management improve soil health and reduce reliance on synthetic inputs,
contributing to more resilient farming systems [1–4].

Among these practices, vermicomposting stands out as a sustainable method that uses
earthworms to convert organic waste into nutrient-rich compost. This process enhances soil
structure, soil microbial activity, amount of available nutrients and fertility while reducing
the need for chemical fertilizers [5,6]. It also offers an environmentally friendly solution
to organic waste management by promoting circular farm economies [7,8]. In addition to
the positive effects of vermicompost on soil structure, microbial activity, and productivity,
numerous studies have also demonstrated its beneficial impacts on plant health, food
safety, shelf life, marketable yield, and the composition of secondary metabolites [9,10].
Increased soil organic matter stimulates microbial activity, leading to higher soil respira-
tion rates and enhanced moisture retention; moreover, the inherently high water-holding
capacity of organic materials further increases soil water content [11,12]. The addition of
organic amendments to the soil ecosystem is known to rebuild soil structure degraded by
drought, to regulate the soil air–water balance, and to facilitate reclamation and ameliora-
tion. Although the slower decomposition rate of organic matter in semi-arid regions is often
cited as an agronomic drawback, sustainable soil health is inherently a long-term process.
Consequently, the benefits of organic amendments should not be judged solely on yield
parameters within a single crop cycle. Hence, incorporating organic materials—particularly
those with high microbial activity such as vermicompost—is critically important for main-
taining sustainable soil health even in semi-arid environments.

Semi-arid regions, which account for nearly 40% of the world’s cropland, suffer
chronically low soil organic-C stocks and high nutrient leakage. Closing on-farm nutrient
loops through cost-effective inputs such as vermicompost is therefore a recognized strategy
to buffer climate-induced yield variability, reduce fertilizer dependency, and enhance
ecosystem services [13–15]. Decentralized, farmer-managed recycling practices in semi-arid
regions may thus play a crucial role in supporting global goals of nutrient circularity and
carbon stabilization, particularly within Mediterranean-type agroecosystems [16,17] like
the Konya Plain.

The adoption of vermicomposting depends heavily on farmer training. Well-
structured, participatory education programs help farmers understand both the technical
and ecological aspects of sustainable practices, increasing the likelihood of adoption and
long-term success [18,19]. Collaborative learning also supports knowledge sharing, and
studies show that such cooperative models improve the uptake of sustainable methods like
vermicomposting [20,21]. When these programs incorporate local climate conditions and
cultural contexts, they also strengthen resilience to environmental variability [22].

Economic feasibility is another key factor influencing the adoption of sustainable
farming. Farmers are more inclined to use methods like vermicomposting when they see
clear market benefits, such as higher returns from organic products and reduced input
costs [23]. Growing consumer preference for organically farmed produce enhances this
transition, as farmers recognize the potential for higher prices and improved market access
linked to adopting sustainable practices [24,25].

Nonetheless, significant barriers remain in expanding the reach and impact of farmer
training programs aimed at promoting sustainable practices. Financial constraints and
insufficient access to resources—both material and educational—are prevalent challenges.
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Research demonstrates that farmers experiencing financial limitations are less inclined
to adopt innovative practices, such as vermicomposting, which often require initial in-
vestments [26,27]. Addressing these challenges requires supportive policies, financial
incentives, and targeted interventions to reach marginalized farming communities [28,29].

Rural livelihoods can be revitalized through a systematic integration of farmer training
programs focused on sustainable practices. Improved agricultural productivity, coupled
with increased market access for sustainably produced goods, yields significant economic
benefits for farming communities [4,30]. Training initiatives should also incorporate ele-
ments of gender equity, as empowering women farmers has been shown to lead to enhanced
community resilience and improved food security outcomes [20,31].

Ultimately, building a culture of sustainability through farmer education and collective
action is critical for long-term transformation in agriculture [3,32]. The link between farmer
training, the adoption of vermicomposting, and rural development offers a compelling
framework for agroecological transition [33–35].

To ensure the effectiveness and safety of vermicompost, alignment with international
quality standards is necessary. These regulations typically assess parameters like pH, EC,
organic matter, C/N ratio, nutrient content, permissible heavy metals, and CO2 respiration.
Table 1 summarizes these key criteria across global regulatory frameworks. In Türkiye,
there is currently no specific official regulation solely focused on vermicompost quality.
However, the Ministry of Agriculture and Rural Affairs [36] and the Ministry of Agriculture
and Forestry [37,38] have issued regulations covering compost production parameters,
which are also applied to vermicompost in practice.

Table 1. Overview of the regulations, guidelines, and standards in force in different countries for
some compost/vermicompost quality parameters.

Parameter pH EC (dS/cm) OM (%) OC (%) Total N (%) C:N Total K (%) Cu (ppm) Zn (ppm) µg CO2

Türkiye 5.5–8.5 [36] ≤10 [37] ≥35% [36] N.S. N.S. ≤10:1–30:1
[36] N.S. ≤450 [38] ≤1100 [38] N.S.

EU 6.0–8.5 [39] ≤1 [40] ≥15%
[40,41]

≥7.5% [39]
| ≥8.5%

[40]
N.S. N.S. N.S.

≤200 [40] |
≤300

[39,41]

≤300 [40] |
≤600 [41] |
≤800 [39]

≤16 [40]

France 6.0–8.5 [42] ≤2.5 [43] ≥30% [42] ≥12% [43] ≥1.0%
[42,43] ≤20:1 [43] N.S. ≤70 [42] ≤200 [42] ≤5 [43]

Germany 6.0–8.5 [44] ≤2.5 [44] ≥20% [44] 10% [44] ≥0.8%
[44,45] ≤20:1 [44] N.S. ≤70 [45] ≤200 [45] ≤5 [44]

Austria 6.0–8.5 [46] ≤3.5
[46,47]

≥20–35%
[47]

≥~10–20%
[47]

0.5–3.0%
[47] ≤20:1 [47] N.S. ≤70–150

[46]
≤400–500

[46] ≤10 [47]

Canada 6.0–8.5 [48] ≤2.5 [49] ≥30% [49] N.S. N.S. ≤22:1 [49] N.S. ≤100 [48] ≤500 [48] ≤5 [50]

India 6.5–7.5
[51,52]

≤4.0
[51,52]

Not
specified

≥12 [51] |
≥ 18 [52,53]

≥0.8 [51] |
≥1.0

[52,53]

≤20:1
[51,52]

≥0.4 [51] |
≥0.8

[52,53]

≤300
[51,52] ≤1000 [51] N.S.

EC: Electrical conductivity, OM: Organic matter, OC; Organic carbon, C:N: Carbon/Nitrogen ratio, N.S.: Not spec-
ified. MARA [36], MFAL [37], MAF [38], EPC [39], EC [40], ECN-QAS [41], AFNOR [42], ADEME [43], BGK [44],
BMEL [45], BMLFUW [46], ASI [47], CCME [48], OME [49], CCoC [50], MoFCC [51], BIS [52], DAFW [53].

However, despite the existence of these standards, there is a critical lack of empirical
evidence regarding the technical capability of smallholder farmers in semi-arid regions
to consistently produce high-quality vermicompost that complies with them. Specifically,
it remains unclear whether farmers, using basic infrastructure and limited resources, can
meet these stringent safety and quality benchmarks.

This study aimed to assess the quality and sustainability potential of vermicompost
produced by farmers participating in a structured rural development initiative. This study
was conducted within the framework of the KOP-TEYAP initiative, coordinated by the
Konya Plain Project Regional Development Administration in Türkiye. The Konya Plain

https://doi.org/10.3390/su18010298

https://doi.org/10.3390/su18010298


Sustainability 2026, 18, 298 4 of 23

is one of Türkiye’s most intensively cultivated agricultural zones, where large-scale crop
production and resource management challenges frequently intersect. Kırşehir Province,
located within the KOP Region, benefits from its strategic inclusion in this policy framework,
which promotes sustainable agricultural practices, resource efficiency, and farmer education
through regionally tailored programs.

The primary objective of this study is to quantitatively evaluate the quality of ver-
micompost produced by smallholder farmers following a structured training program.
Specifically, the study aims to: (1) Analyze critical physicochemical and biological pa-
rameters; (2) Benchmark these parameters against established regulatory standards; and
(3) Compare the variability and quality of on-farm production against a control sample
produced under controlled university conditions.

2. Materials and Methods
2.1. Project Design and Farmer Training

This study was implemented as part of the KOP-TEYAP rural development initiative
in Kırşehir Province, Türkiye, which aims to strengthen sustainable agricultural practices
through participatory capacity-building. A total of 232 farmers participated in the train-
ing sessions, which were held across seven different training centers throughout Kırşehir
Province (Figure 1). At the conclusion of the program, a standardized evaluation was
administered to assess participant comprehension. Based on the exam results, two top-
performing farmers from each center—14 in total—were selected to receive vermicompost
production equipment through a grant scheme. The selection of participants followed
a merit-based purposive sampling strategy. To ensure geographical representation and
mitigate spatial bias, two participants were selected from each of the seven districts of
Kırşehir Province. Given that successful vermicomposting requires strict adherence to bio-
logical monitoring protocols (e.g., maintaining specific moisture and temperature ranges),
ensuring that participants possessed the necessary theoretical competence was critical. This
approach was chosen to minimize the risk of process failure due to operational errors,
thereby allowing the study to accurately assess the technical feasibility of the production
model itself rather than the variability associated with unskilled labor. Furthermore, as
the equipment was provided through a public grant, selecting farmers with the highest
potential for adoption was essential to ensure the effective use of resources and the sus-
tainability of the initiative. These selected farmers, representing diverse agroecological
zones, continued on with the structured training program designed to foster knowledge
and practical competencies in vermicomposting.

 

Figure 1. Geographical location of Kırşehir and other provinces included in the KOP Region.

https://doi.org/10.3390/su18010298

https://doi.org/10.3390/su18010298


Sustainability 2026, 18, 298 5 of 23

The training was conducted over multiple sessions and followed a blended model
combining classroom-based theoretical instruction with hands-on field exercises, consist-
ing of three days of theory, one day of practical application, and a dedicated field day
(Figure 2). The curriculum covered key topics such as vermicomposting principles, earth-
worm physiology (with a focus on Eisenia fetida), feedstock characteristics, composting
system design, environmental monitoring (moisture, aeration, temperature), harvesting,
and quality assurance. Trainers included university faculty, extension specialists, and
technical experts with prior experience in farmer-led composting initiatives.

 

Figure 2. Photographs from KOP-TEYAP training activities conducted across various districts,
capturing farmer participation in workshops and classroom sessions.

To ensure standardization and minimize variability, all participating farmers were
provided with identical equipment: a 1 m3 composting container, 2000 Eisenia fetida worms,
feedstock sourcing tools (such as overalls, hats, and boots), and basic diagnostic instru-
ments, including portable pH and EC meters. In order to enable the practical use of
the produced vermicompost in plant cultivation, each farmer was also equipped with a
12 m2 portable greenhouse, vegetable seeds, and germination trays. The training empha-
sized a participatory learning approach that encouraged peer interaction, problem-solving,
and real-time feedback. Farmers also received field manuals and visual aids to support
independent learning and reinforce core practices.

Participants were further supported with follow-up visits and technical consultations
throughout the production phase. These interactions were intended to troubleshoot imple-
mentation challenges, reinforce best practices, and promote long-term adoption. The project
design thus integrated technical instruction with infrastructure provision and social learning
dynamics to enhance farmers’ ability to sustainably manage vermicompost production.
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2.2. Vermicompost Production and Sampling

The vermicompost production process was initiated following the successful comple-
tion of the training program and equipment distribution. Each of the 14 selected farmers
was responsible for establishing and managing a vermicomposting unit using standardized
infrastructure provided through the project. The training curriculum placed significant
emphasis on the technical preparation of vermicompost feedstock, specifically mandat-
ing a 45–60 day aerobic pre-composting period for animal manure. Participants were
instructed to facilitate thermophilic conditions through regular manual turning and mois-
ture regulation, a process emphasized as essential for pathogen elimination and substrate
homogenization. To bridge the gap between theory and practice, the program included ded-
icated field days where farmers visited active livestock facilities to observe and apply these
pre-composting techniques in situ. Consequently, the training ensured that farmers could
identify and produce vermicompost feedstock meeting specific physicochemical criteria
required for optimal Eisenia fetida activity. It is acknowledged that vermicompost composi-
tion is inherently influenced by the feedstock. While all participants utilized cattle manure,
detailed chemical characterization of the raw input for each farm was not the primary
objective of this study. Instead, the study focused on assessing whether the final product
generated by trained farmers could consistently meet established international quality
standards despite the natural heterogeneity of on-farm manure sources. This approach was
chosen to evaluate the robustness of the production protocol under realistic field conditions.
Feedstock materials were partially decomposed through aerobic pre-composting before
being introduced to the vermicomposting containers.

Composting units were stocked with 2000 Eisenia fetida earthworms per 1 m3 container,
consistent with recommendations provided during the training. Moisture levels were
maintained between 60 and 80% using periodic irrigation, and temperature and aeration
were monitored through manual mixing and shade placement. Farmers were encour-
aged to document changes in compost texture, odor, and earthworm activity throughout
the process.

The vermicomposting period varied slightly depending on ambient environmental
conditions but generally ranged between 60 and 75 days. Upon completion of the com-
posting cycle, representative samples were collected from five different points within
each composting unit using the quartering method to ensure sample homogeneity. These
samples were then pooled and subsampled for laboratory analysis.

In parallel, a control sample was obtained from the vermicomposting facility at Kırşehir
Ahi Evran University, where the same protocols were applied under closely monitored
academic supervision. All collected samples intended for chemical analysis were air-dried
at room temperature, homogenized using a 2 mm sieve, and stored in sealed polyethylene
containers to preserve integrity prior to analysis. For biological analyses, a portion of the
samples was sieved and placed into polyethylene bags on the day of sampling, immediately
preserved in a cold-chain transport container, and subsequently stored in a refrigerator
upon arrival at the laboratory.

2.3. Sampling, Chemical, and Biological Analyses

The chemical and biological analyses of the vermicompost samples were performed
using a suite of standardized methods, as summarized in Tables 2 and 3 below. For the
chemical analyses, organic matter was quantified using a dry burning technique, which
involved adding a small volume of a 5% H2SO4 solution (dissolved in ethyl alcohol) to the
sample before combustion at 550 ◦C in porcelain crucibles. Total nitrogen was determined
by the Kjeldahl method, while pH and electrical conductivity (EC) measurements were
made using a 1:10 (w/v) suspension of the soil-organic waste mixture. Total potassium was
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measured by flame photometry on an extract obtained after dry combustion. The CaCO3

content was determined via the Schiebler method, and the total concentrations of Ca, Mg,
Zn, Cu, Mn, and Na were quantified using an Atomic Absorption Spectrophotometer on
extracts produced by dry digestion.

The biological analyses included the assessment of basal respiration (CO2-C) and
microbial biomass carbon (MBC-C). In the basal respiration assay, a known mass of sample
was moistened to 55% of its maximum water holding capacity and incubated at 25 ◦C, with
the CO2 produced by microbial activity captured in a NaOH solution and later titrated to
quantify CO2-C [54]. For microbial biomass carbon, an additional glucose amendment was
provided to stimulate basal respiration, and the resultant increase in CO2 production was
used to calculate the MBC-C [55].

It is important to note that the parameters for Organic Carbon (%), C:N ratio, the ratio
of microbial biomass carbon to organic carbon (C mic/C org), and the metabolic quotient
(qCO2) were not measured directly but rather derived from the results of other analyses.
Specifically, Organic Carbon (%) was calculated by difference from organic matter, the C:N
ratio was computed using the measured values of organic carbon and total nitrogen, and
both C mic/C org and qCO2 were calculated using the outputs from the basal respiration
and MBC assays. These calculated values provide integrated indicators of vermicompost
maturity and quality, reflecting both the chemical composition and the biological activity
within the samples.

Table 2. Methods for chemical analyses of vermicompost samples.

Analysis Methods

Organic matter Dry burning (adding 1 mL of 5% H2SO4 dissolved in ethyl alcohol to
each 1 g of material and burning at 550 ◦C in porcelain crucibles) [56]

Total Nitrogen Kjeldahl method [57]
pH 1:10 (w/v), pH-meter in water: organic waste mixture [58]
EC 1:10 (w/v), EC-meter in water: organic waste mixture [59]
Total Potassium Flame photometry of the extract obtained by dry combustion [60]
CaCO3 Schiebler method [60]

Total Ca, Mg, Zn, Cu, Mn, Na The extract obtained by dry digestion was analyzed by Atomic
Absorption Spectrophotometer [61]

Table 3. Protocols for biological analyses of vermicompost samples.

Analysis Protocol

Basal Respiration (CO2-C)

50 g of soil is moistened with distilled water until it reaches 55% of its
maximum water holding capacity and placed into 1 L Isermeyer jars.
25 mL of 0.05 M NaOH is added to the alkaline tube of the jar, and the
jars are incubated at 25 ◦C for 3 days. The CO2 released by microbial
respiration is trapped by the alkali, and the remaining OH- is titrated
with standardized HCl in the presence of phenolphthalein indicator. The
result is expressed as µg CO2-C g−1 dry soil [54].

Microbial Biomass Carbon (MBC-C)

50 g of soil is moistened with distilled water until it reaches 55% of its
maximum water holding capacity, then 200 mg of glucose is added and
placed into 1 L Isermeyer jars. The amount of CO2 released from the soil
is determined hourly. The maximum respiration at the end of 4 h is
calculated using the equation of 40.04 µg CO2 g−1 + 3.75, and the result
is expressed as µg CO2-C g−1 dry soil [55].
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2.4. Data Analysis

Descriptive statistical analysis was employed to characterize the central tendency and
variability of vermicompost quality parameters. Means, standard deviations (SD), and
coefficients of variation (CV%) were calculated for all chemical and biological properties
measured. Mean values provided insights into the average performance across different
vermicomposting facilities. Standard deviations indicated the dispersion of data points
around the mean, thus reflecting variability in vermicompost quality due to differing
practices or input materials used by farmers. The coefficient of variation, expressed as
a percentage, was utilized to facilitate comparisons across parameters irrespective of the
unit scale, offering a standardized measure of relative variability. Parameters exhibiting
higher CV% indicated greater heterogeneity across samples, suggesting a potential need
for improved standardization or targeted training interventions to achieve more consistent
vermicompost quality across farms.

Compliance assessment with international limits was conducted by benchmarking
the measured parameters of farmer-produced vermicompost against globally recognized
regulatory standards. International reference values were obtained from guidelines issued
by the European Union, national regulatory frameworks (France, Germany, Canada, India,
Austria, and Türkiye), and other pertinent global standards. For each parameter, the
percentage of vermicompost samples meeting or exceeding these international thresholds
was determined. Compliance charts visually depicted the extent of adherence for key
parameters, facilitating rapid identification of performance levels and highlighting areas
needing improvement. This methodological approach enabled a robust evaluation of
the effectiveness of farmer training programs in achieving international standards for
vermicompost quality.

Cluster analysis was performed using hierarchical clustering techniques to elucidate
relationships among measured parameters. Initially, the data were standardized (z-score
normalization) to eliminate the scale differences across variables. Subsequently, hierarchical
clustering was applied using Ward’s linkage method with Euclidean distance, generating
dendrograms to visualize the hierarchical relationships and groupings of parameters. The
dendrogram provided insights into how closely related the parameters were, allowing
identification of distinct clusters based on similarity in their variations across samples. Ad-
ditionally, a heatmap was produced to visualize correlation patterns among the parameters,
with correlation coefficients calculated using Pearson’s method. The heatmap illustrated
both the direction (positive or negative) and the strength (magnitude) of relationships
among variables. This combined dendrogram and heatmap approach facilitated compre-
hensive interpretation of interactions and dependencies among parameters, highlighting
potential drivers of vermicompost quality. All statistical analyses, including descriptive
statistics, compliance assessment, and cluster analyses, were conducted using IBM SPSS
Statistics software (version 28.0) [62] and R statistical software (version 4.3.2) [63], utilizing
packages such as ‘ggplot2’ [64], ‘stats’, and ‘pheatmap’ [65].

3. Results
3.1. Vermicompost Quality Assessment

To evaluate the effectiveness of the training and standardized production protocols,
the chemical and biological properties of vermicompost samples produced by participating
farmers were systematically analyzed. This section presents a statistical overview of the
key quality parameters, using box plots to illustrate their distribution and variability across
the 14 production sites. The selected parameters align with international standards and are
critical indicators of vermicompost maturity, nutrient richness, and environmental safety.
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Figure 3 shows box plots of key quality parameters—pH, electrical conductivity
(EC), organic matter (OM), organic carbon (OC), basal respiration (µg CO2), and selected
micronutrients (Cu, Zn)—from vermicompost samples produced at 14 different facilities.
These parameters were selected due to their prevalence in national and international
vermicompost quality standards.

 
Figure 3. Distribution patterns of key chemical quality parameters in farmer-produced vermicompost
(n = 42; representing 3 replicates from each of the 14 farmers).

Each element in the box plots conveys specific statistical information. The central
orange line inside each box represents the median (50th percentile), indicating the central
tendency of the data. The rectangular box, or interquartile range (IQR), spans from the first
quartile (Q1, 25th percentile) to the third quartile (Q3, 75th percentile), encompassing the
middle 50% of the data. The height of the box reflects variability—greater height indicates
greater dispersion, while a shorter box suggests more uniformity. The whiskers extend
from the edges of the box to the minimum and maximum values within 1.5 times the
IQR, and small circles beyond the whiskers denote outliers, which may result from local
conditions, input variation, or sampling anomalies.

The plots highlight variability across production sites. For example, pH values are
consistently within a neutral to slightly alkaline range, although a few outliers suggest
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possible deviations in feedstock pH or process control. EC values span a broad range,
indicating differences in soluble salt concentrations, which may stem from feedstock type
or insufficient leaching. OM and OC levels also show significant variability, reflecting
diversity in raw material composition and decomposition stages.

The basal respiration (µg CO2) box plot reveals a wide distribution of biological
activity levels, with some samples demonstrating low CO2 emissions—suggestive of either
immature compost or reduced microbial populations—while others exhibit higher activity,
indicating robust microbial communities. This variation underscores the role of process
management in shaping biological functionality. Micronutrients such as Cu and Zn display
moderate variability, though some elevated Cu outliers were observed, possibly due to
contaminated inputs such as specific manures or feed additives.

Overall, these box plots reveal both the strengths and inconsistencies in farmer-
produced vermicompost quality. While central tendencies generally fall within acceptable
limits, the presence of outliers and broad IQRs highlight the need for continued support
in feedstock selection, process control, and monitoring to ensure consistent adherence to
quality benchmarks.

3.2. Compliance with International Standards

To assess the effectiveness of training and standardized practices, the vermicompost
produced by participating farmers was systematically analyzed. This evaluation was
carried out by comparing the results against benchmarks established by global regulatory
bodies. A set of compliance charts (Figures 4–13) was generated to visualize the proportion
of samples that met or exceeded critical thresholds for key parameters, including pH,
electrical conductivity (EC), organic matter (OM), organic carbon (OC), total nitrogen (N),
carbon-to-nitrogen (C:N) ratio, potassium (K), copper (Cu), zinc (Zn), and microbial CO2

emission. These indicators are widely used in compost quality regulations and provide a
comprehensive assessment of the chemical and biological integrity of vermicompost.

 
Figure 4. Compliance of farmer and KAEU vermicompost samples in terms of international
pH standards.
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Figure 5. Comparative compliance with international limits for electrical conductivity (EC) in
vermicompost samples.

 

Figure 6. Conformity of organic matter (OM) content in vermicompost with globally recog-
nized thresholds.

Figure 7. Compliance of organic carbon (OC) levels in farmer and KAEU vermicompost relative to
regulatory benchmarks.
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Figure 8. Adherence of total N content in vermicompost to international minimum standards.

 
Figure 9. Compliance of C:N ratios with recommended limits for balanced nutrient cycling
in vermicompost.

Figure 10. Comparison of potassium (K) content in vermicompost samples against national and
international guidelines.
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Figure 11. Compliance status of copper (Cu) concentrations in vermicompost with heavy metal
safety regulations.

Figure 12. Zinc (Zn) content in farmer and KAEU vermicompost: alignment with international standards.

Figure 13. CO2 emission levels in vermicompost as indicators of biological activity and maturity:
compliance with global criteria.
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High compliance was observed across most key parameters—pH, EC, OM, OC, C:N
ratio, total N, and selected heavy metals (Cu, Zn). Median values for each parameter gener-
ally fell within the recommended ranges set by institutions such as the European Union and
national authorities in France, Germany, Canada, and India. In many cases, values from
farmer-produced vermicompost closely mirrored those from the KAEU-controlled produc-
tion facility, suggesting that the training and infrastructure support positively influenced
product consistency and quality.

The results indicated that most vermicompost samples produced by trained farmers
fell within or very near the acceptable ranges defined by international guidelines. pH
levels remained in the neutral-to-slightly-alkaline range, favorable for microbial activity
and nutrient availability Figure 4). EC values stayed within moderate limits, reducing the
risk of salinity stress (Figure 5). Organic matter (Figure 6) and organic carbon (Figure 7)
contents met or exceeded minimum thresholds, reflecting effective feedstock selection
and decomposition processes. Total nitrogen (Figure 8) and C:N ratios (Figure 9) were
generally balanced, supporting nutrient stability and plant growth potential. However, the
average total nitrogen content of farmer-produced vermicompost (2.11%) met or exceeded
the regulatory thresholds set by France, Germany, India, and Austria (≥3.0%). Furthermore,
copper (Figure 11) and zinc (Figure 12) concentrations complied with safety standards,
suggesting low contamination risk and careful input management. Additionally, microbial
respiration, measured as CO2 emission (Figure 13), consistently remained far below the
maximum permissible limits of international standards (≤5 µg CO2 g−1 dry compost for
France, Germany, Canada, ≤10 µg CO2 g−1 dry compost for Austria, and ≤16 µg CO2 g−1

dry compost for the European Union). These low respiration values indicate a high degree
of biological stability and maturity of the vermicompost, reflecting effective composting
management and favorable conditions for sustained microbial activity.

These findings underscore the viability of farmer-led vermicompost production in
meeting international standards, provided that adequate training and support are in
place. Notably, the compliance results demonstrated that critical parameters—pH, EC, OM,
OC, C:N ratio, total nitrogen, and heavy metals (Cu and Zn)—consistently aligned with
global regulatory thresholds. This high level of adherence is particularly significant for
parameters such as pH and C:N ratio, which are crucial for microbial function and nutrient
stability, as well as for OM and OC, which reflect the organic richness and maturity of the
compost. The conformity in heavy metal content further highlights the efficacy of training
in guiding farmers toward safe input selection and contamination control. These combined
outcomes validate the effectiveness of the project’s training-driven model in ensuring both
the agronomic value and environmental safety of the final product.

An additional observation relates to the comparative variability of vermicompost
data between the farmer-produced samples and those from the KAEU-controlled facility.
While the standard deviations for the parameters measured in farmer vermicompost
were generally narrow—indicating consistency across a large sample pool—the KAEU
vermicompost exhibited relatively broader standard deviations. This difference is most
likely attributable to the disparity in replication: the KAEU data were based on only three
replicates, whereas the farmer group collectively contributed 42 replicates (three per each
of the 14 participants). The larger sample size in the farmer group reduces the influence of
outliers and enhances statistical robustness, thereby providing a more stable estimation of
central tendencies and variability. Such sampling scale effects should be considered when
interpreting comparative standard deviations across production systems.
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3.3. Multivariate Analysis of Vermicompost Parameters

To better understand the interrelationships among measured variables, multivariate
analyses were performed. Figure 14 presents a hierarchical clustering dendrogram derived
from similarity patterns among measured chemical and biological parameters in the vermi-
compost samples. The vertical axis denotes dissimilarity, with shorter distances indicating
stronger associations. The algorithm progressively aggregates parameters into clusters,
culminating in a unified cluster at the top of the dendrogram.

Figure 14. Dendrogram highlighting hierarchical clusters among vermicompost quality parameters.

Several distinct clusters are evident within the dendrogram, reflecting meaningful
associations among measured parameters. Parameters such as organic carbon (OC), organic
matter (OM), and total N cluster tightly, underscoring their interdependence and shared
origins in organic feedstocks. These parameters are also associated with certain mineral ele-
ments (e.g., Ca, Cu), suggesting that nutrient dynamics in vermicompost are co-regulated
by organic and mineral interactions. Another subcluster consists of microbial indicators,
including microbial biomass carbon and CO2 emission, which reflects the cohesive be-
havior of biologically driven processes. Additionally, pH-related traits and exchangeable
cations form a separate grouping, indicating mutual influence between acid–base balance
and mineral composition. Collectively, the dendrogram illustrates how physicochemical
and biological components of vermicompost are intricately interlinked, offering practical
insights into production optimization.

Figure 15 displays a correlation heatmap for all measured parameters, enabling a
simultaneous assessment of both correlation strength and direction. The color scale ranges
from deep red (strong positive) to deep blue (strong negative), with white indicating weak
or neutral correlations.
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Figure 15. Correlation heatmap illustrating the relationships among chemical and biological parame-
ters in farmer-produced vermicompost.

Several notable trends emerge from the heatmap analysis. Strong positive correlations
among OM, OC, and total N reaffirm the central role of organic substrates in shaping
nutrient composition. In contrast, micronutrients such as Cu and Zn, along with pH-
associated variables like CaCO3, exhibit varied relationships with organic metrics—some
aligning, others diverging—suggesting partially independent dynamics. Microbial activity
indicators show distinct and sometimes contrasting relationships with nutrient parameters.
Positive associations with cationic nutrients (e.g., K, Mg) may point to mineral support of
microbial proliferation, whereas negative correlations with heavy metals hint at potential
toxicity or inhibitory effects.

Overall, the heatmap underscores the interplay of vermicompost attributes, providing
an integrated view of how parameters co-vary or diverge. This systems-level perspective
is critical for refining production strategies that balance chemical maturity with microbial
functionality, ultimately enhancing vermicompost quality and performance.

4. Discussion
4.1. Quality and Compliance Evaluation

Vermicompost samples produced at farmer-operated facilities exhibited a high degree
of compliance with international standards for key quality indicators. Parameters such as
pH, electrical conductivity (EC), organic matter (OM), organic carbon (OC), total nitrogen
(total N), and heavy metals (Cu, Zn) consistently aligned with benchmarks set by European,
North American, Asian, and Turkish regulatory frameworks. These results demonstrate
that structured training programs and standardized production methods effectively en-
abled farmers to meet stringent quality requirements, supporting findings from previous
studies [66].
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Compliance with international norms is not only agronomically beneficial—enhancing
soil structure, nutrient availability, and microbial function—but also crucial for environ-
mental safety. Heavy metal concentrations in compost must remain within acceptable
limits to prevent soil contamination and potential uptake into the food chain [67]. Like-
wise, optimal pH and moderate EC levels are essential for plant nutrient absorption and
for maintaining a healthy soil microbiome [68]. Meeting these parameters positions the
compost as a high-value, sustainable soil amendment.

Furthermore, adherence to internationally accepted compost standards may support
market access and increase consumer confidence. In many contexts, verified compliance
with quality standards is a prerequisite for certification or eco-labeling, which in turn
improves product visibility and competitiveness [69].

Although the overall compliance rates were promising, several outliers were noted in
parameters such as Cu, EC, and pH. These deviations are likely the result of local variations
in feedstock composition—particularly differing proportions of livestock manure and plant
residues—as well as inconsistencies in process control. For instance, elevated Cu levels
may stem from manure or feed inputs containing trace metal contaminants, while pH and
EC deviations could result from suboptimal curing or moisture management [67].

Addressing these issues requires more rigorous input screening and improved process
monitoring. Farmers should be encouraged to pre-evaluate feedstocks for heavy metals
and to maintain consistent moisture, aeration, and temperature during production. This
approach is consistent with recent studies highlighting the importance of standardized
management to prevent quality decline in decentralized composting systems [69].

Unlike prior studies that often rely on isolated laboratory-scale trials, this research val-
idates the vermicomposting process across 14 distinct, real-world farm environments. This
multi-site approach provides superior ecological validity, demonstrating the robustness of
the training protocol against operational variability inherent in farm-based systems. Fur-
thermore, given that Kırşehir represents a typical semi-arid agroecosystem characterized
by water scarcity and temperature extremes, these findings suggest that the standardized
protocol is highly adaptable and generalizable to similar dryland regions globally, such as
the Mediterranean basin and Central Asian steppes.

4.2. Implications of Parameter Interrelationships (Cluster Analysis)

Multivariate analyses—specifically, cluster and correlation assessments—provided
valuable insights into how various chemical and biological parameters interact within the
vermicompost matrix. One key cluster emerged around OM, OC, and total N, highlighting
their co-dependence and shared origin in organic-rich feedstocks. This finding echoes
earlier studies that document the strong covariation of carbon and nitrogen components
during composting [70].

Such linkages suggest that improving one parameter (e.g., OC) through feedstock
enhancement or better decomposition management could simultaneously elevate total N
levels, enhancing overall compost quality. Legume-based inputs or high-protein organic
residues are known to increase both OC and total N, contributing to nutrient-rich, balanced
compost [71].

Another important cluster consisted of microbial activity indicators, namely microbial
biomass carbon and basal respiration. These parameters are tightly linked, as biologically
active composts generally display both elevated respiration and microbial abundance [72].
Their co-behavior reinforces the value of promoting microbial proliferation—through adequate
aeration, moisture management, and possibly inoculants—as a route to enhancing biological
quality. Basal respiration CO2 values and microbial biomass C concentrations, which reflect
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microbial diversity and population increase, are also indicative of earthworm activity and can
be interpreted as a proxy for the overall success of the vermicomposting process.

A third cluster connected pH, EC, and several mineral elements (Ca, Mg, K), reflecting
the influence of ash and nutrient content on physicochemical properties. Balanced mineral
input supports pH buffering and controls salinity, both of which are critical to plant
compatibility. Extreme values—pH > 8.5 or EC > 8 dS/m—can be phytotoxic or inhibit
microbial functions [71,73].

Together, these interdependencies imply that production improvements should be
guided by a systems-based perspective. For example, modifying feedstock blends to opti-
mize OM may also benefit nutrient dynamics and microbial health. Similarly, maintaining
mineral balance through controlled inputs not only improves the availability of nutrient
elements but also supports favorable pH and EC ranges. Understanding these linkages
equips producers with the tools to enhance compost quality in a more integrated and
efficient manner [74,75].

4.3. Farmer Participation and Training Outcomes

The study’s findings affirm that well-structured farmer education and support pro-
grams play a pivotal role in enhancing the consistency and quality of vermicompost
production at the farm level. Farmers who received hands-on training in feedstock selec-
tion, environmental condition management, and process control successfully produced
compost meeting international quality criteria. These outcomes align with broader litera-
ture showing that targeted capacity-building initiatives increase the adoption of sustainable
practices [18,22].

Beyond technical improvements, qualitative observations confirmed by the funding
agency’s (KOP) post-project monitoring indicated that the training program contributed
socio-economic and environmental awareness. Although these ancillary outcomes were
not quantitatively measured as part of this study’s primary scope, qualitative evidence was
gathered through project monitoring. It was observed that following the training, a signifi-
cant number of participants initiated their own vermicompost production, often adjacent
to their existing cattle facilities. Subsequently, these small-scale producers expanded their
operations, established formal facilities, and served as models within their communities,
thereby promoting the wider adoption of vermicompost. These outcomes were identified
during the project’s ‘field day’ events and confirmed during end-of-project monitoring
visits by KOP (the supporting organization). This pattern mirrors success stories from other
regions, where training has led to higher incomes, diversified production, and improved
environmental practices [18,31].

It is important to emphasize that a comparative chemical analysis with ‘untrained
farmers’ was not feasible in this study context. Since vermicomposting is a novel agro-
technical practice in the region, farmers outside the training program do not produce
vermicompost; their traditional practice involves stockpiling manure, which undergoes
uncontrolled anaerobic decomposition. Therefore, the training provided was not merely
a factor for quality improvement but the prerequisite condition for the production itself.
Consequently, the study utilized a controlled university production line as the benchmark
for quality rather than an untrained control group.

Recycling organic waste through vermicomposting also reduced chemical input de-
pendency and mitigated on-farm waste issues. The resulting compost enriched soil organic
matter and biological activity, reinforcing long-term soil health and resilience. Such co-
benefits are widely documented and contribute to circular economy models in agriculture.
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4.4. Challenges, Limitations, and Recommendations

Despite overall success, the study identified several persistent challenges. Key among
them was quality variability caused by inconsistent raw material management. For example,
elevated Cu concentrations and deviations in EC or pH were linked to poorly screened
inputs or uncontrolled process conditions. These issues are common in decentralized
composting and highlight the need for uniform feedstock guidelines [67,76].

To address such variability, project stakeholders should promote pre-testing of inputs,
reinforce training in moisture and aeration control, and develop standard operating proce-
dures (SOPs) for key production steps. Establishing a central quality assurance unit could
support regular testing, provide timely feedback, and maintain compliance as operations
scale [69].

Financial and policy support will be vital to ensure broader adoption. Initial setup
costs remain a barrier, particularly for resource-limited farmers. Incentives such as grants,
subsidies, and access to low-interest loans can reduce entry barriers and promote uptake,
consistent with global findings on adoption drivers [22].

Regarding the economic feasibility for the general farming community, it is important
to note that the infrastructure provided to the participants (a 1 m3 container, basic hand
tools, and a starter population of worms) represents a low-capital ‘starter model’. Unlike
industrial composting facilities, this modular approach is highly replicable for smallholders.
The primary investment required is not financial, but educational. Once the system is
established, operational costs are minimal since the feedstock (manure and crop residues)
is sourced internally from the farm. Therefore, the success of the selected farmers serves
as a ‘proof of concept,’ demonstrating that the barrier to adoption is technical rather than
financial, making the practice accessible to the wider agrarian population.

Lastly, introducing certification schemes for farmer-produced compost could formalize
quality assurance and improve marketability. Government and cooperative programs could
help establish traceable systems that guarantee compliance with national or international
standards, increasing trust among consumers and commercial buyers alike [69].

Integrating vermicomposting into broader rural development and sustainability frame-
works can amplify its benefits. Policies linking composting with waste management, soil
restoration, and climate resilience could ensure lasting impact and alignment with agroeco-
logical goals.

5. Conclusions
This study validates the technical feasibility of structured farmer training programs

in enabling rural producers to generate high-quality vermicompost that aligns with in-
ternational standards. Across a wide range of parameters—including pH, EC, OM, OC,
total N, C:N ratio, and heavy metals—farmer-produced vermicompost consistently met or
exceeded thresholds established by global regulatory frameworks.

The success of this initiative highlights the importance of combining practical educa-
tion with infrastructural support to ensure consistent and safe production practices. Results
from compliance analyses and multivariate assessments further underscore the value of a
systems-based approach to compost production—one that recognizes and manages the inter-
dependencies among chemical, biological, and physicochemical properties. Beyond technical
quality, the program indicated potential socio-economic and environmental outcomes. Farm-
ers not only adopted improved practices but also diversified income streams, improved soil
fertility, and contributed to local circular economies through organic waste recycling.

These findings offer a replicable model for rural development initiatives aiming to
promote sustainable agriculture. Scaling such training-driven vermicomposting programs—
supported by clear quality standards, certification systems, and policy incentives—can
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accelerate ecological resilience, improve soil health, and strengthen the livelihoods of
smallholder producers. As global agricultural systems strive for sustainability, farmer-led
vermicomposting emerges as a practical, low-cost, and scalable solution aligned with both
environmental and economic goals.
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