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Abstract

Agricultural waste accumulation offers potential for sustainable soil management in climate-resilient
farming systems, but it also poses ongoing environmental challenges. This study examines the effects
of vermicomposting, which turns agricultural waste into nutrient-rich organic fertilizer using Eisenia
fetida, on crop productivity and soil fertility. Treatments were compared using a randomized
experimental design that included many combinations of organic waste and a control. Crop growth
and yield indices were examined in addition to soil physicochemical characteristics such as pH,
organic carbon, total nitrogen, available phosphorus, and exchangeable potassium. Comparing
vermicompost treatments to the control, the soil's nutritional content and structural quality
significantly increased (p < 0.05). Mixed organic waste substrate trials outperformed single substrate
trials, suggesting synergistic interactions that enhance microbial activity and nutrient cycling.
Vermicompost application improved soil fertility indicators and increased crop growth and
production. These findings show that vermicomposting is an effective waste valorization technique
that supports the circular economy and sustainable agriculture. The study demonstrates how it can
reduce environmental pollutants while enhancing soil health, agricultural yield, and fertilizer use
efficiency. All factors considered, vermicomposting is a scalable and environmentally friendly way
to increase the climate resilience of agricultural systems. More research should be done on long-term
field performance, economic viability, and substrate combination optimization under different
agroecological conditions.

Keywords: circular economy; vermicomposting; soil fertility; organic fertilizer; climate-resilient
farming; Eisenia fetida; sustainable agriculture

1. Introduction

Global agricultural systems continue to face a number of significant challenges as a result of
climate change, including altered temperature regimes, precipitation patterns, and the frequency of
extreme weather events. These changes have made abiotic stresses like heat waves, drought, and
erratic rainfall worse, especially in tropical and subtropical smallholder agricultural systems. These
pressures have an adverse effect on crop productivity and sustainability [1,2]. As a result,
maintaining consistent agricultural output in the face of increasing climatic variability has become a
critical global concern for food security.

One of the primary factors worsening these issues is soil degradation, which is characterized by
decreasing soil fertility, decreased organic matter content, nutrient depletion, and diminished soil
structure. The deterioration of soil quality brought on by continuous agriculture, ineffective soil
management practices, and improper disposal of agricultural waste limits crop productivity and
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climate stress tolerance [3]. These drawbacks highlight the significance of using sustainable soil
management strategies to maintain long-term agricultural productivity and improve soil health.

Soil organic carbon (SOC) plays a major role in maintaining soil quality and ecosystem function.
SOC affects aggregation, porosity, water retention, nutrient availability, and microbial activity —all
essential for plant growth and resilience [4,5]. Increasing SOC through improved management
techniques is therefore viewed as a crucial tactic to enhance soil fertility, promote nutrient usage
efficiency, and fortify soils' resistance to environmental stress [6,7].

Improving crop performance and soil fertility can be achieved practically and sustainably by
using organic fertilizers made from agricultural and livestock waste. Because they encourage greater
microbial activity, better nitrogen cycling, gradual nutrient release, and higher soil water-holding
capacity, these materials are essential for maintaining crop output under climate stress conditions
[8,9]. Furthermore, by lowering reliance on synthetic fertilizers and enhancing soil health and long-
term production, including organic amendments into agricultural systems promotes the ideas of
sustainable intensification [10,11]. By promoting osmotic adjustment and preserving photosynthetic
efficiency under challenging environmental circumstances, organic inputs may also improve plant
physiological responses to abiotic stress [12].

Vermicomposting is a popular and environmentally beneficial way to manage organic waste.
This biological process uses earthworms, particularly Eisenia fetida, to convert organic waste into
high-quality organic fertilizer. Vermicomposting stabilizes organic waste while enhancing its
nutritional composition, microbial activity, and overall agronomic value. Since vermicompost has
been shown to improve soil structure, increase nutrient availability, and promote plant growth, it is
a crucial part of sustainable agriculture and soil restoration.

Despite the established advantages of vermicomposting, there is still a agap of empirical data
comparing the efficacy of various agricultural waste combinations in producing high-quality
vermicompost and assessing their effects on crop performance and soil fertility, especially in
smallholder farming settings in tropical regions. Additionally, there is a vacuum in the design of
vermicomposting systems for real-world agricultural applications due to the lack of understanding
of how substrate composition affects nutrient dynamics and agronomic outcomes.

In this context, this study uses different combinations of locally available agricultural wastes
treated with Eisenia fetida to examine the impact of vermicomposting on soil fertility and crop
performance. By combining soil physicochemical analysis with agronomic performance indicators,
this study aims to produce empirical evidence supporting vermicomposting's role as a climate-
resilient, sustainable waste management strategy that enhances soil health, increases crop
productivity, and supports the ideas of the circular economy.

2. Materials and Methods

2.1. Study Area

The study was carried out in the peri-urban agricultural zone of the Maputo metropolitan
region, KaMubukwana District, Maputo Province, Mozambique (25°88'S, 32°57'E), which is well-
known for its intensive smallholder vegetable production. Because of its subtropical climate, the
region has distinct rainy and dry seasons. Rainfall usually falls between November and March, with
an annual total of 750 to 850 mm. The yearly average temperature ranges from 20 to 30 degrees
Celsius.

The experimental soils were categorized as sandy loam by the USDA Soil Classification System
[13]. Composite soil samples were collected before the experiment in order to determine baseline
physicochemical properties. The site was selected because of its susceptibility to seasonal drought
stress, the presence of biodegradable organic wastes (such as chicken manure, cow dung, and
vegetable leftovers), and the observed deterioration of the soil. These characteristics made the site
suitable for evaluating vermicompost as a climate-resilient soil amendment in real smallholder
agricultural settings.
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2.2. Experiment Design

The experiment was set up in a randomized complete block design (RCBD) with five treatments
and three replications, resulting in fifteen experimental plots. Each plot measured 1.5 m x 1.0 m (1.5
m?), with 0.3 m between plots and 0.5 m between blocks, to minimize treatment interference and edge
effects [14]. The treatments included one inorganic fertilizer control and four organic additions made
from vermicomposting:

T1: Vermicompost derived from poultry and vegetable waste

T2: Vermicompost made from cow manure, poultry, and vegetables

T3: Vermicompost produced from cow manure and vegetable waste

T4: Traditional compost

T5: Inorganic fertilizer NPK 12-24-12

The organic fertilizer treatments (T1-T4) were applied at a rate of 20 t ha™ (3 kg per plot),
whereas the inorganic fertilizer (T5) was applied as a single basal application at planting at 200 kg
ha™! (0.5 kg per plot). Lettuce (Lactuca sativa L., Eden variety) was planted at 20 cm by 20 cm intervals
as the test crop. All plots were maintained using standard agronomic practices, such as irrigation and
hand weeding, to minimize external variability and ensure that observed variations in soil
parameters, crop performance, and stress resilience were solely attributable to the treatment effects.

2.3. Vermicomposting and Organic Waste Preparation

We collected agricultural wastes from nearby farms, including cow dung, poultry manure,
vegetable residues, and maize residues. The materials underwent a pre-composting phase for 10-14
days to reduce excess heat generation, ammonia toxicity, and promote partial decomposition after
being physically sorted to remove non-biodegradable pollutants [15]. After pre-treatment, the
substrates were put in vermicomposting units that were inoculated with Eisenia fetida, an earthworm
species that is frequently used to stabilize organic waste [16]. Frequent watering maintained the
moisture content between 60 and 70% and the temperature between 20 and 30 °C, which is ideal for
earthworm activity [17]. The substrate was regularly moved to guarantee aeration. The material was
fully stabilized after 6-8 weeks of vermicomposting, as evidenced by its crumbly, black texture,
decreased volume, and earthy odor. Before being used in the field, the finished vermicompost was
collected, allowed to air dry, and kept under controlled conditions.

2.4. Soil and Fertilizer Application

Soil samples were taken at a depth of 0 to 20 cm for baseline characterization before treatment
application. In order to allow for stabilization and mineralization, organic amendments were
manually put into the topsoil at a depth of around 15 cm eight days before the transplanting of lettuce
seedlings. Every plot was irrigated normally before drought stress was applied. Seven days after
planting, vermiwash—a liquid byproduct of vermicomposting—was also applied to the leaves to
enhance microbial activity and nutrient uptake.

2.5. Drought Stress Simulation

During the mid-vegetative stage (25-31 days after planting), which corresponds to a critical
growth phase for lettuce and represents dry-season stress conditions in the study location, irrigation
was stopped for seven days in a row to simulate drought stress [18].

The following stress resilience indicators were used to track plant responses throughout the
drought:

i. A calibrated infrared thermometer (Fluke 62 MAX) used to measure the noon leaf surface
temperature (°C) every day between 12:00 and 14:00.
ii. Withering score: A five-point scoring system (1 = no withering; 5 = severe wilting) used to
visually quantify wilting.
iii. Recovery time: The amount of time plants need to recuperate following rewatering.
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iv. The survival rate (%), which was computed using the following formula:
Number of Surviving Plants>

Survival Rate (%) = ( 100

Total Number of plants

2.6. Soil Physicochemical Analysis

Soil samples were collected from each plot both prior to planting and following harvest. Samples
were air-dried and sieved (2 mm) before examination in triplicate. The soil was found to have the
following qualities: pH, Soil organic carbon (SOC), Total nitrogen (TN, available phosphorus (P),
exchangeable potassium (K) and cation exchange capacity (CEC).

To ensure reliability and comparability, all analyses were carried out using conventional
laboratory procedures. The effects of fertilizer and vermicompost treatments on soil fertility were
evaluated using these parameters.

2.7. Assessment of Crop Yield and Growth

Crop growth and yield indicators were monitored at the appropriate growth stages and at
harvest. The following variables were observed:
i. Plant height (in centimeters) measured using a measuring tape
ii. The number of leaves on each plant was manually counted.

iii. The level of chlorophyll was measured using a SPAD-502 chlorophyll meter [19].

iv. Todetermine fresh and dry biomass, plant material is separated and harvested at ground level.
Samples were oven-dried for 30 minutes at 105 °C to ascertain their dry weight, and then they were
dried to a constant weight at 75 °C.

v. Marketable yield (kg ha™) was computed from the total fresh biomass of marketable lettuce
heads and extrapolated per hectare.

2.8. Data Analysis

The impacts of treatments on soil characteristics, crop development, yield, and stress resilience
indicators were evaluated using analysis of variance (ANOVA) [20]. The statistical model used was:
Yij =+ i+ Bj+ €ij.

where ¢ij is the experimental error, Tiis the treatment effect, {3j is the block effect, and Yij is the
observed value.

Tukey's Honest Significant Difference (HSD) test with a 95% confidence level (p < 0.05) was
used to separate the means when significant differences were found. Regression analysis was also
used to look at the connections between crop output, stress resistance assessments, and soil fertility
indicators. The coefficient of determination (R2) and significance levels (p < 0.05) were used to assess
the strength of correlations. All statistical analyses were performed using R software to ensure
robustness and reproducibility.

3. Results and Discussions

3.1. Vermicompost's Impact on Soil Fertility

3.1.1. Total Nitrogen (N)

Fertilizer treatments had a significant effect on the total nitrogen in the soil (p < 0.001),
demonstrating how sensitive nitrogen dynamics are to nutrient management strategies. The rather
constant initial nitrogen levels (0.1733-0.1767%) demonstrate baseline homogeneity and validate that
the treatment caused the observed differences. All treatments saw a rise in nitrogen content after
application, although the quantity of the increase varied significantly, suggesting that different
treatments had varying capacities for nitrogen mineralization and retention.
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The mixed-substrate vermicompost (T2) exhibited the highest nitrogen concentration (0.2867%)
when compared to both single-substrate vermicomposts and inorganic fertilizer (T5: 0.27%). This
improved performance is caused by the synergistic interactions between different organic substrates,
which promote microbial growth, enzymatic activity, and enhanced nitrogen mineralization [21,22].
In addition to accelerating nitrogen transformation through nitrification and ammonification
processes, earthworm activity stabilizes nitrogen in humified organic fractions [23].

Importantly, even though inorganic fertilizer offers relatively high nitrogen levels, its effects
usually diminish quickly due to leaching and volatilization losses [24]. By promoting a slow release
of nitrogen that is in line with plant needs, vermicompost, on the other hand, improves nitrogen use
efficiency. This demonstrates how mixed-substrate vermicomposting improves long-term soil
fertility and climatic adaptability while simultaneously increasing nitrogen availability as shown in
Figure 1.

Total Nitrogen (N) by Treatment

&
Z |
8
2 0.225- I
0.200 -
0.175- ' ' ' ' '
T T2 I3 T4 TS
Treatment

Figure 1. Effects of different vermicompost treatments on the total nitrogen (N)
content of soil across treatments.

3.1.2. Available Phosphorus (P)

The significant difference in available phosphorus across treatments (p < 0.001) emphasizes how
crucial organic amendments are for phosphorus transformation and mobilization[25]. Treatment
effects could be accurately compared since baseline phosphorus levels (~28 mg/kg) remained
consistent throughout treatments. Post-application results showed that T2 had the maximum
phosphorus availability (47.94 mg/kg), followed by T5 and other vermicompost treatments.

The increased availability of phosphorus in vermicompost treatments is mostly due to microbial-
mediated solubilization activities [24,26]. Organic acids produced during decomposition reduce
phosphorus fixing and enhance phosphorus bioavailability by reacting with calcium, iron, and
aluminum ions. Earthworm activity also releases phosphatase enzymes, which accelerates the
mineralization of organic phosphorus into forms that plants can absorb [27].

Vermicompost outperformed ordinary compost (T4) in terms of phosphorus transformation
efficiency, indicating the added biological value of earthworm-mediated processes [28]. Inorganic
fertilizers do not promote long-term phosphorus cycling even though they supply readily soluble

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1646.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026 d0i:10.20944/preprints202604.1646.v1

6 of 22

phosphorus. Vermicompost, on the other hand, enhances both rapid availability and continual
release, making it a more ecologically friendly way to manage phosphorus in agricultural contexts
(3) as in Figure 2.

Available Phosphorus (P) by Treatment

—

I
[4)]
1

g/kg)

{

Available P (m

=

1
T 2 T3 T4 T5
Treatment

Figure 2. The effect of various vermicompost treatments on soil phosphorus (P) availability.

3.1.3. Exchangeable Potassium (K)

Exchangeable potassium levels were significantly impacted by fertilizer treatments (p < 0.001),
with T2 exhibiting the highest concentration (206.59 mg/kg). T4, T5, T1, and T3 had the lowest levels.
These results imply that vermicompost, especially from mixed substrates—improves potassium
availability more effectively than conventional composting [29].

Vermicompost-amended soils have higher potassium status due to the formation of stable
organo-mineral complexes and improved cation exchange mechanisms [30]. Humic chemicals
produced by vermicomposting enhance the soil's capacity to retain potassium ions, reducing leaching
losses. Additionally, by promoting the breakdown of mineral particles, earthworm activity helps
liberate non-exchangeable potassium into accessible forms [31].

In contrast, inorganic fertilizers offer easily accessible potassium, but because they lack long-
term retention mechanisms, they are prone to quick depletion [32]. Vermicompost's capacity to
improve potassium availability and retention emphasizes how crucial it is for maintaining soil
nutrient balance and increasing fertilizer usage efficiency in field settings.

3.1.4. Organic Carbon (OC)

Soil organic carbon (SOC) increased significantly (p < 0.001) in soils treated with vermicompost,
with T2 showing the biggest gain (1.54% to 2.4167%). The addition of stabilized organic matter
through vermicomposting processes, which enhances carbon sequestration, is the cause of this
considerable increase [4].

The increase in SOC is primarily associated with the production of humified organic
compounds, which promote long-term carbon storage and improved soil structure [33]. Increased
microbial biomass and activity promote carbon cycling and aggregation while also improving soil
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porosity, aeration, and water retention capacity. Because crop life depends on maintaining soil
moisture in climate-stressed areas, these changes are particularly important [1]. Conversely, the
decline in SOC under inorganic fertilizer (T5) highlights the limitations of synthetic inputs in
maintaining soil organic matter [34]. The results demonstrate how important vermicomposting is for
increasing nutrient availability, restoring soil carbon pools, and enhancing general soil health and
climate resilience.

3.1.5. Cation Exchange Capacity (CEC)

Cation exchange capacity (CEC) increased significantly in soils treated with vermicompost, with
T2 showing the biggest improvement (11.2 to 15.90 cmol(+)/kg). This increase demonstrates the soil's
enhanced ability to retain and exchange essential nutrients, which is a critical indicator of improved
soil fertility [35].

The observed increase in CEC is mainly caused by the accumulation of humic materials and
organic colloids, which provide negatively charged sites for nutrient adsorption [36]. These sites
reduce nutrient losses and improve plant uptake by aiding in the retention of cationic nutrients such
as potassium, calcium, and magnesium. The rise in CEC after vermicompost treatments shows the
long-term benefits of organic amendments in increasing soil nitrogen buffering capability [35,36].
This is especially important in sandy soils, which often have little inherent CEC. By improving
nutrient retention, vermicompost helps sustain soil fertility and boost crop output under a range of
environmental conditions.

3.1.6. The soil's pH

The soil pH in vermicompost treatments tended to be neutral, with T2 reaching 7.54.
Vermicompost's ability to function as a buffer is demonstrated by this shift, which is caused by the
presence of humic chemicals and base cations created during decomposition [32].

The pH needs to be kept near neutral for optimal microbial activity and nutrient availability. By
reducing the soil's acidity or alkalinity, vermicompost's buffering action encourages plant growth
[37]. Inorganic fertilizer, however, slightly lowered the soil's pH, which can lead to nutrient
imbalances [38]. These findings show how vermicompost stabilizes the chemical properties of soil,
supporting sustainable soil management and long-term agricultural output.

3.2. Crop Growth and Yield Performance

3.2.1. Germination Rate

The significant difference (p < 0.01) in germination rates between treatments indicates that the
kind of fertilizer has a major impact on early crop establishment. With inorganic fertilizer, T2 had the
highest germination rate (96.81%), followed by T1 (94.19%) and T5 (90.79%), whereas T3 (85.42%) and
T4 (77.07%) performed badly. These results imply that vermicompost-based treatments, particularly
those employing mixed substrates, provide improved conditions for seed germination and
emergence. Higher germination in T2 results from the addition of cow dung, vegetable leftovers, and
chicken manure, which enhances soil moisture retention, aeration, and enzymatic activity.

Vermicompost contains bioactive compounds, such as humic chemicals, enzymes, and plant
growth regulators, that accelerate germination by boosting seed metabolic processes [39,40].
Additionally, microbial activity at the seed-soil interface promotes early root development and
enhances nutrient solubilization. T5's moderate performance indicates rapid nutrient availability but
lacks biological stimulation, whereas T4 demonstrated delayed mineralization and insufficient root-
zone conditions due to partial breakdown [41,42]. These findings show that vermicompost maximizes
early-stage crop establishment and enhances soil fertility, both of which are critical for raising
productivity.

3.2.2. Plant Height
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The height of lettuce plants differed substantially between treatments (p < 0.05), with T2 yielding
the tallest plants (31.3 cm), followed by T5 (28.71 cm) and T1 (28.69 cm), and T3 (25.60 cm) and T4
(24.48 cm) with the lowest results. T2's better performance emphasizes how crucial a balanced
fertilizer supply and good soil conditions are for encouraging vegetative growth. The availability of
nitrogen and potassium, which are necessary for cell elongation, photosynthetic activity, and biomass
accumulation, was probably increased by the combination of several organic substrates in T2.

The enhanced plant height seen in vermicompost treatments may possibly be due to improved
root development and nutrient uptake efficiency brought on by humic chemicals and microbial
activity [43]. T5 formed similarly because nutrients were readily available, but it lacked
vermicompost's long-term nutrient release and soil-conditioning benefits. The shorter plants in T3
and T4 suggest that nutrient accessibility and root-zone aeration limitations may restrict plant growth
[44,45]. These findings demonstrate that vermicompost not only increases plant development
through nitrogen availability but also enhances the physical and biological properties of soil as in fig

3.
Plant Height per Treatment (+SE)

"' II
' '

T1 T2 T3 T4 TS
Treatment

Plant Height (cm)

Figure 3. Effects of vermicompost treatments on the height (cm) of lettuce plants.

3.2.3. The number of leaves

Between treatments, there was a significant difference (p < 0.05) in the number of leaves per
plant. With 17.93 leaves, T2 had the most, followed by T1 (16.17), T5 (16.36), and T3 (15.38). With
11.94 leaves, T4 had the fewest. Increased leaf production in vermicompost treatments demonstrates
improved vegetative development and canopy formation, which are critical for maximizing crop
output and photosynthetic potential. Vermicompost contains cytokinin-like chemicals that promote
leaf start and postpone senescence, which is probably why T2 performs better [46,47]. Furthermore,
improved microbial-mediated nitrogen cycling maintains leaf growth and increases nutrient
accessibility. T3 showed intermediate performance because of a less balanced nutritional
composition, T4's comparatively fewer leaves indicated a limited food supply and decreased
microbial activity [48,49]. These findings support vermicompost's ability to improve physiological
processes in plants that have a direct impact on growth and yield.
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3.2.4. Fresh and Dry Biomass

Fresh and dry biomass trends showed significant (p < 0.001) treatment differences: T2 (66.13 g,
18.07 g) > T1 (61.04 g, 16.92 g) > T5 (59.69 g, 15.20 g) > T3 (54.54 g, 12.98 g) > T4 (47.46 g, 10.87 g). T2's
maximum biomass accumulation reflects the combined effects of improved soil fertility, higher
photosynthetic efficiency, and enhanced nutrient availability. Long-term plant development was
likely facilitated by the mixture of many organic substrates, which promoted cooperative microbial
activity and nutrient cycling.

Vermicompost enhances soil aggregation, aeration, and water-holding capacity from the
standpoint of soil-plant interaction, all of which lead to increased biomass production [50,51]. Due
to its quick nutrient availability, inorganic fertilizer (T5) supported a sizable amount of biomass, but
it lacked the long-term benefits of T1 and T2 for improving soil. Slower organic matter breakdown
and poorer nutritional dynamics are the reasons for the decreased biomass in T3 and T4 [52,53]. These
results demonstrate that vermicompost improves soil fertility and plant physiological performance
at the same time, increasing biomass yield.

3.2.5. Marketable Yield

The yields of T2 (6.49 kg/plot) were higher than those of T3 (5.20 kg/plot) and T4 (4.18 kg/plot),
followed by T1 (5.74 kg/plot) and T5 (5.63 kg/plot). The marketable yield varied significantly between
treatments (p < 0.001). The increased yield of T2 demonstrates how mixed-substrate vermicompost
can optimize field crop productivity. This performance reflects the cumulative improvements in soil
fertility, nutrient availability, and plant physiological efficiency. Better soil structure, balanced
nutrient delivery, and improved root development all promote crop growth and increase T2 output
[45]. Because of the combined effects of organic nutrients and beneficial microbial activity, T1 also
showed good efficacy [16,54]. Because of its quick nutrient availability, TS5 produced competitive
yields, but it lacked vermicompost's long-term advantages for soil health. The reduced yields in T3
and T4 demonstrate the significance of microbial activity and substrate variety for maximum crop
yield [55]. These findings show how vermicompost improves agricultural systems' sustainability and
productivity.

3.2.6. Chlorophyll content (SPAD Index)

Chlorophyll content varied significantly between treatments using SPAD values (p <0.001), with
T2 having the greatest value (57.54), followed by T1 (54.76), TS (46.47), T3 (44.14), and T4 with the
lowest values. Larger chlorophyll concentrations in plants treated with vermicompost indicate
improved photosynthetic capacity and nutrient absorption, particularly nitrogen, which is an
essential component of chlorophyll molecules.

The greater SPAD values in T2 are caused by improved root absorption efficiency and increased
macro- and micronutrient availability made achievable by vermicompost [56]. Moreover, the
microbial interactions and bioactive compounds in vermicompost support the stability and synthesis
of chlorophyll [57,58]. Higher concentrations of chlorophyll immediately increase photosynthetic
efficiency, which in turn increases biomass yield and accumulation. On the other hand, reduced
physiological function and limited nutritional availability are indicated by lower SPAD levels in T3
and T4. These findings offer additional proof that mixed-substrate vermicomposting enhances plant
physiological systems and agricultural yield as shown in figure 4.
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Figure 4. Chlorophyll concentration (SPAD index) in different vermicompost and fertilizer treatments.
3.3. Resilience to Climate-Induced Stress

3.3.1. Leaf Surface Temperature

The significant differences in leaf surface temperature between treatments (p <0.01) show strong
variances in plant thermoregulation under varying soil fertility levels. T2 (27.79 °C) had the lowest
temperature, followed by T1 (28.08 °C) and T3 (28.25 °C), while traditional compost (T4: 30.84 °C)
and inorganic fertilizer (T5: 31.13 °C) demonstrated noticeably higher canopy temperatures. These
results clearly demonstrate that vermicompost-based treatments enhance plant cooling capacity and
reduce leaf heat stress.

The lower canopy temperature shown in T2 is the result of improved plant hydration status and
efficient transpiration cooling processes [59]. Vermicompost-amended soils sustain continuous water
intake and maintain stomatal conductance under stressful conditions due to increased porosity,
aggregation, and water-holding capacity [60,61]. Improved root-soil interactions resulting from
increased microbial activity also enable better hydraulic conductivity and nutrient uptake. When
combined, these processes enhance evapotranspirational cooling, reducing excessive heat
accumulation and preserving photosynthetic efficiency.

Conversely, the higher temperatures in T4 and T5 show low biological activity and decreased
soil moisture buffering capacity, which restricts plant transpiration and increases their susceptibility
to heat stress [62]. These findings highlight the vital role vermicompost-mediated improvements in
the biological and physical properties of soil play in regulating canopy temperature and enhancing
the physiological stability of plants under climate stress as show in Figure 5.
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Figure 5. Surface temperature of lettuce leaves under drought stress in each treatment (°C).

3.3.2. Wilting Score

Wilting scores varied considerably between treatments; T2 had the lowest score (1.33), followed
by T1 (2.00) and T3 (2.33), while T4 (2.67) and T5 (3.00) showed the highest levels of wilting.
Vermicompost treatments have been shown to minimize wilting, which suggests that plants have
better water retention and are more resilient to drought stress. The addition of humified organic
matter and microbial polysaccharides improves soil structure, increases capillary porosity, and
increases water-holding capacity, all of which contribute to T2's superior performance [47,51]. These
characteristics lessen water stress at the root zone and increase soil moisture availability.
Additionally, it has been demonstrated that vermicompost encourages the build-up of
osmoprotectants such proline, soluble sugars, and glycine betaine, which aid in preserving cell turgor
and shielding cellular structures during dry spells [63].

The moderate wilting in T1 indicates a partial improvement as a result of organic matter intake,
whereas the increased wilting in T4 and T5 indicates poor soil-plant water interactions and
inadequate microbial support [64]. These findings show that vermicompost not only improves soil
moisture dynamics but also supports plant physiological systems involved in drought resistance.

3.3.3. Recovery Days After Drought Stress

The time taken for each treatment to recover from the drought varied greatly. T2 and T1
recovered the fastest (3 days), followed by T3 (4 days), while T4 and T5 required the longest recovery
period (5 days). Vermicompost treatments increase physiological resilience and successfully restore
post-stress metabolic activity, as seen by the rapid recovery observed.

This improved capacity for recuperation is closely linked to the activation of antioxidant defense
systems. Vermicompost is said to boost the activity of critical antioxidant enzymes like superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) that lessen oxidative damage caused by
reactive oxygen species (ROS) during drought stress [10,65]. By protecting cellular membranes and
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chloroplast structures, these activities facilitate the rapid resumption of photosynthesis and growth
upon rehydration. However, the prolonged recovery of T4 and T5 suggests a reduced capacity for
biochemical buffering and a less successful restoration of cellular metabolism. These treatments lack
the biological and organic components needed to facilitate rapid stress recovery. The results thus
demonstrate that vermicompost enhances stress tolerance and post-stress recovery, both of which are
critical for maintaining productivity in the face of shifting environmental conditions.

3.3.4. Rate of Survival

Treatment-specific survival rates differed significantly (p < 0.05), with T2 having the highest
survival rate (94.91%), followed by T1 (90.86%) and T3 (89.14%), and T5 and T4 having the lowest
survival rates (78.34% and lower). This pattern amply illustrates how applying vermicompost
improves plant life in drought-stressed locations.

The combination of enhanced soil structure, ongoing nutrient availability, and active microbial
consortia accounts for T2's high survival rate. Under stressful circumstances, vermicompost promotes
the synthesis of plant growth hormones such auxins, cytokinins, and gibberellins, which enhance
water and nutrient uptake and promote root elongation [16,39]. Increasing microbial diversity in
vermicompost-treated soils also promotes stress signaling pathways and nutrient cycling, both of
which enhance plant adaptation.

The much lower survival rates in T4 and T5 highlight the limitations of regular compost and
inorganic fertilizers in terms of resistance to environmental stress. These treatments lead to decreased
plant stability and higher mortality during drought conditions because they lack the integrated
physical, chemical, and biological benefits of vermicompost [66]. Overall, the findings demonstrate
that by strengthening physiological and structural resilience systems, vermicompost significantly
increases plant survival.

3.3.5. Integrated Physiological and Soil-Plant Analysis

The dynamic response of lettuce to simulated drought conditions provides more evidence of the
enhanced effectiveness of vermicompost treatments [67]. Time-series analysis of leaf temperature and
wilting scores revealed that T2 consistently maintained lower canopy temperatures and delayed the
beginning of wilting throughout the stress period, indicating sustained plant hydration and
physiological stability as seen by the time trends in leaf temperature and wilting score under various
treatments in Figures 6a and 6 b. These reactions highlight the importance of biologically active soils
in regulating plant stress responses through improved water retention, microbial activity, and root-
soil interactions [68].
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Surface Temperature During 7-Day Drought Simulation
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Figure 6. a. Time-series plot for surface leaf temperature trends during stress simulation.
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Figure 6. b. Time-series plot for wilting score trends during stress simulation.
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Regression analysis also revealed strong relationships between plant performance measures,
including yield and stress tolerance, and changes in soil fertility (such as organic carbon and cation
exchange capacity) [69], as strong correlations between plant performance features and soil fertility
indicators are seen in Figs. 7a and 7b.These links show that enhanced soil chemical and biological
properties are strongly associated with increased plant productivity and resilience [30].
Vermicompost-mediated nutrient cycling and soil conditioning produce a feedback mechanism
whereby improved soil health promotes plant performance, which, in turn, increases resilience to

climate stress.
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Figure 7. a. Regression plots to visualize relationships between yield and CEC.
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Figure 7. b. Regression plots to visualize relationships between yield and wilting.
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These findings collectively demonstrate that vermicomposting provides a comprehensive
strategy for boosting climate resilience by combining increased soil fertility, increased agricultural
productivity, and physiological stress tolerance, particularly when paired with a variety of organic
substrates [3]. This integrated approach bridges a major gap in sustainable agriculture by linking soil
management strategies with plant adaption responses under climate variability.

4. Discussion

The results of the study provide strong evidence that vermicomposting significantly enhances
plant performance, soil fertility, and temperature tolerance through integrated physicochemical and
biological mechanisms, particularly in the mixed-substrate system (T2). When compared to
traditional composting (T4) and inorganic fertilizer (T5), vermicompost significantly increases total
nitrogen, accessible phosphorus, and exchangeable potassium, demonstrating its dual roles as a
nutrient supply and a regulator of nutrient cycling and retention. Previous studies have shown that
earthworm-microbial interactions increase nutrient mineralization and reduce losses, improving
overall nutrient consumption efficiency [70]. However, inorganic fertilizers frequently experience
leaching and volatilization losses [71]. The observed increases in soil organic carbon and cation
exchange capacity further imply better nutrient buffering and long-term soil fertility restoration,
which is consistent with previous findings [72,73].

Increases in soil pH stability and cation exchange processes show that vermicompost creates a
chemically favorable environment for microbial activity and nutrient availability. While a shift
toward near-neutral pH encourages nutrient solubility and uptake, increased cation exchange
capacity reduces nutrient losses and increases soil resilience, particularly in sandy or disturbed soils
[27,74]. In environments treated with vermicompost, higher germination rates, plant height, leaf
number, biomass accumulation, and yield show how these physicochemical enhancements directly
translated into improved agricultural performance. Similar findings demonstrated that
vermicompost supports plant development by increasing nutrient availability and microbial
stimulation [16,75]. Additionally, humic chemicals and plant growth regulators improve root
development and nutrient uptake efficiency [76,77].

By demonstrating how vermicompost enhances soil-plant interactions, which in turn boosts
plant physiological functioning and productivity, this study significantly advances the field. The
much higher chlorophyll content observed in vermicompost treatments is indicative of improved
photosynthetic capacity, which is intimately linked to increased nitrogen availability and metabolic
efficiency. Previous studies have shown that vermicompost increases microbial activity and food
availability, which increases photosynthetic efficiency and chlorophyll production [10]. Significant
relationships between plant performance and soil fertility indicators such as organic carbon and
cation exchange capacity support the existence of a positive soil-plant feedback loop. Improved soil
conditions lead to sustainable productivity and encourage plant growth [78]. who highlighted the
importance of soil biological health in regulating crop productivity and nutrient cycling.

Vermicomposting greatly increases plant productivity and resilience to climate-induced stress,
especially drought, according to the study. Vermicompost-treated plants showed better plant water
relations and stress tolerance, as recorded by lower leaf surface temperatures, lower wilting scores,
faster recovery rates, and greater survival percentages. These advantages are attributed by [79,80] to
improved root-soil interactions that allow for prolonged transpiration and cooling under stress,
improved soil structure, and greater water-holding capacity. Vermicompost has also been
demonstrated to increase osmoprotectant accumulation and antioxidant enzyme activity, which
shield plants from oxidative damage in stressful circumstances [81]. In contrast, the limits of systems
lacking biological activity and stable organic matter are highlighted by the lower efficacy of standard
compost and inorganic fertilizer treatments [63].

This study directly addresses important issues with resource availability, affordability,
efficiency, and environmental sustainability from a resource perspective. Vermicomposting reduces
reliance on expensive synthetic inputs by turning locally accessible agricultural wastes, such as

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1646.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026 d0i:10.20944/preprints202604.1646.v1

16 of 22

vegetable scraps, cow dung, and poultry manure, into high-value organic fertilizer. This encourages
the circular use of nutrients in agroecosystems and improves accessibility for smallholder farmers
[16,82]. Vermicomposting improves resource-use efficiency and long-term soil fertility by decreasing
losses and increasing nutrient retention [25]. In terms of the environment, it reduces garbage
accumulation, eliminates soil damage caused by excessive use of chemical fertilizers, and reduces
greenhouse gas emissions associated with open dumping and burning [83]. The clear performance
gradient further supports the idea that optimal substrate combinations improve agronomic
advantages and resource recovery.

5. Conclusions

This study provides strong empirical evidence that vermicomposting is a highly effective
technique for increasing soil fertility, increasing agricultural production, and strengthening tolerance
to stress caused by climate change, particularly when combined with mixed organic substrates.
Treatment T2 performs better across soil physicochemical characteristics, plant growth metrics, yield,
and stress tolerance indicators, demonstrating the synergistic benefits of integrated organic waste
usage. Increased nutrient availability, soil organic carbon, cation exchange capacity, and biologically
active soil systems enabled improved plant physiological responses, including efficient
thermoregulation, reduced wilting, faster recovery, and higher survival rates during drought
conditions. These findings show that vermicompost improves soil health and establishes a dynamic
soil-plant feedback loop that sustains yield in the face of environmental stress.

According to the findings, vermicomposting is a scalable, sustainable, and climate-resilient
agricultural method that aligns with the ideas of the circular economy by turning agricultural waste
into beneficial organic fertilizer. Because it may simultaneously enhance soil structure, nutrient
cycling, microbial activity, and plant adaption mechanisms, it is an essential tool for sustainable
intensification in smallholder farming systems. To fully optimize and scale this technology, however,
further research is needed on long-term field performance, economic viability, and substrate
combination optimization under different agroecological conditions.
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