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This study assessed the efficacy of plant extracts as alternatives to synthetic
pesticides for pest control and seed quality preservation in mungbean cultivation
in northern Tanzania, specifically at TARI Selian and Miwaleni. The study employed
a randomized complete block design. Four plants’ extracts—Tephrosia vogelii,
Clutia abbsynica, Clausena anisata, and Lobelia gibelloa—were evaluated during
the 2020 growing season (field) and 2021 storage period (storability). The study
focused on their effects on insect pests (leaf beetles, thrips, aphids, whiteflies,
and pod borers) and their ability to maintain seed quality during storage. C.
anisata emerged as the most effective extract across all pests, demonstrating
high suppression rates for thrips (3.4), aphids (3.22), whiteflies (3.4), and pod borers
(2.7). In contrast, L. gibelloa was the least effective, with lower suppression rates for
thrips (3.1) and aphids (3.1). Furthermore, botanical treatments significantly reduced
pest damage in stored seeds, with T. vogelii and C. abbsynica showing superior
performance in preserving seed weight and quality during storage. Seeds treated
with T. vogelii had significantly fewer holes and lower weight loss compared to
other treatments, indicating its effectiveness in both pest management and seed
preservation. Conversely, L. gibelloa and C. anisata contributed to greater weight
loss, particularly at higher application rates. The study demonstrates that plant
extracts can offer a sustainable, eco-friendly alternative to synthetic pesticides,
effectively controlling pests and preserving seed quality. These findings are crucial
for improving mungbean production and storage, enhancing food security, and
reducing reliance on chemical pesticides in diverse agro-ecological contexts.
Future research should further explore the long-term ecological impacts and
optimal application rates of these botanicals for integrated pest management
and seed storage.
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1 Introduction

Mungbean (Vigna radiata) is a crucial legume widely cultivated across Asia and
increasingly in Africa and Latin America (Kohli et al., 2024). The global area for mungbean
cultivation spans approximately 7.3 million hectares, with an average yield of 721 kg ha™" (Nair
and Schreinemachers, 2020). India and Myanmar together contribute 30% of the global
production, totaling 5.3 million tons (Nair and Schreinemachers, 2020). Other major
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producers include China, Indonesia, Thailand, Kenya, and Tanzania
(Nair and Schreinemachers, 2020). Its growing importance is
attributed to its high nutritional value, economic advantages, and
suitability for various cropping systems (Islam et al., 2024). The crop
is particularly valued for its adaptability to different climatic
conditions and its short growth cycle, which allows it to fit into diverse
agricultural rotations (Liu et al., 2024).

Asia dominates mungbean production, with India, Myanmar, China,
and Thailand being the leading producers (Kanishka et al., 2023; Ong
et al, 2023). India is the largest producer, especially in states like
Maharashtra, Andhra Pradesh, and Rajasthan, where mungbean is
integral to both diet and crop rotation (Huppertz et al,, 2023). Being the
largest producer and consumer of mungbean, India contributes around
70% of global production (Somta et al., 2022). Myanmar ranks as the
second-largest producer and a major exporter, thanks to its favorable
climate and extensive farming practices (Raitzer et al,, 2015; Khine et al,,
2021). China also plays a significant role, with mungbean being widely
used in Chinese cuisine and traditional medicine, thus bolstering
domestic demand (Langyan et al.,, 2022; Samal et al., 2023). Thailand,
while producing less than the top producers, is known for its high-quality
mungbeans, primarily exported to neighboring countries and
international markets (Farnworth et al.,, 2020; Win et al., 2022). In Africa,
mungbean cultivation is on the rise, with Tanzania emerging as a leading
producer (Birachi et al,, 2021). The introduction of mungbean to African
agriculture aims to diversify food sources, improve soil fertility, and
enhance food security. The Tanzanian government, alongside NGOs, has
promoted mungbean farming to address malnutrition and boost rural
incomes (Gichohi-Wainaina et al., 2022; Pittore et al., 2024; Sultan et al.,
2024). Despite this growth, global mungbean production remains below
its potential due to factors like limited awareness, inadequate varieties, and
insufficient agricultural extension services (Nadi, 2023; Sah et al., 2024).
With enhanced investment and improved agronomic practices, the area
under mungbean cultivation could expand significantly.

Mungbean is an important source of protein, vitamins, and
minerals, making it vital for combating malnutrition, especially in
regions with high rates of protein-energy malnutrition (Maitra et al,
2023). Its rapid growth and harvest cycle of 60-75 days provide a quick
nutritional boost, appropriate for food security in developing countries
(Muchomba et al., 2023; Dikr, 2023). Economically, mungbean farming
benefits smallholder farmers by offering multiple harvests within a
year, thereby ensuring a steady income. The rising global demand for
mungbean in health-conscious markets further enhances export
opportunities and farmers” income (Kumar et al., 2023; Yong et al.,
2024). Additionally, mungbean contributes to sustainable agriculture
by fixing atmospheric nitrogen through symbiotic relationships with
Rhizobium bacteria, thereby improving soil fertility and reducing the
need for chemical fertilizers (Zheng et al., 2023; Yadav et al., 2024).

However, mungbean production faces several challenges, including
pest infestations and diseases that significantly impact yield and quality.
Field and storage pests such as bruchid beetles, aphids, and thrips pose
serious threats, causing substantial losses and compromising seed quality
(Choudhary et al., 2024). Diseases like powdery mildew and yellow
mosaic virus also have the potential to devastate crops if not effectively
managed (Dhaliwal et al., 2023; Sunani et al., 2024). Climatic stresses
including drought, excessive rainfall, and temperature fluctuations,
further affect plant growth and yield, highlighting the need for climate-
resilient practices (Pratap et al,, 2021; Chaudhary et al., 2022). Access to
high-quality seeds and knowledge of optimal agronomic practices remain
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major constraints, particularly in developing regions, leading to lower
yields and increased vulnerability to pests and diseases (Islam et al., 2024;
Vaghefi et al., 2024; Sanderson, 2024; Legumes et al., 2024).

The global overuse of pesticides has become a pressing issue,
contributing to numerous environmental, health, and economic
challenges. Excessive pesticide application has led to pesticide resistance
in pests, contamination of water and soil, and adverse effects on non-target
organisms, including beneficial insects, wildlife, and human health
(Ahmad et al,, 2024; Kaur et al., 2024; Tudi et al,, 2021). In many regions,
particularly in developing countries, the reliance on chemical pesticides
for pest management in agriculture continues to rise, driven by their
immediate effectiveness and availability (Pathak et al., 2022; Zhou et al,,
2025). However, this unsustainable use raises serious concerns regarding
long-term sustainability and food security (Wang et al., 2021). Research
into alternative pest control measures, such as botanical extracts and
biological pesticides, is increasingly important as a means of reducing
dependence on synthetic chemicals (Ayilara et al., 2023; Lengai et al.,
2020; Ngegba et al., 2022). This approach aligns with global efforts to
promote sustainable agricultural practices and minimize the harmful
impacts of pesticide overuse. For instance, Reddy et al. (2024) in their
work on pesticide regulation and policies in India emphasize the urgent
need for effective regulation and adoption of safer, alternative pest
management strategies. Such research highlights the relevance of
exploring natural alternatives to ensure a more environmentally friendly
and sustainable approach to pest control in the agricultural sector.

Given these challenges, effective pest management is important for
improving mungbean production. While traditional chemical pesticides
are effective, they pose environmental and health risks, underscoring the
need for sustainable alternatives. Botanical extracts, derived from plants
with insecticidal properties, present a promising solution (Dassanayake
etal, 2021). These extracts are eco-friendly, biodegradable, and generally
safer for humans and non-target organisms compared to synthetic
pesticides. Additionally, their complex mixtures of active compounds
reduce the likelihood of pest resistance (Ngegba et al., 2022). Research
into the efficacy of botanical extracts, such as neem, garlic, and
pyrethrum, shows potential for managing mungbean pests effectively
(Pumnuan et al., 2021; Rai and Jolly, 2024). Despite their promise,
challenges such as variability in efficacy, limited availability, and lack of
standardized formulations need to be addressed. Further research,
development, and scaling up of production and distribution are
necessary to overcome these hurdles (Jacquet et al., 2022; Souto et al.,
2021). Therefore, overcoming the constraints on mungbean production
through innovative pest management strategies, like botanical extracts,
is essential for enhancing mungbean productivity and sustainability
against field and postharvest losses. As research advances, these
eco-friendly solutions could significantly impact mungbean cultivation,
contributing to global food security and agricultural resilience.

2 Materials and methods
2.1 Description of the study sites

The research was conducted at two important agricultural sites in
northern Tanzania: the Selian Agricultural Research Institute (TARI
Selian) in Arusha and the Miwaleni farm, managed by the Tropical
Pesticides Research Institute (TPRI) in Moshi. TARI Selian is located
in the Arumeru district of the Arusha region, at coordinates 03° 22’ S
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latitude and 40° 10" E longitude, and is situated at an altitude of 1,378
meters above sea level. This site experiences a tropical highland climate
with distinct wet and dry seasons, which is ideal for agricultural
research and production. The average annual temperature is around
19.2°C, providing a relatively cool environment suitable for various
crops. The area receives an average annual rainfall of 1,103 mm,
primarily during the wet season from March to May, which is crucial
for crop growth. The dry season, from June to October, is characterized
by reduced rainfall and higher temperatures, requiring effective water
management to maintain agricultural productivity. The soils at TARI
Selian are primarily volcanic, known for their fertility and high organic
matter content, making them ideal for crops like mungbean due to
their loamy texture, good drainage, and moisture retention.

In contrast, the Miwaleni farm is located in the Moshi district of
the Kilimanjaro region, at coordinates 03° 25" 19.7” S latitude and 37°
26" 59.0” E longitude, and is at a lower altitude of 736 meters above sea
level. Miwaleni has a unique microclimate with a moderate annual
temperature of about 23°C, slightly warmer than TARI Selian. The
area receives approximately 950 mm of rainfall annually, distributed
in two rainy seasons, the long rains from March to May and the short
rains from October to December. This bimodal rainfall pattern
supports multiple planting and harvesting periods, enhancing
agricultural productivity. The soils at Miwaleni are primarily alluvial,
formed from volcanic ash and lava from Mount Kilimanjaro. These
well-drained soils are rich in minerals and organic matter, ideal for
high-yielding crops like mungbean. The soil texture varies from sandy
loam to clay loam, each offering specific benefits in terms of water
retention and aeration, which are crucial for healthy crop growth.

2.2 Experimental materials and preparation

The mungbean variety “Imara” used in this study was sourced
from the Tanzania Agricultural Research Institute (TARI) Ilonga in
Morogoro. This variety was selected for its adaptability to local
conditions and its high yield potential, known for its reliability and
quality. Alongside the mungbean seeds, botanical plant materials were
collected from various locations in the Kilimanjaro region, including
Same, Mwanga, Usangi, Kisangara, and Ugweno. These sites were
chosen for their rich biodiversity and the presence of native plant
species with recognized pesticidal and growth-promoting properties.

Following collection, fresh leaves of the selected botanical plants
were carefully dried in the shade to preserve their active compounds.
The dried leaves were then ground into a fine powder, which was
mixed with water at various concentrations to create a 16-liter solution.
The solution was allowed to soak overnight and was then filtered to
eliminate particulate matter. This prepared plant extract solution was
applied to the mungbean plots via spraying, with applications made at
seven-day intervals throughout the growing season.

2.3 Experimentation

2.3.1 Field experiment

The study employed a randomized complete block design with
three replications. The experiments utilized four types of insecticidal
plants (i.e., Four plant extracts Tephrosia vogelii, Clutia abbsynica,
Clausena anisata, and Lobelia gibelloa). The concentrations of
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botanical extracts used in the experiment were tested at four different
application rates for each plant, namely 0, 0.1, 1, and 10%, with the
corresponding weight equivalents in grams being 0, 0.1, 1, and 10 g
for each botanical treatment. The botanicals were sprayed at seven-day
intervals, starting from emergence and continuing until the plants
reached maximum maturity, ready for harvest. However, the means of
the results from the collected data were pooled based on the botanical
type to facilitate comparisons across the different plant treatments.
The research was conducted during the primary mungbean cropping
season from March to August 2020, coinciding with the rainy season
in the study areas. Figure 1 shows the trends in rainfall and
temperature throughout the experimentation period.

Field preparations, including plowing and harrowing, were
completed in March before planting. Each experimental plot measured
3 m by 3 m and was arranged with six rows. To minimize interference,
plots were separated by 1 m, and replications were spaced 1.5 m apart.
Planting followed recommended spacing guidelines: rows were set
50 cm apart, and seeds were sown 20 cm apart within each row. Each
hill contained two seeds, resulting in 30 plants per row and 180 plants
per plot. This planting density translated to approximately 200,000
plants per hectare. For data collection, four designated rows within
each plot were monitored.

The study collected data on pest populations and mungbean plant
growth and yield to evaluate the effectiveness of different plant
extracts. Pest counts were recorded for five types of insects: leaf
beetles, thrips, aphids, whiteflies, and pod borers. In addition to pest
data, the study assessed plant growth and yield parameters to
understand the overall effects of the plant extracts on mungbean
productivity. Key growth metrics included the number of days to 50%
maturity, which indicated how quickly the plants reached maturity
under different treatments. Plant height was measured to gauge the
health and vigor of the plants. The number of pods per plant provided
insights into the plant’s productivity, while the seed yield per pod and
the 100-seed weight reflected seed development and quality.
Furthermore, seed yield was measured to evaluate the overall
productivity of the crop.

2.3.2 Seed storage

The study was designed to evaluate the effectiveness of the same
botanical treatments and application rates (used in the field
experiment) in preserving seed quality over time. Besides these
botanicals, the chemical pesticide Actelic Shumba dust was used as a
positive control. In addition, a control group of non-treated seeds was
included to establish a baseline for comparison. Each treatment
(except positive control) was applied at three different application
rates: control, 250, and 500 g. At the start of the experiment, the
moisture content of the mungbean seeds was standardized at 13%
across all groups to ensure uniform conditions. The initial seed weight
was recorded for each group by weighing 500 seeds, and the seeds
were examined for their initial condition. The seeds were then stored
under controlled conditions, with periodic assessments to evaluate the
impact of the treatments on seed quality. The parameters measured
during the experiment included seed damage, the average number of
holes per seed, and weight changes throughout the storage period.

Seed damage was assessed by calculating the percentage of
damaged seeds, while the average number of holes per seed was
recorded as an indicator of pest-related damage or other forms of
degradation. After the storage period, the seeds were reweighed to
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FIGURE 1

Climatic conditions recorded at the study sites, (A) Miwaleni and (B) TARI Selian, throughout the experimental period (January to December 2020).
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determine changes in weight (Equation 1), and the percentage weight
loss was also computed (Equation 2).

Total weight loss = Initial weight — Final weight (1)

Total weight loss

x100 (2)

Percentage weight loss =
Initial weight

2.4 Statistical data analysis

A two way analysis of variance (ANOVA) was performed with
sites considered as primary factors, while botanical treatments were
analyzed as secondary factors. In addition, the study employed
multivariate Principal Component Analysis (PCA) to evaluate the
effects of botanical extracts on insect diversity, mungbean
performance, and storage pests across two distinct sites: TARI-Selian
and Miwaleni. PCA facilitated the identification of key components
that explained the variance in plant growth, insect populations, and
pest parameters, offering a detailed understanding of site-specific
impacts. The analysis also involved calculating eigenvalues and
variance percentages for each PC to assess the significance of botanical
treatments and their interactions with environmental factors. This
approach allowed for a clear identification of the most influential
variables, such as seed damage, insect populations, and yield
components. ANOVA was conducted using GenStat software (20th
Edition), and PCA was performed with Past4.03.exe software.

To analyze the data on seed storage quality, a two-way ANOVA
was conducted to evaluate the effects of both the botanical treatments,
application rates and their interaction on seed quality over time. The
replicate means for the data from seed storage quality assessments,
including the percentage of damaged seeds, average number of holes
per seed, and weight changes, were pooled based on the botanical
treatment types for comparison. Significant main effects and
interactions were tested, and post-hoc Tukey’s Honest Significant
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Difference (HSD) test was used to determine specific differences
between treatment groups. The significance level for all statistical tests
was set at p < 0.05. These analyses were performed using Genstat
software (20th Edition).

3 Results
3.1 Field work

3.1.1 Influence of plant extracts on field insects of
mungbean

The results indicated significant variations in the effectiveness of
different plant extracts on mungbean production, particularly
regarding insect pest management and post-harvest losses (Table 1).
At the Miwaleni site, the diversity of leaf beetles was recorded as 3.4,
while at the SARI Selian site, it was slightly higher at 3.5. For other
pests such as thrips, aphids, whiteflies, and pod borer, the diversity
values were similar across both sites. Statistical analysis showed a
significant (p = 0.047) difference in leaf beetle diversity between sites.
In contrast, the diversity for other pests was not significantly different
between the sites (p-values ranging from 0.504 to 0.743). Regarding
plant extracts, C. anisata resulted in the highest diversity across all
pest categories, with values such as 3.5 for leaf beetles, 3.4 for thrips
and whiteflies. This contrasted with L. gibelloa, which had the lowest
diversity values, such as 3.3 for leaf beetles and 3.1 for thrips,
suggesting it was more effective in managing pest populations. The
differences among these plant extracts were highly significant
(p < 0.001).

The Principal Components Analysis (PCA) explored the impact
of plant extracts on mungbean production parameters and pest
presence (Table 2). The first principal component (PC 1) explained
99.51% of the variance at the Miwaleni site and 88.67% at the SARI
Selian site. This component revealed that extracts like C. anisata and
C. abbsynica had strong associations with variations in parameters
such as seed yield per hectare, which was positively correlated (factor
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TABLE 1 Insect pests recorded in mungbean fields for the studied sites and botanics.

Factors Factor levels Insects
Leaf beetle Thrips Aphids Whiteflies Pod borer
Sites
Miwaleni 3.4b 3.3a 3.14a 3.3a 2.6a
SARI Selian 3.5a 3.3a 3.16a 3.3a 2.6a
LSD(0.05) 0.08 0.11 0.17 0.08 0.07
p-value 0.047 0.61 0.743 0.504 0.073
Botanics
T. vogelii 3.4ab 3.2bc 3.14ab 3.3ab 2.5bc
C. abbsynica 3.5a 3.3b 3.19a 3.3ab 2.6b
C. anisata 3.5a 3.4a 3.22a 3.4a 2.7a
L. gibelloa 3.3b 3.1c 3.1b 3.2b 2.5¢
LSD(0.05) 0.09 0.08 0.08 0.08 0.06
p-value <0.001 <0.001 0.003 0.002 <0.001

LSD, Least significant differences of means. Means along the same column within a specific category of factor levels and measured variable sharing different letter (s) differ significantly at
p<0.05.

TABLE 2 The principle components (PCs) of plant extracts, measured parameters in mungbean plants, and field insect pests in Miwaleni and TARI Selian
sites.

TARI Selian site

Miwaleni site

Factor scores PC2 PC2

C. abbsynica —18.36 —-0.89 —2.35 23.45 36.06 —0.11
C. anisata —72.28 1.74 1.15 —100.96 —4.73 —-1.96
L. gibelloa 62.31 3.93 0.19 62.27 —-17.97 —4.83
T. vogelii 28.34 —4.78 1.01 15.25 —13.36 6.90
Loading factors

Days 50% Maturity 0.028 0.803 0.541 0.0687 0.1552 0.9068
Plant height —0.025 0.178 —0.093 0.0288 0.0203 —0.3847
Pods/plant 0.053 —0.563 0.766 0.0295 —0.0329 —0.0904
Seed yield/pod 0.007 0.060 —0.080 0.0817 0.9829 —0.1417
100 Seed weight 0.003 0.010 0.021 0.0011 —0.0036 0.0068
Seed yield/plant 0.012 —0.058 —0.319 0.0050 —0.0004 —0.0002
Seed yield/ha 0.998 0.012 —0.054 0.9934 —0.0912 —0.0373
Leaf beetle —0.001 —0.012 0.015 —0.0014 0.0030 —0.0016
Thrips —0.002 0.002 0.010 —0.0015 0.0020 —0.0014
Aphids —0.001 —0.003 0.013 —0.0005 0.0024 0.0052
White flies —0.001 —0.002 0.005 —0.0008 0.0012 0.0029
Pod borer —0.002 0.009 0.019 —0.0004 0.0013 —0.0009
Eigenvalue 3415.38 14.06 2.64 4951.09 608.00 24.95
% variance 99.51 0.41 0.08 88.67 10.89 0.45

score close to 1.00) with PC 1. C. anisata had scores of —72.28 at
Miwaleni and —100.96 at SARI Selian for PC 1, indicating a
strong influence on the variance in mungbean production and
pest presence.

The PC 1 captures the vast majority of the variance in the data,
accounting for 98.217% of it, indicating that it is the dominant factor
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in explaining the variation in mungbean postharvest losses (Table 3).
Factors such as T. vogelii and Actelic Shumba dust, with negative scores
on PC 1, are associated with lower postharvest losses, suggesting these
factors mitigate damage or losses in mungbean grains. Conversely,
factors like C. anisata and L. gibelloa, which have positive scores on
PC 1, are linked to higher postharvest losses. This is consistent with
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the factor loadings showing that variables such as seed damage
percentage and total weight loss are strongly associated with PC 1,
indicating that greater seed damage and higher weight loss correlate
with higher values on this component. The scatter plot in Figure 2
would likely demonstrate this pattern by clustering factors with high
PC 1 scores in areas representing higher postharvest losses, while
factors with negative PC 1 scores appear in regions with lower losses.

Although PC 2 explains only 1.7827% of the variance, it still
reflects significant relationships, particularly regarding weight loss
percentage, which is more closely associated with PC 2. Factors that
positively influence PC 2, such as weight loss percentage, would
be positioned in regions of the scatter plot that correspond to higher

TABLE 3 The principle components (PCs) of plant extracts, measured
parameters in mungbean plants, and post-harvest losses of mungbean
grains.

Factor scores PC1 PC 2
T. vogelii —24.97 —1.62
L. gibelloa 31.89 8.09
C. anisata 52.96 —6.06
C. abbsynica —27.56 1.85
Actelic Shumba dust —-32.33 -227
Factor loadings

100 seed damage (%) 0.86 —0.51
Tunnels per seed 0.02 0.05
500 seed wt after storage (g) —-0.12 —0.20
Total wt loss (g) 0.12 0.20
Wt loss (%) 0.48 0.81
Eigenvalue 1562.38 28.36
% variance 98.22 1.78

10.3389/fsufs.2024.1495194

PC 2 values. Overall, managing postharvest losses in mungbean grains
should focus on factors influencing PC 1 due to its substantial impact,
with PC 2 providing additional, albeit less dominant, insights into
weight loss.

3.1.2 Relationship (correlations) among
parameters involved in the study

The correlation analysis revealed several significant
relationships among mungbean parameters at both TARI-Selian
and Miwaleni sites. At the TARI-Selian site, the analysis showed
that days to 50% maturity was positively correlated with seeds per
pod and seed yield per plant (r = 0.62), and seed yield per hectare
(r=0.61). This indicated that a longer period to reach 50% maturity
was associated with a higher number of seeds per pod and increased
seed yield. Conversely, days to maturity had weak negative
correlations with leaf beetle (r = —0.25), thrips (r = —0.40), and
whiteflies (r = —0.20), suggesting that extended maturity times were
linked to lower pest infestations, though these correlations were not
very strong.

Plant height showed strong positive correlations with pods per
plant (r = 0.72) and seed yield per plant (r = 0.71), indicating that
taller plants tended to produce more pods and higher seed yields.
However, taller plants were also associated with lower pest
pressures, as evidenced by strong negative correlations with leaf
beetle and aphids (r = —0.43) and thrips (r = —0.53). The number
of pods per plant was strongly positively correlated with seeds per
pod (r = 0.72) and 100 seed weight (r = 0.77), suggesting that more
pods per plant were related to higher seed weight and seed yield. It
also had very strong negative correlations with pests such as leaf
beetle (r = —0.93), thrips (r = —0.96), and whiteflies (r = —0.99),
indicating that more pods per plant were associated with fewer
pest infestations.

Seeds per pod was positively correlated with 100 seed weight

(r=0.85) and seed yield per ha (r=0.84), showing that a higher
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Scatter plot for PC 1 and PC 2 describing postharvest losses in mungbean grains.
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number of seeds per pod was linked to greater seed weight and yield.
Additionally, seeds per pod had very strong negative correlations with
leaf beetle (r=—0.95), thrips (r = —0.83), and aphids (r = —0.94),
suggesting that an increased number of seeds per pod was associated
with fewer pest problems. 100 seed weight demonstrated a strong
positive correlation with seed yield per ha (r = 0.96), indicating that
greater seed weight corresponded to higher yield per hectare. This
parameter also showed strong negative correlations with leaf beetle
(r=—0.71), thrips (r = —0.91), and whiteflies (r = —0.95), suggesting
that heavier seeds were associated with reduced pest infestations. Seed
yield per plant was strongly positively correlated with seed yield per
ha (r=0.77), reflecting that higher yields per plant contributed to
greater yields per hectare. It also had strong negative correlations with
leaf beetle (r = —0.56), thrips (r = —0.86), and aphids (r = —0.85),
indicating that higher seed yields per plant were linked to fewer pests.

At the Miwaleni site, days to 50% maturity had moderate positive
correlations with seeds per pod (r = 0.72) and 100 seed weight (r = 0.66).
However, it had a negligible correlation with seed yield per plant
(r=10.001), suggesting that maturity duration had little effect on plant
yield at this site. This parameter also showed a strong negative
correlation with leaf beetle (r = —0.78), indicating that longer maturity
periods were associated with fewer leaf beetles. Plant height was strongly
negatively correlated with pods per plant (r = —0.96) and seed yield per
ha (r=—0.90), suggesting that taller plants produced fewer pods and
had lower yields per hectare. However, plant height had strong positive
correlations with thrips (r = 0.91) and whiteflies (r = 0.85), indicating
that taller plants were more susceptible to these pests.

Pods per plant was strongly positively correlated with 100 seed
weight (r=0.70) and seed yield per ha (r = 0.78), reflecting that an
increase in pods per plant contributed to higher seed weight and yield
per hectare. Additionally, pods per plant had strong negative correlations
with thrips (r = —0.78) and pod borer (r = —0.80), suggesting that more
pods were associated with fewer pest infestations. Seeds per pod had
strong positive correlations with 100 seed weight (r = 0.85) and seed
yield per ha (r = 0.84), showing that an increase in seeds per pod was
linked to higher seed weight and yield. It also demonstrated very strong
negative correlations with leaf beetle (r = —0.97), aphids (r = —0.94),
and whiteflies (r = —0.90), indicating that a higher number of seeds per
pod was associated with fewer pest problems.

Result of 100 seed weight was very strongly positively correlated
with seed yield per ha (r = 0.96), suggesting that heavier seeds led to
greater yields per hectare. This parameter also exhibited strong negative
correlations with leaf beetle (r=-0.71), thrips (r=-0.91), and
whiteflies (r = —0.95), indicating that higher seed weight was related to
fewer pest infestations. Seed yield per plant had a strong positive
correlation with seed yield per ha (r=0.77), reinforcing the direct
relationship between yield per plant and yield per hectare. It also
showed strong negative correlations with leaf beetle (r = —0.56), thrips
(r=—0.86), and aphids (r = —0.85), suggesting that higher yields per
plant were associated with reduced pest problems (Tables 4, 5).

3.2 Storage quality of mungbean seeds
The storage quality of mungbean seeds was significantly

influenced by the type of botanical treatment, application rates, and
their interactions, as shown in Tables 6-8. These analyses provide key
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insights into the effectiveness of various botanicals in protecting seeds
from pest damage, weight loss, and deterioration during storage.

Number of holes per seed - the botanical treatments had a marked
effect on pest infestation. Seeds treated with T. vogelii and C. abbsynica
had significantly fewer holes per seed (0.6 and 0.5, respectively)
compared to other treatments, indicating superior protection against
pest damage. Conversely, untreated seeds exhibited the highest
number of holes (4.0), highlighting the necessity of botanical
treatments to mitigate pest-related damage. The post-hoc analysis in
Table 7 revealed significant differences between treatments, such as
the comparison between untreated seed (0 g), where T. vogelii showed
significantly fewer holes. This highlights the greater efficacy of
T. vogelii in reducing pest damage compared to other botanicals,
including L. gibelloa and C. anisata.

The total weight loss of seeds was also strongly influenced by the
botanical treatments. L. gibelloa (500 g) and untreated seed (0 g)
resulted in the highest weight losses, with L. gibelloa showing 11.72 g
and C. anisata 12.02 g. These botanicals likely contributed to greater
seed deterioration, possibly due to both pest damage and
environmental factors. On the other hand, untreated seed (0 g)
exhibited the lowest weight losses (2.06-3.87 g), suggesting that these
treatments were more effective at preserving seed weight. Notably, the
Actelic Shumba dust treatment, which served as a positive control,
also demonstrated relatively low weight loss (1.12 g across all rates),
indicating its dual role in both pest control and minimizing seed
deterioration. Non-treated seeds, as expected, showed the highest total
weight loss (14.14 g), emphasizing the crucial role of protective
treatments in maintaining seed quality.

The percentage weight loss further reflected the protective effects
of the botanicals. L. gibelloa (500 g) exhibited the highest percentage
loss (46.88%), followed by L. gibelloa (250 g) (45.44%) and C. anisata
(0 g) (48.08%). These results suggest that while these botanicals were
somewhat effective in pest management, they also contributed to
higher seed deterioration. In contrast, T. vogelii and C. abbsynica
resulted in significantly lower percentage losses (8.24 and 15.48%,
respectively), highlighting their effectiveness in preserving seed
quality while offering pest protection. The Actelic Shumba dust
treatment showed a low percentage weight loss of 4.44%, supporting
its role as an effective pest control treatment. Non-treated seeds
exhibited the highest percentage loss (56.72%), further emphasizing
the importance of using protective treatments during seed storage.

The post-hoc analysis (Table 7) provided deeper insights into the
statistical significance of these findings. For example, T. vogelii was
significantly different from L. gibelloa, C. anisata, and non-treated
seeds in terms of the number of holes per seed, with T. vogelii showing
fewer holes. In terms of total weight loss, L. gibelloa (500 g) was
significantly higher than both Actelic Shumba dust (500 g) and
non-treated seeds, highlighting its contribution to greater weight loss.
For percentage weight loss, significant differences were observed
between L. gibelloa (250 g) and Actelic Shumba dust (0 g), with
L. gibelloa showing a much higher percentage loss. This suggests that
both the type of botanical and the application rate play crucial roles in
determining seed quality outcomes.

These findings suggest that T. vogelii and C. abbsynica are the
most effective treatments for preserving seed quality during storage,
with minimal pest infestation and weight loss. They provide valuable
options for improving mungbean storage, especially in regions
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TABLE 4 Correlations among the measured parameters of mungbean in TARI-Selian site.
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Days 50% Plant Pods/ Seeds 100 seed Seed Seed Leaf Thrips Aphids White Pod
maturity height plant per pod weight yield yield beetle IES borer
per per ha
plant
Days 50% maturity 1
Plant height 0.14 1
Pods/plant 0.28 0.72 1
Seeds per pod 0.62 0.36 -0.13 1
100 seed weight 0.2 0.13 0.77 —0.57 1
Seed yield per plant 0.62 0.71 0.92 0.2 0.64 1
Seed yield per ha 0.61 0.71 0.92 0.2 0.65 0.99%## 1
Leaf beetle -0.25 -0.43 -0.93 0.39 -0.95 —0.82 —0.82 1
Thrips —0.4 -0.53 —0.96% 0.2 —0.89 —0.92 -0.92 0.98* 1
Aphids 0.32 -0.43 -0.79 0.67 -0.79 —0.49 -0.5 0.84 0.74 1
White flies -0.2 ~0.69 —0.99%% 0.23 -0.81 —0.88 —0.88 0.95% 0.96* 0.84 1
Pod borer —0.13 -0.29 —0.86 0.55 —0.98% -0.71 -0.71 0.98* 0.93 0.87 0.89 1

*Significant at 0.01 < p < 0.05 (1-5%); **Very significant at 0.001 < p < 0.01 (0.1-0.9%); ***Highly significant at p < 0.001 (< 0.01%).

TABLE 5 Correlations among the measured parameters of mungbean in Miwaleni site.

Days 50% Plant Pods/ Seeds 100 seed Seed Seed Leaf Aphids White Pod
maturity height plant per pod weight yield per yield beetle flies borer
plant per ha

Days 50% maturity 1

Plant height 0.14 1

Pods/plant 0.28 0.72 1

Seeds per pod 0.62 0.36 -0.13 1

100 seed weight 0.2 0.13 0.77 —-0.57 1

Seed yield per plant 0.62 0.71 0.92 0.2 0.64 1

Seed yield per ha 0.61 0.71 0.92 0.2 0.65 0.99%## 1

Leaf beetle -0.25 -0.43 -0.93 0.39 —0.95 —0.82 -0.82 1

Thrips —0.4 -0.53 —0.96% 0.2 —0.89 —-0.92 -0.92 0.98 1

Aphids 0.32 -0.43 -0.79 0.67 —0.79 —0.49 -0.5 0.84 0.74 1

White flies —0.2 —0.69 —0.99% 0.23 —0.81 —0.88 -0.88 0.95% 0.96* 0.84 1

Pod borer —0.13 -0.29 -0.86 0.55 —0.98% -0.71 -0.71 0.98 0.93 0.87 0.89 1
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TABLE 6 Effect of botanicals, application rates and their interactions on mungbean seed storage quality.

Treatments *Seed measured variables
Botanicals Rates (g) Number of holes Total weight Percentage loss in weight
per seed loss (g)
T. vogelii 0 0.6 (a) 2.06 (a) 8.24 (a)
250 0.6 (a) 2.08 (a) 8.32 (a)
500 0.1 (b) 2.26 (a) 9.04 (a)
L. gibelloa 0 23 (0) 9.67 (b) 38.68 (b)
250 2.1(c) 11.36 (b) 45.44 (b)
500 1.8 (c) 11.72 (b) 46.88 (b)
C. anisata 0 2.0 (¢) 12.02 (b) 48.08 (b)
250 1.5 (d) 9.78 (b) 39.12 (b)
500 1.5 (d) 9.93 (b) 39.72 (b)
C. abbsynica 0 0.5 (a) 3.87 (a) 15.48 (a)
250 0.4 (a) 26 (a) 104 (a)
500 0.4 (a) L11 (a) 4.4 (a)
Actelic Shumba dust 0 0.4 (a) L11 (a) 4.4 (a)
250 0.4 (a) 1.12 (a) 448 (a)
500 0.4 (a) 112 (a) 4.48 (a)

*Groups with different letters within a column are significantly different from each other.

where pest pressure is a significant concern. In contrast, L. gibelloa
and C. anisata, especially at higher application rates, may be less
effective, as they resulted in higher seed weight loss and pest damage.
The post-hoc analysis further emphasizes the importance of
treatment choice and application rate, highlighting the need for
careful selection based on the desired outcome in seed preservation.
The significant differences between treatments also underline the
importance of integrated pest management strategies, where
botanicals can be combined with other methods to optimize seed
storage quality.

4 Discussion
4.1 Seed storage-based findings

The storage quality of mungbean seeds is significantly influenced
by the application of botanical treatments, which play a vital role in
reducing pest damage, preventing weight loss, and maintaining seed
viability. The results clearly show that T. vogelii and C. abbsynica are
the most effective treatments for preserving seed quality during
storage. These botanicals provided significant protection against pest
infestations, as evidenced by the considerably lower number of holes
per seed compared to other treatments, including untreated seeds.
Both botanicals exhibited strong pest-repellent properties among
others, which is critical to mitigating the harmful impacts of
storage pests.

The reduced pest damage observed in seeds treated with T. vogelii
suggests that this botanical has particularly effective pest control
properties, making it a suitable option for preserving seed quality. This
result is consistent with findings by Siame et al. (2019), who
demonstrated that T. vogelii is effective against ticks on naturally
infested cattle in the field condition. In our study, the lower number
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of holes per seed in T. vogelii-treated samples implies that this
botanical helps reduce pest infestation, which can otherwise lead to
significant seed loss. These results align with previous findings on the
insecticidal properties of T. vogelii (Mkindi et al., 2019; Nenotek and
Ludji, 2020; Zhang et al., 2020), further supporting its potential as an
eco-friendly alternative to chemical insecticides in seed preservation.
The lower infestation rates in seeds treated with T. vogelii also indicate
that it can effectively reduce the frequency of pest-related seed loss,
improving the overall quality of stored mungbean seeds.

In contrast, other botanicals such as L. gibelloa and C. anisata
showed less favorable outcomes, particularly when applied at higher
rates. These botanicals contributed to greater seed deterioration, as
reflected by higher weight loss and pest damage. L. gibelloa, in
particular, led to significant weight losses, which could be attributed
to either its phytotoxic effects or its inability to adequately control
pests at the tested application rates. Similar findings were observed by
other researchers using botanical extracts. A study by Rys and
Skoczowski (2021) highlighted that botanical extracts with high
allopathic potential, such as Salvia officinalis (sage) and Helianthus
annuus (sunflower), inhibited weed growth but also affected the
germination and metabolic processes of crops like Sinapis alba (white
mustard) and Brassica napus (oilseed rape), suggesting the need for
careful selection of extracts to avoid crop damage. Ndebugri et al.
(2024) found that botanical extracts, including neem seed powder and
rice husk powder, effectively controlled Sitophilus zeamais (maize
weevil) in stored maize, with rice husk powder achieving 85%
mortality, offering an eco-friendly option for post-harvest pest control.
Adesina and Aderibigbe (2021) demonstrated that Secamone afzelii
extracts reduced Rhyzopertha dominica (lesser grain borer) infestation
and weight loss in stored wheat, without affecting germination,
indicating their potential as natural grain protectants. These studies
collectively show the efficacy of botanical extracts in pest management
and seed preservation, providing sustainable alternatives to synthetic
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TABLE 7 Post-hoc analysis (Tukey’'s HSD) for number of holes per seed, total weight loss, and percentage weight loss by botanical treatment and application rate.

Comparison

T. vogelii (0 g) vs.
T. vogelii (250 g)

Diff. in
means

Number of holes per seed

Lower

Cl

Upper

Cl

0.2

p-value

avs.a

0.02

Total weight loss (g)

Lower CI

—0.02

Upper CI

0.06

p-value

0.4

avs.a

Diff. in
means

0.08

Percentage weight loss (%)

Lower CI

—0.24

Upper CI

0.4

p-value

0.6

avs.a

T. vogelii (0 g) vs.
T. vogelii (500 g)

0.5

0.3

0.7

<0.001

0.2

0.1

0.3

<0.001

avs.b

0.8

0.3

1.3

<0.01

avs.b

T. vogelii (250 g)
vs. T. vogelii

(500 g)

0.5

0.3

0.7

<0.001

avs.b

0.18

0.08

0.28

<0.001

avs.b

0.7

0.3

1.1

<0.01

avs.b

L. gibelloa (0 g)
vs. L. gibelloa
(250 g)

bvs.b

0.8

2.6

<0.001

bvs.c

7.5

3.8

<0.001

bvs.c

L. gibelloa (0 g)
vs. L. gibelloa
(500 g)

-0.5

<0.001

bvs.c

2.1

12

<0.001

bvs.c

8.2

45

11.9

<0.001

bvs.c

L. gibelloa (250 g)
vs. L. gibelloa
(500 g)

-0.3

<0.001

0.4

—0.1

0.9

0.1

CcvVs.C

0.7

1.6

0.1

Ccvs.C

C. anisata (0 g)
vs. C. anisata

(250 g)

0.5

0.3

0.7

<0.001

2.3

14

3.2

<0.001

cvs.d

6.2

2.6

9.8

<0.001

cvs.d

C. anisata (0 g)
vs. C. anisata

(500 g)

0.5

0.3

0.7

<0.001

2.1

12

<0.001

cvs.d

2.5

9.5

<0.001

cvs.d

C. anisata (250 g)
vs. C. anisata

(500 g)

0.2

dvs.d

0.2

0.3

dvs.d

1.7

0.9

dvs.d

C. abbsynica (0 g)
vs. C. abbsynica
(250 g)

0.1

0.3

0.6

0.6

<0.001

evs.

2.2

7.8

<0.001

evs. f

C. abbsynica (0 g)
vs. C. abbsynica
(500 g)

0.1

0.3

0.6

evs.e

2.8

2.1

35

<0.001

evs.g

11

8.2

13.8

<0.001

evs.g

C. abbsynica
(250 g) vs. C.
abbsynica (500 g)

0.2

evs.e

0.7

2.3

<0.001

fvs.g

5.9

3.2

8.6

<0.001

fvs.g

(Continued)
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TABLE 7 (Continued)

Comparison

A. Shumba (0 g)
vs. A. Shumba
(250 g)

Diff. in
means

Number of holes per seed

Lower Upper p-value
Cl

fvs. f

Total weight loss (g)

Lower CI

Upper CI

0.1

p-value

gvs.g

Lower CI

Percentage weight loss (%)

Upper CI

0.1

p-value

gvs.g

A. Shumba (0 g)
vs. A. Shumba
(500 g)

fvs. f

—0.1

0.1

gvs. g

0.1

gvs.g

A. Shumba
(250 g) vs. A.
Shumba (500 g)

fvs. f

—0.1

0.1

gvs.g

0.1

gvs.g

TABLE 8 ANOVA for number of holes per seed, total weight loss, and percentage loss in weight, showing the effects of replication, botanicals, application rates, and their interactions.

Number of holes per seed

Total weight loss

Percentage loss in weight

Source of m.s. V.I. p-value m.s. V.I. m.s. V.I. p-value
variation
Replication 2 2 1 3 0.05 12.5 6.25 45 0.015 152 7.6 35 0.043
Botanicals 5 25 5 6.5 <0.001 150 30 8 <0.001 102.5 20.5 43 0.003
Rates 2 4 2 26 0.09 25 12,5 3.8 0.032 25 12,5 2.8 0.025
Botanicals x Rates 10 8 0.8 12 0.28 50 5 1.3 0.266 20 2 0.45 0.83
Residuals 34 20 0.59 102 3 80 2.35
Total 53 59 339.5 2427
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pesticides. However, their impact on crops requires careful evaluation
to ensure effective and safe use.

Furthermore, C. anisata while somewhat effective in pest
management, also resulted in higher weight loss, suggesting that its
protective effect may not be as robust as that of T. vogelii and
C. abbsynica. The use of L. gibelloa, especially at higher doses, may
require caution, as it could cause unintended damage to the seeds,
highlighting the importance of optimizing application rates for
effective pest control without compromising seed quality.

The positive control treatment, Actelic Shumba dust, also
demonstrated low weight loss, which is consistent with studies by
Idrees et al. (2022) and Mubayiwa et al. (2021), who found that
synthetic insecticides are effective in controlling storage pests and
preserving seed quality. However, the concern with using such
chemicals is their environmental impact and potential health risks. As
a result, the use of botanicals like T. vogelii and C. abbsynica provides
a sustainable and safer alternative to conventional insecticides. Idrees
et al. (2022) found that broflanilide and abamectin were the most toxic
insecticides against Spodoptera frugiperda larvae, with the highest
toxicity indices of 100 and 78.29%, respectively. These insecticides
were followed by cypermethrin and bifenthrin. While synthetic
insecticides were effective in controlling the fall armyworm, their use
poses health and environmental risks, including potential
contamination of soil and water, as well as adverse effects on
non-target organisms. These drawbacks highlight the need for further
research into safer, more sustainable pest control methods, such as
biopesticides or integrated pest management strategies.

Mubayiwa et al. (2021) highlighted that hermetic storage
technologies, such as Purdue Improved Crop Storage bags, GrainPro
Super Grainbags, and metal silos, were significantly more effective
than synthetic pesticide treatments in preventing grain damage,
weight loss, and insect infestations in sorghum stored under hot, arid
conditions. Hermetic storage resulted in less than 3% weight loss,
while pesticide-based treatments caused greater losses. Importantly,
the use of hermetic storage avoids the health risks associated with
synthetic pesticide exposure to both humans and the environment.
These findings demonstrate that hermetic storage is a more sustainable
and eco-friendly alternative, providing a safer option for smallholder
farmers in arid regions while enhancing food security.

However, the findings emphasize the importance of selecting the
right botanical treatment and applying it at the appropriate rate. While
T. vogelii and C. abbsynica showed promising results, botanicals like
L. gibelloa and C. anisata may be less effective, especially at higher
doses, due to their potential negative impact on seed quality. Similar
results were reported by Ogbonnaya et al. (2022), who found that
excessive application rates of certain botanicals caused seed
phytotoxicity, leading to reduced seed viability. Ogbonnaya et al.
(2022) found that botanical insecticides, including azadirachtin,
myristicin, and a-humulene, effectively protected cowpea seeds from
Callosobruchus maculatus with lower phytotoxicity than chlorpyrifos.
Seeds treated with botanical insecticides showed less seed damage, as
indicated by lower electrical conductivity of leachate and reduced
malondialdehyde levels. Moreover, fewer embryos were damaged in
treated seeds. These botanicals offer an eco-friendly alternative to
synthetic insecticides, although varietal sensitivity should guide their
use for optimal seed protection. It is essential to determine optimal
application rates for each botanical to achieve effective pest control
while preserving seed integrity. This calls for further research to
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optimize the concentrations and formulations of botanical treatments,
ensuring their maximum efficacy and minimal side effects on
seed quality.

The findings provide valuable insights for improving mungbean
seed storage, particularly for smallholder and commercial farming
systems. The use of T. vogelii and C. abbsynica as natural alternatives
to synthetic pesticides offers an environmentally friendly and
sustainable approach to pest management. These botanicals can
be applied in various ways, such as dusting, coating, or spraying,
depending on local conditions. Combining them with other pest
control strategies, including proper seed handling, storage conditions,
and sanitation, can further enhance seed storage effectiveness.
Particularly in regions with long storage periods and high pest
pressure, T. vogelii and C. abbsynica can be integral components of
integrated pest management (IPM) strategies. These botanicals help
reduce reliance on chemical pesticides, which are costly, harmful to
the environment, and pose health risks. The reduced weight loss and
pest damage observed in treated seeds indicate that T. vogelii and
C. abbsynica can help maintain seed quality, ensuring higher
germination rates and seed viability.

Farmers can improve seed storage by integrating these botanical
treatments into a broader strategy to reduce pest damage, minimize
weight loss, and extend seed viability. This approach not only reduces
post-harvest losses but also lessens environmental contamination
caused by chemical pesticides. Additionally, T. vogelii and C. abbsynica
could be valuable in organic farming systems, where synthetic
chemicals are often restricted or undesirable.

4.2 Field-based findings

The study elucidates the complex interactions between
environmental conditions, botanical treatments, and pest diversity
in mungbean cultivation. Significant differences in insect diversity
between TARI Selian and Miwaleni show the influence of local
climatic and soil conditions on pest populations. The effectiveness
of various plant extracts in controlling pest populations varied
notably between the sites. C. anisata was particularly effective
against a broad range of insects, including thrips, aphids, and
whiteflies, indicating its potential as a key component in integrated
pest management (IPM) strategies (Tomi et al., 2019; Liao et al,,
2023). The significant interaction between site and botanical
treatments suggests that the efficacy of these extracts is influenced
by environmental conditions. For instance, C. anisata showed high
effectiveness at TARI Selian, while T. vogelii performed better at
Miwaleni (Smith et al., 2021). This variability underscores the
necessity for pest management approaches tailored to specific agro-
ecological contexts (Jabran et al.,, 2018).

Robust statistical analyses, including PCA, provided valuable
insights into the significant effects of site, botanical treatments, and
their interactions on insect diversity (Johnson et al., 2021). These
findings align with the principles of IPM, which advocate for diverse
control methods adapted to local conditions (Gurr et al., 2017). Data
highlight the importance of site-specific strategies and how different
factors and their interactions influence pest populations. For instance,
the interaction between site and botanical treatments, as indicated by
a p-value of 0.001 for pod borer, reveals that certain treatments may
be more effective in specific environments (Nguyen et al., 2022).
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Variance analysis further demonstrated the significant impact of
botanical treatments on pest populations, with an F probability for
thrips of <0.001 indicating a highly significant effect (Harrison and
Davis, 2023).

The implications for sustainable agriculture are profound. Plant
extracts offer a promising alternative to synthetic pesticides, reducing
chemical loads in the environment and minimizing harm to
non-target organisms (Benbrook, 2021; Wilkins et al, 2019).
Incorporating effective botanicals like C. anisata into pest management
strategies can enhance crop protection while maintaining ecological
balance (Li et al., 2022). Moreover, the study revealed that botanical
extracts not only manage pests but also improve the storability of
mungbean seeds by reducing damage and weight loss during storage
(Jin et al., 2023). Notably, T. vogelii was found to be comparable in
effectiveness to Actitelic Shumba, a synthetic chemical, in managing
postharvest losses of mungbean grains. This comparison highlights
the potential of T. vogelii as a viable alternative to conventional
chemical treatments for postharvest pest control.

This dual benefit shows the comprehensive value of botanical
extracts in both field and post-harvest management. Future
research should focus on elucidating the mechanisms behind the
differential effectiveness of plant extracts and their long-term
impacts on soil health and non-target organisms (Cheng and
Cheng, 2015). The knowledge gained from this study will
be instrumental in guiding resilient and sustainable farming
practices (Wang et al., 2023).

10.3389/fsufs.2024.1495194

4.3 Theory of change for scaling botanicals
in mungbean pest control and storage

The Theory of Change (ToC) framework for scaling botanical
extracts like T. vogelii and C. abbsynica for mungbean pest
management and seed storage focuses on expanding their adoption
among smallholder and commercial farmers (Figure 3). The objective
is to reduce dependency on synthetic pesticides, improve pest control
in the field, and enhance seed storability, contributing to better food
security and environmental sustainability.

Key inputs for the ToC include research on the effectiveness of
botanical extracts, farmer training, policy support, and incentives for
natural pest control. Pilot projects can demonstrate their efficacy
across diverse agro-ecological zones, while local agricultural extension
services can train farmers on proper preparation and application
(Antwi-Agyei and Stringer, 2021). Partnerships with NGOs,
agricultural associations, and government bodies are important to
raise awareness and provide technical support (Fontana and
Pisalyaput, 2023). The development of local supply chains for botanical
extracts ensures consistent access for farmers.

The expected outputs are widespread adoption of botanical pest
management practices, increased availability of quality botanical
extracts, and stronger policy frameworks that support natural pest
control (Acheuk et al., 2022; Daraban et al., 2023; Ratto et al., 2022).
This will lead to improved pest control in the field and better seed
viability, resulting in higher crop yields and enhanced food security.

e Establishment of local production and
supply chains for botanical extracts

(1) Research evidence 2) Inputs (Resources)
* Research on the effectiveness of botanical e Availabilityof botanical extracts
extracts -
» Iientification of successfil pilot studies ¢ Research findings and best practices
¢ Farmer training and capacity-building
I3 Activities "I Outp ¢ Policy support and incentives
e Pilot projects to test effectiveness in ¢ Increased farmer awareness and
different agro-ecological zones knowiedge
e Training farmers on preparation and « Adoption of botanical pest management
application practices
 Engaging agricultural extension ¢ Availability of high-qualitybotanical
services for dissemination extracts

« Stronger policy support for natural pest
control

¢ Demonstrated reduction in pest damage

———

(5) Short-term outcomes

e Widespread adoption of botanical
extracts for pest control and seed
storage

¢ Improved pest managementin the
field

e Better seed storability leading to
higher yields

e Reduced pesticide use and lower
environmental and health risks

FIGURE 3

and improved seed viability

ﬂ Long-term Impact

¢ Shift towards environmentally friendly
agricultural practices

¢ Enhanced resilience of farming systems
and public health

¢ Strengthened food security through
improved seed quality and productivity

Long-term outco!

e Improved food security through better yields
and reduced post-harvest losses

e More sustainable farming practices (soil
health, reduced pesticide use)

¢ Increased adoption of botanical pest control
in integrated pest management systems

(8) Feedb ack loops (Ov ercoming bottlenecks)
Increase farmer awareness through education and
outreach
Encourage local production of extracts to ensure

supply

Provide subsidies and incentives for adoption

Advocate for policy reforms to ease financial barriers

An illustration showing theory of change for scaling botanicals in mungbean pest control and storage.
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Reducing reliance on synthetic pesticides will decrease environmental
contamination and health risks for farmers (Cheze et al., 2019).

In the long run, these initiatives contribute to sustainable
agricultural practices, improving soil health, and reducing the carbon
footprint. By integrating botanical pest management into broader
Integrated Pest Management (IPM) systems, sustainability is further
promoted, which improves crop resilience, reduces post-harvest
losses, and ensures long-term productivity (Galli et al., 2024; Green
et al.,, 2020; Pretty and Bharucha, 2015).

However, challenges may arise in scaling up these solutions.
Research by Reddy et al. (2021) highlights the distress faced by farmers
due to factors like climate variability and low risk-bearing capacity.
These setbacks make it critical to tailor distress management strategies
to specific regions, identifying distressed farmers and offering localized
support. Similar challenges of low farmer awareness and access to high-
quality botanical extracts can be addressed through training programs,
farmer field schools, and local production initiatives. Sawargaonkar et al.
(2024) also emphasize the need for sustainable management practices
in regions with poor soil quality and unpredictable weather, highlighting
the importance of upscaling botanical solutions in vulnerable agro-
ecologies. Additionally, financial barriers and the perceived inefficacy of
botanicals compared to synthetic pesticides can be mitigated through
subsidies, pilot demonstrations, and policy reforms.

As observed by Paul et al. (2023), the shift from chemical inputs
to sustainable alternatives requires significant investment, especially
in smallholder farming systems. The ToC framework must include
state-driven investments in improving the affordability and scalability
of botanical inputs, ensuring equitable access for small and marginal
farmers who are critical to food security.

Therefore, the Theory of Change for scaling botanical pest control
and seed storage practices must consider the diverse challenges
farmers face, provide targeted support, and ensure policy backing. The
provided visual flowchart or diagram in Figure 3 can enhance clarity
and guide policymakers, stakeholders, and agricultural development
organizations in implementing this framework effectively.

5 Conclusion and recommendations

This study highlights the significant potential of botanical
treatments as sustainable alternatives to synthetic pesticides in both
pest management and seed preservation in mungbean cultivation. The
findings revealed that T. vogelii and C. abbsynica were the most
effective in reducing pest infestation, minimizing seed weight loss, and
maintaining seed quality during storage. However, the efficacy of these
treatments varied based on local environmental conditions.
Specifically, C. anisata performed better at TARI Selian, where cooler
temperatures and fertile volcanic soils supported higher insect
diversity, while T. vogelii showed superior results at Miwaleni, where
warmer conditions and bimodal rainfall prevailed. These variations
highlight the need to tailor pest control strategies to specific agro-
ecological conditions. The study also demonstrated the dual benefits
of botanical extracts, which not only manage pests effectively in the
field but also improve seed storability by reducing pest-related damage
and weight loss during storage.

Given these findings, it is clear that pest management strategies
should be adapted to the unique climatic and soil conditions of each
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site. Farmers need to select botanical treatments based on local
environmental factors to maximize pest control effectiveness. Both
T. vogelii and C. abbsynica should be prioritized, as they have proven
to be effective in both pest management and seed preservation. These
botanicals, when integrated into an integrated pest management
(IPM) approach, can offer a more sustainable alternative to chemical
pesticides. Furthermore, the role of botanical extracts in post-harvest
management cannot be overlooked, as their use significantly enhances
seed storability. The effectiveness of these treatments in reducing pest
damage and preserving seed weight during storage makes them
valuable for farmers looking to improve both field and post-harvest
mungbean production. Future research should focus on understanding
the underlying mechanisms that contribute to the varying effectiveness
of plant extracts. Long-term studies should also assess their impact on
soil health, pest resistance, and non-target organisms to refine pest
management practices and ensure the sustainability of agricultural
systems. Educating farmers about the benefits and proper application
of botanical treatments is essential for maximizing their effectiveness.
Such education will help promote sustainable agricultural practices,
improve seed preservation, and ultimately enhance food security in
regions where mungbean cultivation plays a crucial role in the
local economy.
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