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ABSTRACT

This study investigated the effects of various mulching conditions and irrigation techniques on the yield of
Texas Grano onions (Allium cepa), a key crop for smallholder farmers in Zimbabwe. The primary objective was to
identify optimal practices that enhance productivity, water productivity (WP), and water use efficiency (WUE) in
onion cultivation. Four mulching treatments were evaluated: control (no mulch), maize residue, soybean trash, and
grass. Concurrently, three irrigation methods were assessed: drip irrigation with Chameleon sensors for real-time
moisture monitoring, drip irrigation without sensors, and traditional furrow irrigation. A 3 x 4 factorial split-plot
design was employed within a randomized complete block design (RCBD) framework, with three replications. The
main plots were allocated for irrigation techniques, while the sub-plots comprised the mulching treatments, includ-
ing a control. A comprehensive cost-benefit analysis evaluated the economic viability of each treatment. Results
indicated that combining drip irrigation with Chameleon sensors and maize residue mulch significantly increased
both yields and economic returns. These findings highlight the advantages of adopting precision agricultural prac-
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tices, particularly real-time moisture monitoring, to improve WP and WUE while enhancing resource utilization,

thereby increasing system resilience. To fully harness these benefits, farmers should be capacitated and empow-

ered through training on precision irrigation and mulching techniques via demonstration plots and farmer field

schools (FFS). Establishing innovation hubs within irrigation schemes is recommended to foster resource sharing

and technology adoption, improving productivity and market access for high-value crops. Policymakers must pri-

oritize support for these initiatives to promote sustainable agricultural practices.

Keywords: Irrigation Techniques; Mulching; Moisture Monitoring; Productivity; Economic Viability; Smallholder

Farmers; Sustainability; Resource Use

1. Introduction

Precision irrigation technologies have been exten-
sively researched and widely adopted in many devel-
oped countries to improve water-use efficiency and crop
yields. The use of drip irrigation systems equipped
with soil moisture sensors has significantly increased
yields while reducing water consumption by as much
as 40%/1-31, Precision agriculture technologies, such as
real-time irrigation scheduling and soil moisture moni-
toring with Chameleon sensors, are revolutionizing wa-
ter management in farming by optimizing water use.
These sensors ensure water is delivered only when and
where it is needed, effectively preventing losses due to
evaporation and runoff. By providing real-time informa-
tion on soil moisture levels, Chameleon sensors enable
farmers to make informed irrigation decisions, leading
to improved water productivity. This targeted approach
not only conserves water but also enhances crop health
and yields, making it a sustainable solution for modern
agriculture 491,

In Africa, the adoption of precision irrigation tech-
nologies has been slower due to financial and knowledge
constraints. Despite these barriers, studies conducted
in various countries show promising results when pre-
cision irrigation is applied. For instance, drip irrigation
combined with soil moisture monitoring has shown sig-
nificant increases in crop yields compared to traditional

3],

methods Similarly, farmers using advanced irri-

gation systems experienced substantial water savings

9-11, These findings un-

while maintaining high yields!
derscore the potential for widespread benefits if preci-
sion irrigation technologies are adopted more broadly

across the continent.

Mulching is another practice that has shown signif-
icant improvements in crop yields. It functions by con-
serving soil moisture, moderating soil temperature, and
inhibiting weed growth. Studies indicate that organic
mulches like maize straw and soybean residue improve
water use efficiency and boost crop productivity. How-
ever, relatively few studies have examined the combined
effects of mulching and precision irrigation for onion
production, particularly in Africa. Maize residue has
been highlighted as a particularly effective mulch due to
its high carbon-to-nitrogen ratio, which provides long-
lasting benefits in terms of moisture retention and soil
fertility [8 12-14],

The interaction between irrigation methods and
mulching types can also affect nutrient cycling and soil
structure. For example, studies have shown that organic
mulches, when used in combination with drip irrigation,
improve nutrient availability in the soil, leading to en-
hanced crop growth and yield > ', Similarly, the use of
soybean trash and maize residue has been shown to im-
prove soil aeration and reduce soil compaction, factors
critical for optimal root development in onions %],

Another key area of research is the impact of
mulching on water-use efficiency. Studies have found
that maize residue mulch reduces the amount of water
needed for irrigation by improving soil moisture reten-
tion. This result is particularly important for regions
facing water scarcity. In a similar study, it was ob-
served that mulching reduced water evaporation by up
to 30%, leading to higher yields with less water. These
results are consistent with findings from studies con-
ducted in India and sub-Saharan Africa, where mulching
helped to mitigate the effects of drought on crop produc-

tion 5 12,141
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Research conducted in Zimbabwe, while limited,
suggests that smallholder farmers can benefit from the
adoption of mulching and improved irrigation practices.
One study found that the application of maize residue
mulch on maize crops improved yields by 20% in semi-
arid regions 2, In light of these considerations, enhanc-
ing agricultural water productivity through precision ir-
rigation is essential for addressing global food security
challenges. Water productivity refers to the amount of
crop yield produced per unit of water used. This makes
it an important indicator that reflects both efficiency
and sustainability in agricultural practices™8l. By in-
tegrating advanced irrigation technologies with effec-
tive mulching strategies, farmers can optimize their re-
source use while maximizing crop outputs'*l. Nonethe-
less, there remains a gap in thorough research specifi-
cally examining the synergy between drip irrigation and
mulching for high-value crops such as onions.

Overall, the literature suggests that integrating pre-
cision irrigation with mulching could lead to signifi-
cant improvements in water use efficiency and crop
yields. While most studies have focused on irrigation
or mulching independently, this study aims to fill a crit-
ical gap by exploring the interaction between these two
factors in the production of Texas Grano onions in Zim-
babwe. The findings of this research will contribute not
only to the academic body of knowledge but also pro-
vide practical recommendations for smallholder farmers
seeking to enhance productivity in areas with limited wa-
ter resources [1-3 779 14151,

2. Materials and Methods

2.1. Study Site

The study was conducted over the winter seasons
of 2022 and 2023 at Chiredzi Research Station in Zim-
babwe’s Natural Region IV, an area known for low rain-
fall and high temperatures, making it ideal for water-
efficient agriculture trials. During the winter seasons,
rainfall was scarce, with 2023 receiving slightly lower
amounts in May, June, and July compared to 2022, while
average minimum and maximum temperatures slightly
increased in 2023 (13 °Cto 31 °C) relative to 2022 (12 °C
to 30 °C) (Table 1). Soils at the site were classified as clay

loam with a pH (CaCls) of 6.5, organic matter content of
2.2%, nitrogen (N) at 0.18%, phosphorus (P) at 15 mg
kg-1, and potassium (K) at 0.48 meq 100g~* [16: 171,

2.2. Experimental Design

A 3 x 4 factorial split-plot design within a random-
ized complete block design (RCBD) was employed to ex-
amine the effects of three irrigation methods and four
mulching treatments on Texas Grano onion yield. Each
treatment combination was replicated three times on
6 m? plots, with 7 cm spacing between plants and 20
cm between rows, resulting in a planting density of ap-
proximately 71,429 plants per hectare. This factorial ap-
proach allowed for detailed examination of both individ-
ual and interactive effects of irrigation and mulching on
onion yield (Table 2).

2.3. Irrigation and Soil Moisture Manage-
ment

Texas Grano onion seedlings were transplanted ata
density of approximately 71,429 plants per hectare, with
in-row and inter-row spacing of 7 cm and 20 cm, respec-
tively. To maintain consistent moisture levels, furrow ir-
rigation was applied manually. For the drip irrigation
system, two distinct approaches were implemented:

1. Fixed Irrigation Schedule: This method was used
for the system without sensors, where irrigation
occurred on a predetermined schedule.

2. Real-Time Adjustments: The system equipped

with Chameleon soil moisture sensors allowed for

real-time adjustments based on feedback from the

sensors.

These Chameleon sensors monitor moisture levels
in the root zone and utilize color indicators (blue, green,
and red) to convey soil suction thresholds:

e Green: Signifies optimal moisture levels, corre-
sponding to suction readings between 20 and 50
kPa.

e Blue: Indicates sufficient moisture, with suction
readings below 20 kPa.

e Red: Signals potential water stress, with suction
readings above 50 kPa, prompting timely irriga-

tion to prevent yield losses.
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Table 1. 2022 and 2023 rainfall and temperature data (April to July) at the study site.

Month Total Rainfall (mm) Min Temperature (°C) Max Temperature (°C)
April 50.0 (29.1) 15.0 (19.0) 32.0 (31.0)
May 40.0 (23.6) 16.0 (20.0) 30.0 (30.0)
June 20.0 (5.8) 17.0 (21.0) 28.0 (29.0)
July 10.0 (0.0) 18.0 (22.0) 27.0 (28.0)
Note: Values in parentheses represent data for the winter season of 2023, while those without parentheses are from 2022.
Source: (161,
Table 2. Design and treatments of the study.
Factor Treatment Description
Irrigation systems Furrow Manual irrigation using standard buckets.

Drip irrigation with soil
moisture monitoring
Drip irrigation without sensors

Control (no mulch)
Maize straw

Soya bean trash
Grass

Mulch conditions

Drip irrigation system equipped with Chameleon
sensors for real-time soil moisture data
Conventional drip irrigation system delivering water
directly to the base of the plants

No mulch applied.

Dried maize straw was applied as mulch.

Dried soya bean trash was applied as mulch.

Dried cut grass

Note: Grass species used as mulch was Bermudagrass (Cynodon dactylon).

By providing real-time feedback, these color-coded
sensors ensure efficient irrigation tailored to the crop’s
soil moisture needs, which is crucial for optimizing wa-

ter use in arid climates[7-10- 11,151,

2.4. Water Productivity and Water Use Effi-
ciency Calculations

To assess the effectiveness of various irrigation
methods in onion cultivation, calculations for Water Pro-
ductivity (WP) and Water Use Efficiency (WUE) were
conducted %, To calculate the metrics, the following for-

mulas were employed:

e Water Productivity (WP) = Yield (t ha—!) / Total
Water Applied (m* ha—1)

e Water Use Efficiency (WUE) = Yield (t ha—!) / To-
tal Water Used (m® ha™1)

In this context, Total Water Applied included both
irrigation and effective rainfall received during the grow-
ing season. The calculations were performed for each
treatment to provide insights into how different irriga-

tion practices impacted water utilization 1%,

2.5. Mulch Application and Management

The mulch materials were uniformly applied to

each subplot at the rate of 5 tons per hectare, initially
covering the soil surface completely around the plants
to a thickness of approximately 5 cm. No additional
mulch was applied after the initial application, allow-
ing for the natural decomposition process to take place
and simulate the real-life practices of smallholder farm-
ers. The effects of mulching on soil moisture content in
the mulched and non-mulched plots were monitored us-
ing Chameleon sensors to compare the ability of each
mulch type to retain soil moisture and to guide irrigation
scheduling.

2.6. Soil and Plant Management

Texas Grano onion seedlings were transplanted at
the 4-leaf stage, and standard fertilizer practices were
applied uniformly across all plots to prevent fertility dif-
ferences from influencing the results. A compound fertil-
izer (NPK 5:15:12) was applied during planting at a rate
of 600 kg per hectare. This was followed by a top dress-
ing of ammonium nitrate at a rate of 100 kg per hectare
four weeks after transplanting. Regular pest and disease
control measures were implemented throughout the sea-
son, including the use of registered pesticides and fungi-
cides, to ensure that pest pressure did not confound the
experimental results. Weeds were manually removed
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from all plots.

2.7. Data Collection

During the study period, irrigation frequency was
monitored across all treatments. After harvesting, a com-
prehensive evaluation of both fresh and dry biomass was
conducted to assess crop productivity. This evaluation
was essential for determining the effectiveness of the
various treatments implemented throughout the grow-
ing season. To accurately quantify onion production,
key yield components were measured, including average
bulb weight, total yield, and marketable yield. A total of
twenty pre-tagged plants from each plot were sampled
to ensure that the data collected was representative of
the entire plot. This method allowed for a more precise
analysis of how different irrigation and mulching treat-
ments affected onion growth. The marketable bulb yield
was defined as the total weight of disease-free, undam-
aged bulbs weighing more than 21 grams. This criterion
ensured that only high-quality produce was included in
yield calculations, which is crucial for assessing the eco-
nomic viability of the onion crop.

2.8. Statistical Analysis

The gathered data were analysed using analysis of
variance (ANOVA) to assess the effects of various irri-
gation methods, mulching types, and their interactions
on key factors like yield, water-use efficiency, and soil
moisture retention. The statistical software SPSS 12.0
facilitated robust interpretations of the results. Mean
comparisons among treatment groups were conducted
using least significant differences (LSD) at the 5% sig-
nificance level to identify statistically significant treat-

ment combinations. Additionally, correlation analysis
was performed to explore relationships between critical
variables, such as bulb weight and total yield, aiming to
reveal significant associations that could inform future
agricultural practices and improve onion production un-
derstanding.

3. Results

3.1. Irrigation Frequency across Various Ir-
rigation Techniques

The results of the study revealed distinct irrigation
frequencies across three irrigation techniques, as sum-
marized in Table 3. Each technique exhibited the follow-

ing irrigation intervals:

e Drip Irrigation with Chameleon Sensors: Oper-
ated on an irrigation frequency of every 2 to 3
days. The integration of Chameleon sensors al-
lowed for real-time soil moisture monitoring, en-
abling precise and frequent watering. This ap-
proach ensured consistent soil moisture levels,
optimizing conditions for onion growth.

e Drip Irrigation without Sensors: Followed a fixed
schedule, with irrigation occurring every 4 to 5
days. While this method is more efficient than tra-
ditional practices, it lacks the adaptability to re-
spond to changing soil moisture conditions.

e Traditional Furrow Irrigation: Required irrigation
every 5 to 7 days, depending on rainfall and evap-
oration rates. Although it involved larger volumes
of water applied less frequently, this method was
less efficient, leading to higher evaporation losses

and less consistent soil moisture levels.

Table 3. Irrigation frequency among various irrigation techniques.

Irrigation Technique

Irrigation Frequency (Days)

Drip irrigation with chameleon sensors
Drip irrigation without sensors
Traditional furrow irrigation

Every 2 to 3 days
Every 4 to 5 days
Every 5 to 7 days

3.2. Mean Bulb Weight of Onions under
Varying Irrigation and Mulch Treat-
ments

The mean bulb weight of onions was significantly
influenced by the irrigation methods and mulch types
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employed in the study. The results for mean bulb weight
(in grams) for both the 2022 and 2023 growing seasons
are summarized in Table 4.

In the Furrow Irrigation treatment, the mean bulb
weight was observed to be 58.4 gin 2022 and increased
to 60.6 g in 2023, indicating a consistent performance
across the years. However, these values were signifi-
cantly lower than those observed with the other irriga-
tion methods.

For Drip Irrigation with Sensors, a substantial in-
crease in mean bulb weight was recorded, with values of
99.4 gin 2022 and 102.0 gin 2023. This method yielded
the highest bulb weights across both seasons, demon-

strating its effectiveness in enhancing onion growth.

In the Drip Irrigation without Sensors treatment,
mean bulb weights were also notable, with averages of
84.9gin 2022 and 86.0 gin 2023. Although these figures
were lower than those from the sensor-assisted drip ir-
rigation, they still exceeded the weights obtained under
the furrow irrigation method.

The mean bulb weights for onions grown with var-
ious mulch types were also evaluated. Under maize
residue, mean bulb weights were 96.7 gin 2022 and 99.7
g in 2023, showing a slight improvement in the second
year. The Soya Bean Trash treatment yielded average
bulb weights of 85.6 gin 2022 and 87.6 g in 2023, while
the Grass mulch resulted in mean bulb weights of 74.9 g
in 2022 and 76.4 gin 2023.

Table 4. Mean bulb weight (g) for different irrigation methods and mulch types (2022 and 2023).

Irrigation Method Control Maize Residue Soya Bean Trash Grass Mean Bulb Weight CV% SE LSD
(2022) (2023) (2022) (2023) (2022) (2023) (2022) (2023) (2022) (2023)

Furrow irrigation 50.5% 52.32 70.2° 73.8" 58.3¢ 60.1° 54.5¢ 56.2¢ 58.4¢ 60.6° 10% 1.82 3.65

Drip with sensors 78.54 80.14 120.3¢ 123.5¢ 108.24 11044 90.64 93.84 99.44 102.04 14% 2.56 5.12

Drip without sensors 70.2¢ 72.1°¢ 99.54 102.04 90.3¢ 92.5¢ 79.5¢ 81.2¢ 84.9¢ 86.0° 18% 3.28 6.56

Mean bulb weight 66.4 68.1 96.7 99.7 85.6 87.6 74.9 76.4 81.6 83.0 20% 3.65 7.30

Note: Values in parentheses represent the average bulb weight for the 2023 winter season. The mean separation letters (a, b, c, d, e) indicate groups that are
statistically similar based on the analysis of variance (ANOVA) conducted on the data from both years (2022 and 2023). For instance, treatments sharing the same
letter are not significantly different from each other, highlighting comparable performance in bulb weight across the two seasons. This ensures that any observed
differences in average bulb weight can be attributed to the irrigation methods and mulch types rather than seasonal variability.

3.3. Interaction Effects on Yield and Mar-
ketable Yield

Results suggest significant interaction effects be-
tween irrigation methods and mulch types on yield and
marketable yield, with both factors showing highly sig-
nificant results (P < 0.001) in 2022, with a similar trend
in 2023 (Table 5). The interaction also showed a trend
towards significance (P = 0.05), suggesting a potential
combined influence of irrigation methods and mulch
types on yield outcomes.

3.3.1. Furrow Irrigation

Marketable yields ranged from 8.91 to 12.92 tha=!
in 2022 and 9.45 to 13.30 t ha—! in 2023, while to-
tal yields ranged from 9.91 to 13.92 t ha—'. The addi-
tion of maize residue mulch significantly increased yield
under furrow irrigation, with a mean boost of approxi-
mately 4.01 t ha—! over the control (p < 0.05), highlight-
ing maize residue’s potential in optimizing yield despite
furrow irrigation’s lower efficiency.

3.3.2. Drip Irrigation with Chameleon Sen-
sors

This method produced the highest marketable
yields, with values from 14.47 to 22.80 t ha—?! in 2022
and 15.00 to 23.10 t ha=! in 2023, and total yields from
15.47 to 23.80 t ha~!. Utilizing Chameleon sensors sig-

—1in-

nificantly enhanced yield, with up to an 8.33 t ha
crease over the control (p < 0.05). This emphasizes the
benefits of sensor technology in maximizing irrigation ef-

ficiency and yield outcomes.

3.3.3. Drip Irrigation without Sensors

Marketable yields for this method were between
12.92 t0 18.70 tha=! in 2022 and 13.40 to 18.95 tha~!
in 2023, while total yields ranged from 13.92 to 19.70
t ha= L.
mately 3.88 t ha—! lower than sensor-assisted drip irri-

Although effective, it delivered yields approxi-

gation (p < 0.05), underscoring the added value of sen-

sors in further improving efficiency.
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Table 5. Marketable yield (t ha™!) for different irrigation methods and mulch types (2022 and 2023).

Irrigation Method Control Maize Residue Soya Bean Trash Grass Mean Marketable Yield CV% SE LSD
(2022)  (2023)  (2022) (2023) (2022) (2023) (2022) (2023) (2022) (2023)

Furrow irrigation 8.917 9.45 12.92° 13.30 10.66° 1112 9.90¢ 10.20 10.60¢ 11.02 12% 1.76 3.50

Drip with sensors 14.474 15.00 22.80¢ 23.10 20.534 20.80 16.924 17.30 18.684 19.05 16% 2.47 4.95

Drip without sensors 12.92¢ 13.40 18.704 18.95 16.86¢ 17.20 14.70¢ 15.10 15.80¢ 16.16 19% 3.15 6.35

Mean marketable yield 12.10 12.62 18.14 1845 16.02 16.38 13.84 14.20 15.0 12.2 21% 3.52 7.20

Note: Values in parentheses represent the average bulb weight for the 2023 winter season. The mean separation letters (a, b, ¢, d, e) indicate groups that are
statistically similar based on the analysis of variance (ANOVA) conducted on the data from both years (2022 and 2023). For instance, treatments sharing the same
letter are not significantly different from each other, highlighting comparable performance in bulb weight across the two seasons. This ensures that any observed
differences in average bulb weight can be attributed to the irrigation methods and mulch types rather than seasonal variability.

3.3.4. Impact of Mulching Conditions on
Yield

1. Control (No Mulch): Marketable yields for the
control were the lowest, ranging from 8.91 to
12,92 tha=!in 2022 and 9.45 to 13.30 t ha—! in
2023, with total yields spanning 9.91 to 13.92 t
ha—!. These yields were significantly lower than
all other mulch treatments (p < 0.05), confirming
mulching’s positive role in boosting yield.

Grass Mulch: Grass mulch marketable yields
ranged from 9.90 to 16.92 t ha—! in 2022 and
10.20 to 17.30 t ha—! in 2023, showing improve-
ment over the control but falling short of maize
residue and soybean trash by 1.92 to 5.88 t ha™!
(p < 0.05). Total yields were between 10.90 to

3.4. Water Productivity and Water Use Effi-
ciency Analysis

Gross Irrigation Applied

Table 6 summarizes the grossirrigation applied for
each treatment, taking into account the irrigation meth-
ods used and the rainfall received during the growing
season. The table provides a comparison of gross ir-
rigation applied, total water applied, yield, and water-
related efficiency metrics for various irrigation treat-
ments:

This method
achieved the highest yield of 25 t ha™?, resulting
in a water productivity (WP) of 0.0093 t m—3 and
a water use efficiency (WUE) of 0.0093 t m 3,

Drip Irrigation without Sensors: This approach

1. Drip Irrigation with Sensors:

yielded 23 t ha~!, maintaining a competitive WP
0f 0.0072 t m~ 2 and WUE of 0.0072 t m—3.

17.92thaL.

. Maize Residue: Maize residue application led to
the highest marketable yields, ranging from 12.92
t022.80 tha=!in 2022 and 13.30 to 23.10 tha—!
in 2023, with a notable 4.01 to 9.88 t ha—! in-
crease over the control (p < 0.05). Total yields
ranged from 13.92 to 23.80 t ha—!, making maize
residue the most effective mulch type.

. Soya Bean Trash: Marketable yields with soybean
trash ranged from 10.66 to 20.53 t ha—! in 2022
and 11.12 to 20.80 t ha—! in 2023, exceeding the
control and grass mulch by 1.75 to 8.61 t ha™!
(p < 0.05).
21.53 tha—!, indicating soybean trash as a viable

Total yields ranged from 11.66 to

mulching option, although maize residue outper-
formed it.

. Furrow Irrigation: This method resulted in a
lower yield of 20 t ha=!, with a WP of 0.0042 t
m~3 and WUE of 0.0042 t m~3, indicating less ef-
ficiency in water use.

. Control Treatment (No Mulch): This treatment
yielded the leastat 18 tha—!, witha WP of 0.0035
tm~ 2 and WUE of 0.0035 t m—>.

Interactions between Irrigation and
Mulching

The correlation analysis performed in this study
highlights significant relationships among the vari-
ables yield, marketable yield, and average bulb weight
(Table 7).

Relationships among Yield, Marketable Yield, and
Average Bulb Weight
e Yield and marketable yield: A robust positive cor-
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Table 6. Gross irrigation, yield, water productivity (WP), and water use efficiency (WUE) in onion cultivation (2022 and 2023).

Gross Irrigation

Treatment Rainfall (m® ha—1)

Total Water Applied
ot Water Applle Yield (tha— 1) WP (tm—?) WUE (tm~?)

Applied (m> ha—1) (m> ha—1)
Drip irrigation with sensors 2550 130 (2022)/60 (2023) 2680/2610 25 0.0093 0.0093
Drip irrigation without sensors 3050 130 (2022)/60 (2023) 3180/3110 23 0.0072 0.0072
Furrow irrigation 4600 130 (2022)/60 (2023) 4730/4660 20 0.0042 0.0042
Control (no mulch) 5050 130 (2022)/60 (2023) 5180/5110 18 0.0035 0.0035

relation of 0.95 indicates that increases in total
production are closely linked to a rise in the quan-
tity of bulbs that meet market quality standards.

e Yield and average bulb weight: The correlation co-
efficient of 0.89 implies that higher yields are asso-
ciated with larger bulb sizes, likely resulting from
favourable growing conditions.

e Marketable yield and average bulb weight: A pos-
itive correlation of 0.87 indicates that as mar-
ketable yield increases, the average weight of the
bulbs also tends to increase.

3.6. Economic Implications of Mulching
Treatments in Onion Production

The cost-benefit analysis (CBA) was conducted us-
ing a partial budget approach to assess the economic vi-
ability of four mulching treatments (maize residue, soy-
bean trash, grass, and a control group with no mulch).
This analysis examined parameters such as mulch costs,
yield data, revenue generation, cost savings, and net ben-

efits, which are summarized in Table 8 below.

3.6.1. Yield and Revenue Analysis of
Mulching Treatments in Onion Pro-
duction

The evaluation of mulching treatments in onion
production reveals significant differences in yield and
revenue generation among the various options. As pre-
sented in Table 8, maize residue emerged as the most
productive treatment, achieving a yield increase of 3.85
tons per hectare. This substantial yield translated into
a remarkable revenue increase of $1,925 in 2022 and
$1,585 in 2023, highlighting the economic advantages of
using maize residue as mulch.

Following maize residue, soybean trash demon-
strated a yield increase of 2.30 tons per hectare, result-
ing in a revenue increase of $1,150 in 2022 and $805 in

2023. The grass mulch treatment offered a more mod-

est yield increase of 1.50 tons per hectare, leading to a
revenue increase of $780. In stark contrast, the control
group, which did not utilize any mulch, resulted in no
yield increase or revenue generation, underscoring the
critical role of mulching in enhancing onion productiv-
ity.

3.6.2. Net Benefit Analysis

The net benefit analysis reveals the economic vi-
ability of the mulching treatments. Maize residue
achieved a net benefit of $1,615 per hectare in 2022 and
$1,585 in 2023, establishing it as the most profitable op-
tion among the treatments evaluated. Conversely, soy-
bean trash provided a net benefit of $835 in 2022 and
$805 in 2023. Grass mulch, while contributing positively
to yield, yielded a stable net benefit of $430 across both
years. The control group, however, displayed a negative
net benefit of -$300, highlighting the detrimental eco-

nomic impact of not employing any mulching strategy.

4., Discussion

The findings from the 2022 and 2023 studies on
onion cultivation reveal critical insights into the im-
pact of various irrigation methods on Gross Irrigation,
Yield, Water Productivity (WP), and Water Use Efficiency
(WUE). The comparative analysis of these parameters il-
lustrates the significant advantages of advanced irriga-
tion technologies, particularly sensor-equipped drip ir-

rigation systems.

4.1. Implications of Irrigation Frequency
on Crop Productivity

The study demonstrates significant variations in
irrigation frequency across different onion cultivation
techniques. Drip irrigation with Chameleon sensors,
allowing irrigation every 2 to 3 days, is identified as

the most effective method for maintaining optimal soil
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Table 7. Correlation matrix for yield and marketable yield, and average bulb weight.

Variable Yield Marketable Yield Average Bulb Weight
Yield 1 0.95 0.89
Marketable yield 0.95 1 0.87

Average bulb weight 0.89 0.87 1

moisture. This technology promotes efficient water use
and prevents over-irrigation by relying on real-time soil

moisture datal? 8 11,15.18]

In contrast, drip irrigation
without sensors, which operates on a fixed schedule of
every 4 to 5 days, may lead to suboptimal moisture condi-
tions. Traditional furrow irrigation, requiring watering
every 5 to 7 days, is the least efficient, resulting in greater
evaporation losses and inconsistent soil moisture that
can adversely affect onion growth.

These findings highlight the critical need for ad-
vanced irrigation technologies, like sensor-based sys-
tems, to enhance water use efficiency (WUE) and im-
prove crop yields. This transition is vital for small-
holder farmers facing water scarcity and climate variabil-
ity challenges. Investing in such innovations not only
supports sustainable agricultural practices but also pro-
motes better economic outcomes and resilience within

farming communities [> 10, 11, 15, 18]

Advantages of Drip
Chameleon Sensors

Irrigation with

Drip irrigation with Chameleon sensors offers sig-
nificant benefits in terms of water use efficiency (WUE)
due to their ability to provide precise, real-time soil mois-
ture data. By measuring soil moisture tension, these
sensors allow farmers to apply water only when and
where it is needed, minimizing waste and preventing
over-irrigation. The study demonstrates that the use
of drip irrigation with Chameleon sensors leads to en-
hanced WUE by allowing for precise irrigation schedul-
ing based on real-time soil moisture data. This targeted
approach minimizes water waste and ensures that crops
receive adequate moisture, thereby maximizing produc-
tivity while conserving water resources > 719 151 As dis-
cussed in Section 4.2.1, the analysis shows that using
these technologies significantly improves yield perfor-
mance compared to traditional methods, with drip irri-
gation with sensors achieving a yield of 25 t ha=! and
a corresponding WUE of 0.0093 t m™3. This reinforces

the study’s aim to foster the application of these tech-
nologies in the cultivation of Texas Grano onions (Allium

cepa).

4.2. Yield Performance across Irrigation
Methods

Water Productivity and Water Use Effi-
ciency Analysis

The analysis of water productivity (WP) and water
use efficiency (WUE) further highlights the benefits of
precision irrigation techniques. As summarized in Ta-
ble 6, drip irrigation with sensors achieved the highest
yield of 25 t ha~!, resulting in a WP of 0.0093 t ma—3
and a WUE of 0.0093 t m—3.

a clear advantage in resource use, demonstrating that

These metrics illustrate

sensor-based irrigation not only maximizes yields but
also optimizes the efficiency of water use. This aligns
with findings from > 78 10. 111 who demonstrated that in-
tegrating soil moisture sensors significantly reduces wa-
ter usage while maintaining or increasing crop yields.
The study clearly demonstrates that the implementation
of drip irrigation with Chameleon sensors leads to en-
hanced WUE by allowing for precise irrigation schedul-
ing based on real-time soil moisture data. This targeted
approach minimizes water waste and ensures that crops
receive adequate moisture, thereby maximizing produc-
4,6,15,19

tivity while conserving water resources! 1. Simi-

[20], demonstrated that efficient water

larly, Tiruye et al.
management technologies significantly improve water
productivity and nutrient balances for irrigated crops.
Conversely, drip irrigation without sensors yielded
23tha—!, maintaining a competitive WP of 0.0072 t m 3
and WUE of 0.0072 t m—3. Although slightly less effi-
cient than the sensor-equipped system, this method still
demonstrates the benefits of drip irrigation over tradi-
tional methods. In contrast, furrow irrigation resulted

in a lower yield of 20 t ha—!, with a WP and WUE of
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Table 8. Cost-benefit analysis of mulching treatments in onion production.

Parameter Maize Residue Soybean Trash Grass Control (No Mulch)
Cost of mulch $50 $45 $40 $0
Application cost $10 $10 $10 $0
Fertilizer cost (2022) $200 $200 $200  $200
Fertilizer cost (2023) $230 $230 $230  $230
Labor cost $100 $100 $100  $100
Total cost (2022) $360 $355 $350  $300
Total cost (2023) $390 $385 $380  $300
Market price of onions (per ton)  $500 $500 $500  $500
Cost savings $50 $40 $30 $0
Total benefits $1,975 $1,190 $780 $0
Yield increase (tons) 3.85 2.30 1.50 0.00
Market price of onions (per ton)  $500 $500 $500  $500
Revenue increase (2022) $1,925 $1,150 $750 $0
Revenue increase (2023) $1,585 $805 $750 $0
Cost savings $50 $40 $30 $0
Total benefits $1,975 $1,190 $780 $0
Net benefit (2022) $1,615 $835 $430 -$300
Net benefit (2023) $1,585 $805 $430 -$300
Notes:

1. Cost of Mulch: This includes the expenses associated with the materials used for mulching treatments (maize residue, soybean trash, and grass), which
contribute to moisture retention and weed suppression in onion production.

2. Application Cost: This refers to the consistent expenses incurred for applying the mulch materials across all treatments.

Fertilizer Cost: Fertilizer costs are indicated for both years to demonstrate changes in input expenses. The increase from 2022 to 2023 reflects market
fluctuations and inflation, impacting overall production costs.

Labor Cost: The labor cost of $100 per hectare remains constant for both years, reflecting standard expenses for the application and management of the
mulching treatments.

Total Cost: Total costs represent the sum of all input costs (mulch, application, fertilizer, and labor) for each treatment in both years. The control treatment
(no mulch) shows significantly lower total costs but results in no yield increase.

Yield Increase: The yield increase is expressed in tons per hectare and reflects the additional onion production achieved through the application of different
mulching treatments compared to the control.

Market Price of Onions: The market price of onions is assumed to be constant at $500 per ton for this analysis, although actual prices may vary based on
market conditions.

Net Benefit: Net benefits are calculated as the difference between revenue increases and total costs. Negative net benefits indicate losses associated with
the control treatment, underscoring the economic advantages of mulching.

The term “per hectare” has been removed from the table headings to streamline presentation, as all values are inherently based on a per-hectare assessment.
Key findings indicate that maize residue provides the most significant yield increase of 3.85 tons and a net benefit of $1,585 after accounting for increased

fertilizer costs, highlighting its economic viability in onion production.

0.0042tm™3, indicating less efficiency in water use. The
control treatment (no mulch) yielded the least at 18 t
ha—!, with a WP and WUE of 0.0035 t m—3, reinforcing
the notion that insufficient irrigation strategies lead to
decreased productivity. The results highlight the criti-
cal role of irrigation technology in enhancing water pro-
ductivity (WP) and water use efficiency (WUE). For in-
stance, 17> 7,8 10,11,15,19.20] foynd that precision irriga-
tion systems, including those using Chameleon sensors,
optimize water use efficiency through accurate soil mois-
ture data, which helps in making informed irrigation
and Abebe et

decisions. Furthermore, Lakhiar et al.

al.l7.18] demonstrated that smallholder farms employ-
ing advanced irrigation systems show improved water
efficiency and crop performance, supporting the notion
that such technologies are essential for sustainable agri-

cultural practices.

4.3. Economic Benefits and Sustainability
Implications of Mulching Practices

The economic analysis of various mulching treat-
ments highlights the substantial benefits of integrating

precision irrigation and mulching practices in onion pro-
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duction. The cost-benefit analysis demonstrated that
maize residue mulch achieved the highest net benefit of
$1,615 per hectare in 2022 and $1,585 per hectare in
2023 (Table 8), representing the most favorable return
on investment among the mulching options. This find-
ing reinforces the notion that sustainable agricultural
practices can lead to significant economic advantages for
farmers, aligning with previous studies that emphasize
the economic benefits of organic mulches for improving

crop performance [ 11.18,21],

The notable increase in yield, with maize residue
providing a yield increase of 3.85 tons per hectare, cou-
pled with significant cost savings of $50 per hectare
for irrigation and weed management, positions maize
residue as a highly efficient choice for enhancing onion
production while minimizing overall input expenses.
This economic implication extends beyond immediate
cost savings; it contributes to the long-term sustainabil-
ity of farming operations by promoting soil health and

resilience 1% 22],

In contrast, while soybean trash offered consider-
able economic advantages with a net benefit of $835 per
hectare in 2022 and $805 per hectare in 2023, it did not
match the net benefit of maize residue. Nonetheless, it
still provided a substantial yield increase of 2.30 tons
per hectare and cost savings of $40 per hectare, mak-
ing it a practical option for farmers aiming to boost their
productivity and profitability. Grass mulch, resulting in
a net benefit of $430 per hectare in both years, demon-
strated lower yield increases compared to maize residue
and soybean trash but still provided some economic ad-
vantages, particularly in maintaining soil moisture and

temperature [14 23],

4.4. Implications, Considerations, and Di-
rections for Smallholder Farmers

4.4.1. Implications for Smallholder Farm-
ers

The findings from this study highlight the signifi-
cant economic advantages associated with the applica-
tion of mulch, particularly maize residue. This type of
mulch has emerged as the most beneficial option for
smallholder farmers, offering a cost-effective method to

enhance crop yields while simultaneously minimizing

overall input expenses. By utilizing maize residue, farm-
ers can improve their onion production and reduce re-
liance on costly inputs such as fertilizers and pesticides,
thereby increasing their profit margins.

Additionally, the use of mulch serves a dual pur-
pose: it boosts crop yields and leads to substantial cost
reductions. By decreasing the need for additional irri-
gation and reducing the frequency of weed control mea-
sures, mulching becomes an essential agricultural prac-
tice for smallholder farmers. This cost efficiency is par-
ticularly critical for farmers operating with limited re-
sources, as it allows them to allocate their finances more
effectively while achieving high levels of productivity.

The economic implications of adopting these prac-
tices extend beyond immediate cost savings; they con-
tribute to the long-term sustainability of farming op-
erations by promoting soil health and resilience. For
smallholder farmers, the adoption of these practices can
lead to improved food security and economic stability in
their communities. Enhanced onion production can con-
tribute to local markets, providing fresh produce and in-

creasing farmers’ incomes [22-251,
4.4.2. Environmental Considerations

The environmental benefits of adopting precision
irrigation and mulching practices are significant. By en-
hancing water-use efficiency, these practices help con-
serve water resources, which is becoming increasingly
crucial due to climate change and rising water scarcity.
Additionally, employing organic mulches, such as maize
residue, improves soil health by boosting organic matter
levels, enhancing soil structure, and fostering beneficial
microbial activity.

These environmental benefits extend beyond indi-
vidual farms, contributing to broader ecosystem health.
Healthy soils are more resilient to erosion and degra-
dation, supporting biodiversity and ecosystem services
that are vital for sustainable agriculture. Furthermore,
by decreasing reliance on chemical fertilizers and pesti-
cides, mulching practices can result in reduced agricul-
tural runoff, thereby safeguarding the water quality of

nearby streams and rivers[® & 9 11,12,14,18,19,23,25]

4.4.3. Socio-Economic Factors

The socio-economic factors influencing the adop-

tion of precision irrigation and mulching practices
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among smallholder farmers warrant further investiga-

tion. Key barriers include access to credit, knowledge

gaps, and resource limitations "1, Understanding these
barriers can inform targeted interventions that promote
sustainable agricultural practices.

e Access to Financial Resources: Many smallholder
farmers struggle with limited access to credit due
to perceived risks by financial institutions. Tar-
geted microfinance programs or subsidies could
alleviate these financial barriers and encour-
age broader adoption of precision irrigation and
mulching practices 1%,

e Education and Knowledge Transfer: Low educa-
tional levels can hinder farmers’ understanding
of modern techniques. Enhancing extension ser-
vices and farmer training programs can provide
crucial knowledge about technology benefits and
implementation strategies [+ 1012191,

e Social Networks: Membership in farmer organiza-
tions can facilitate resource sharing and collective
action, enhancing market participation (11 9],

e Gender Dynamics: Addressing gender disparities
is vital for ensuring that both male and female
farmers benefit from sustainable practices (1],

e Infrastructure Challenges: Improving infrastruc-
ture is necessary to support market access for

smallholders 4],

4.4.4. Policy Recommendations

To effectively address socio-economic barriers, pol-
icymakers should consider the following strategies:

Developing Targeted Microfinance Programs:
These programs should provide accessible credit op-
tions specifically for investments in precision irrigation
and mulching.

Enhancing Agricultural Extension Services: Fo-
cus on education and training related to sustainable
practices to empower farmers with the knowledge they
need.

Establishing Innovation Hubs: Creating hubs
within irrigation schemes can promote farmer organiza-
tion membership, facilitating resource sharing, knowl-
edge exchange, and technology adoption among farmers,
thereby enhancing productivity and market access for

high-value crops[>710:11,15,19]

To implement these policy recommendations effec-
tively, specificity in execution is essential. Policymakers
could introduce a subsidy scheme that covers a percent-
age of the costs associated with purchasing precision ir-
rigation equipment. Additionally, establishing Farmer
Field Schools (FFS) can facilitate hands-on training in
precision irrigation and mulching practices. These train-
ing programs should include workshops and demonstra-
tion trials conducted in Lead Farmer fields to show-
case successful case studies and the tangible benefits of

adopting these technologies 19,

4.5. Study Limitations

Controlled Conditions vs. Field Variability: The
study was conducted under controlled conditions, which
may not fully reflect the variability encountered in actual

field settings.

1. Short Duration of Study: Data collection over two
years may not capture the long-term sustainabil-
ity and impacts of the implemented practices.

2. Limited Geographic Scope: The findings are based
on a specific geographic location, potentially limit-
ing their applicability to other regions with differ-
ent climatic and soil conditions.

3. Technology Adoption Barriers: The study does
not extensively explore farmer perceptions or re-
sistance to adopting new precision irrigation and
mulching practices.

4.6. Research Gaps and Future Directions

Although this study offers important insights into
the advantages of precision irrigation and mulching, sev-

eral research gaps remain:

1. Long-Term Effects: Future investigations should
examine the long-term effects of precision irriga-
tion and mulching on soil health, crop yield, and
economic sustainability to assess their viability
over extended periods[?].

2. Diverse Organic Mulches: Research should ex-

plore the effects of different types of organic

mulches on various crops, as the impact of mulch
can vary significantly depending on the material

used (12141,
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3. Integration of Cover Crops: There is a need to in-
vestigate the potential for integrating cover crops
into precision irrigation and mulching systems,
which could enhance soil health and improve over-
all crop productivity [°.

4. Farmer Adoption Factors: Further studies should
focus on understanding the socio-economic fac-
tors influencing farmer adoption of these prac-
tices, including access to resources and training,
to facilitate broader implementation in diverse

agricultural contexts [11 18],

5. Conclusions

This study highlights the significant benefits of pre-
cision irrigation and mulching in enhancing onion pro-
ductivity in semi-arid regions. Key findings demonstrate
that drip irrigation equipped with Chameleon sensors
markedly improves water use efficiency, allowing for
real-time moisture management and resulting in higher
yields compared to traditional methods. Additionally,
the use of maize residue mulching enhances moisture re-
tention, soil health, and nutrient availability, contribut-
ing to greater resilience against climate stressors.

Smallholder farmers can achieve economic gains by
adopting these practices, as they lead to reduced input
costs and increased profitability. The research under-
scores the need for supportive policies and resources
to encourage the adoption of these innovative technolo-
gies.

Ultimately, the combination of advanced irrigation
and effective mulching not only fosters sustainable agri-
cultural practices but also enhances food security and
promotes environmental stewardship, paving the way
for a more resilient agricultural landscape.
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