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ABSTRACT

Agricultural productivity in Rwanda’s semi-arid regions is increasingly challenged by
intensified climatic  variability, characterized by erratic rainfall, rising
evapotranspiration, and recurrent dry spells. These conditions extremely affect
agricultural production of different crops. These challenges undermining food
security in a country where agriculture supports over 40% of the population. This
study integrates two complementary experimental evaluations conducted across two
growing seasons in semi-arid regions in Huye district. The research was conducted
to assess the influence of drip irrigation management on dry matter yield (DMY) and
Water-use Efficiency (WUE). Five key crops: Irish potato, maize, soybean, common
bean, and Brachiaria grass were evaluated under both rainfed and drip irrigated
system to assess their responsiveness to supplemental irrigation and their resilience
to climatic stress, with consideration of their physiological classifications as C3 and
C, species. Across both season 1 and 2 drip irrigation showed highly significant
effect on DMY and WUE with strong interaction effects between crop species and
irrigation management at (P<0.05). Maize exhibited the strongest yield response to
irrigation, achieving up to 58.2% yield improvement in Season 1 and maintaining the
highest irrigated DMY of 8,334 kg/ha. It also demonstrated superior WUE of 22.6
kg/ha/ mm of DMY confirming its suitability in semi-arid environments. Brachiaria
grass, although exhibiting smaller absolute yield increase under irrigation compared
to maize crops. It consistently achieved the highest water-use efficiency (WUE)
across all treatments, reaching up to 35.2 kg /na/mm of DM thereby underscoring its
strong physiological resilience in semi-arid environment. In contrast, Irish potato
remained the least efficient crop under water-limited conditions, recording WUE as
low as 7.0 kg/ha/mm of DM confining it as high- drought sensitivity crop in the region.

The findings highlight the importance of precision irrigation on different crops for
increasing yields and efficient use of scarce water in semi-arid area of Rwanda.
These results support effective water management as a key pillar for sustainable
intensification and long-term food system stability in Rwanda, which is in line with
the country's PSTA 4, NST2, and Vision 2050 goals.
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INTRODUCTION

Agriculture Productivity in the semi-arid region of Rwanda is decreasing due to
erratic rainfall and extended dry spells attributed to climate chang[1].These climates
shifts have affected the yields for water-sensitive crops like beans, maize, and Irish
potato. The National Institute of Statistics of Rwanda reported that 43.7% of the
population was employed in the agriculture sector during the first quarter of 2025,
confirming the essential role of agriculture in the economy of the country[2].
Sustaining water-use efficiency (WUE) through crop choice and proper irrigation
management are the pillars of sustainable food security, ensuring sufficient
agricultural production to meet national food needs and enabling farmers to produce
enough for their own household consumption, thereby enhancing their resilience and
well-being

The WUE is defined as the ratio of actual yield (kg/ha) to water consumption during
the season (mm) [3]. Soybeans and Beans require less water due to their moderate
root depth and nitrogen fixation capacity [4], hence necessitating shorter irrigation
intervals [5].

Furthermore, Brachiaria grass exhibits great tolerance to water stress through its
deep rooting system [6]. Most crops are extremely sensitive to water during periods
of flowering [7], thus requiring precise irrigation management to prevent yield loss[8].
To establish a strong theoretical foundation for WUE conclusions, the varying
physiological mechanisms among crops significantly dictate their productivity and
WUE under water stress conditions [9]. The selected crops include C4 plants, such
as Maize and Brachiaria grass, which possess high inherent water-use efficiency
due to the C4 photosynthetic pathway, enabling them to achieve superior DMY and
WUE, particularly under semi-arid conditions [10] . Conversely, C3 crops (such as
Irish potato and Soybeans) are susceptible to yield reduction during critical water-
sensitive phases highlighting the importance of efficient crop selection and irrigation
management tailored to semi-arid environments[11].

Research conducted in Bata, Ethiopia on fodder crops proved that precise irrigation

scheduling and crop selection enhance DMY and water productivity, helping farmers
to adapt to climate variation [12]. Furthermore, studies conducted in Bugesera and
Huye Districts of Rwanda showed that integrated water and crop management
improves WUE and mitigates dry spells related impacts [11].

Over the past few decades, the frequency of dry spells has surged by approximately
30%, significantly exacerbating water stress during the most vulnerable and critical
phases of crop development[14]. This trend poses a serious challenge to agricultural
productivity and underscores the urgent need for adaptive water management
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strategies [15]. The climate projection for Rwanda expects increased dry spells by
2050 due to variability in rainfalls [16].

Given the different physiological mechanisms for C4 and C3 crops and the crucial
role of precision irrigation management. This study examines the effects of drip
irrigation management on five distinct crops (Irish potato, Maize, Soybeans, Beans,
and Brachiaria grass) in the semi-arid region of Rwanda to ensure food security at
the national level and household consumption through sustainable agricultural water
management.

MATERIALS AND METHODS

This research employed rigorous field procedures and analytical methods across
two growing seasons to evaluate the effects of drip irrigation management on
agricultural production and water WUE in a semi-arid environment of Rwanda. The
methodology prioritized precision in experimental design, water application, and the
comprehensive assessment of water-use efficiency, enhancing the reproducibility
and scholarly value of the findings.

Study Site and Experimental Design

The study was conducted at the University of Rwanda's farm in Huye District, Tonga
village, Rwanda, which is situated between 1600 and 1800 meters above sea level.
The fixed impacts of two main factors: water management (irrigated (I) and rainfed
(R) conditions with five different crops (common bean, Brachiaria grass, Irish potato,
maize, and soybean) were evaluated using a factorial experimental design.

A Completely Randomized Block Design (CRBD) was utilized, consisting of four
uniform blocks, each block has 10 plots that represent all treatments combinations.
All plots were standardized to a size of 6m x 8m. A 1m space was maintained
between adjacent plots, and a 2m space separated the blocks to prevent lateral
water movement.

Prior to sowing, 20 mm of water was applied uniformly to all plots (both irrigated and
rainfed) to raise the soil moisture status to field capacity. This ensured that moisture
depletion was effectively 0 mm at the sowing date. The decision to apply water
before sowing was based on soil moisture measurements which indicated that the
topsoil was below field capacity due to limited pre-season rainfall. During the crop
establishment phase (2 weeks) after planting there was no additional irrigation
because sufficient rainfall was received to support germination and emergence
across seasons. Applying water prior to sowing standardized initial soil moisture
conditions across all treatments, ensuring that subsequent comparisons between
irrigated and rainfed plots reflected the effects of irrigation during the growing season
rather than differences in crop establishment.
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Drip irrigation was utilized in the irrigated plots to ensure controlled water distribution.
Daily meteorological inputs were recorded using an on-site meteorological station,
and Daily meteorological inputs (rainfall, temperature, humidity, wind speed) were
recorded using an on-site meteorological station, while soil moisture content was
monitored dynamically using a PR2 moisture profile probe at multiple depths. The
recorded data were integrated into simplified water balance equation to determine
soil moisture changes within the soil profile. Rainfall measurements quantified
natural water input, while evapotranspiration was estimated using climatic data
through the FAO Penman-Monteith method. The real-time soil water content at
various depths was obtained via PR2 probe readings, which were utilized to
calculate changes in soil water balance to validate and modify irrigation scheduling.
Experimental Layout is illustrated in figure1.
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Pl:Irrigated Potato SR: Soybean Rainfed

Bl: Beans irrigated PR: Potato rainfed

BR: Beans Rainfed MR: Maize rainfed

Gl: Forage irrigated MI: Maize irrigated HDPE End cap
GR: Forage rainfed Sl:Soybean irrigated

Figure 1: Experimental layout

Soil sampling and fertilizer application

Prior to sowing the soil samples were collected at five depths (0-100 cm) to analyze
physical and chemical properties, including texture, Bulk Density (BD), water
retention, pH, Total Nitrogen (TN), Soil Organic Carbon (SOC), Phosphorus (P), and
Potassium (K). Referring to USDA soil field methods handbook[17]. In-situ standard
field capacity (6 FC) was assessed for each block to confirm the reliability of the
soil's water holding capacity. The assessment process involved clearing a plot
1.5mx1.5m and saturating it to 100%, plots were then covered with a black plastic
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sheet for three days to allow water drainage through soil profile. Measurements were
taken using a moisture meter and found that final average moisture (%) recorded
during this assessment ranged from 22.9% to 23.1% confirming soil texture as sandy
loam. The SPAW model developed Saxton et al.[18] was used to estimate Wilting
Point. The model used organic matter and soil texture data as its main input data to
estimate soil water content at a tension of -1500 kPa, which represents the point at
which plants can no longer extract water. Soil characteristics are detailed in Table1.
Fertilizers (DAP, KCL, UREA, NPK) were applied based on nutritional needs and
local conditions. Nitrogen is vital for growth and protein synthesis, while Phosphorus
supports root development and energy transfer, especially in acidic soils where its
availability is often limited. The selected fertilizers ensure adequate Phosphorus to
facilitate flowering and seed formation. Potassium plays a key role in water
regulation and stress tolerance, crucial for high-energy crops like Irish potato and
Brachiaria grass. Given the low native soil fertility and high acidity, balanced N, P,
and K fertilization is essential to maximize crop yields. Application rates are detailed
in Table 2.

Climatic data collection and water balance

Daily Climatic data were collected from local weather station and used to calculate
ETo through Penman Monteith model procedures. Precise irrigation scheduling
following the initial establishment phase relied on a dynamic water balance approach
derived from FAO Paper 56 guidelines[19]. The experimental site’'s deep
groundwater table (>1m), sandy loam texture and proper irrigation management
ensured that runoff and capillary rise were negligible and simplify the water balance
calculation. Subsequent irrigation events were scheduled when the soil moisture
depletion approached the crop-specific stress threshold, defined by the Readily
Available Water (RAW). Rooting depth (Z r) for each crop was estimated in-situ from
uprooted roots following harvest, which informed the calculation of water availability
as summarized in table 3.

The following equations were utilized to determine water balance and irrigation
scheduling across the selected crops. The amount of I(mm) and RAW (mm) are
represented in figure 2.

ETC=ETOXKC oo (1)

Where ETc stands for crop evapotranspiration, ETo stands for reference
evapotranspiration and Kc stands for crop coefficient.

SWDi=SWDi-1 +ETci-li—=Pi....cccovvviiiiiiin (2)

Where SWDi is soil water depletion, ETci is adjusted crop evapotranspiration, li
stands for irrigation, Pi stands for precipitation.
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Where TAW is total available, 6FC is field capacity and BWP is wilting point.
RAW =p X TAW ... e (4)
Where RAW is readily available water and p is depletion fraction
Ks=(TAW-Dr)/(1-p) x TAW) ..o, (5)
Where Ks is water stress coefficient and, Dr is root zone depletion.
ETcadj=Ks X KC X ETO ....covvvvviiiiiiiiiiiii, (6)
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Figure 2: Soil water parameters considered for irrigation planning across
seasons

Yield measurement and water-use efficiency

Fresh Yield (FY) and WUE were assessed at harvest by sampling in the four inner
rows of each plot. Samples were analyzed at the Rwanda Agriculture and Animal
Resources Development Board (RAB) laboratory to determine dry matter
percentage (DM%) used to calculate DMY.

WUE was computed using two approaches to provide a comprehensive evaluation
of crop performance and water management efficiency. WUEerc), was based on
actual crop evapotranspiration and calculated as in equation and WUE e+ based on
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total water input (precipitation and irrigation). The following questions were used to
calculate the above metrics.

DMY (52) = FY(Kgiha) * DM (%) -ooccccccccocerrrricrre (1)

where DMY represents dry matter yield, FY stands for fresh yield (marketable yield
at harvest)

pmy (X8
WUE(ETC) = ——B% e 2)

Where WUE(ETC) stands for water-use efficiency based on actual crop
evapotranspiration
My (52)

D
WUEP + 1) =

PrICmm) e e e e e

.. (3)

Where WUE (P+]) stands for water-use efficiency based on total water input
(irrigation and precipitation)

Statistical Data analysis

A two-way Analysis of Variance (ANOVA) was used to examine the fixed effects of
water management (irrigated and rainfed), selected crops and their interaction on
water-use efficiency based on evapotranspiration (WUE Er) and water-use
efficiency based on total water supplied (WUE+r). Estimated marginal means
(EMMs) were computed for each treatment crop combination and pairwise
comparisons were performed using Tukey-adjusted p-values to identify significant
differences. Standard errors and 95% confidence intervals were calculated to ensure
precision. This analysis provided a clearer interpretation of water management
effects on water-use efficiency among the selected crops across two growing
seasons. The analysis was performed using R-software models. Statistical analyses
were performed using software models and significance was declared at (p < 0.05).

RESULTS AND DISCUSSION

Climatic variations across seasons

Analysis of seasonal climate data revealed significant shifts in temperatures, relative
humidity, solar radiation wind speed and ETo between the two growing seasons.
Season 1 recorded slightly higher average maximum temperatures (23.5°C)
compared to Season 2 (22.2°C), while minimum temperatures were similar (13.9°C
vs. 13.7°C). Relative humidity was marginally higher in Season 2 (79.7%) than in
Season 1 (78.7%), indicating a more humid environment. Solar radiation increased
from 16.6 MJ m™ day™ in Season 1 to 18 MJ m™ day™ in Season 2. Seasonal
variations in ETo offer a more accurate representation of atmospheric demand.
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Comparing ETc, which takes Kc into account, gives an even more realistic picture of
how much water crops consume across the seasons. Wind speed also rose slightly
from 2.4 ms™ to 3 ms™", further contributing to evaporative demand. Consequently,
ETo showed a marginal increase from 3.3 mm day™" in Season 1 to 3.4 mm day™
in Season 2. This indicates that elevated solar radiation and wind speed in Season
2 offset the moderating effect of higher humidity, creating a high evapotranspiration
environment that could influence crop water use and growth dynamics. Average
climatic data for season1 and 2 are summarized in tables 3 and 4, respectively.

Water balance and irrigation planning

The analysis of soil moisture dynamics across two growing seasons revealed a
distinct contrast between irrigated and rainfed treatments for all five crops: Irish
Potato, Maize, Soybean, Bean, and Brachiaria. Soil moisture depletion was
calculated using a simplified water balance equation and monitored via a PR2 soil
moisture profile probe, which serves as a critical indicator of water availability in the
soil profile across the two growing season 1 and as represented in tables 5 and 6,
respectively.

In Season 1, irrigated plots maintained significantly more stable moisture profiles
compared to rainfed plots. For instance, moisture depletion in irrigated Irish Potato
and Maize remained controlled, whereas rainfed counterparts exhibited drastic
depletion, frequently approaching levels near -60.0 mm as illustrated in the figures
3and 4, respectively. Similarly, in Season 2, the data confirms that drip irrigation
effectively mitigated the severe moisture deficits observed in rainfed systems as
illustrated in the figures 5 and 6, respectively. The rainfed crops for Season 2,
particularly Brachiaria and Soybean, showed deep depletion curves, indicating that
these crops were forced to extract limited water from deeper soil profiles to survive,
whereas the irrigated crops benefited from consistent moisture replenishment.

The primary scientific principle driving these results is the reduction of plant water
stress through localized application. Drip irrigation delivers water directly to the root
zone, maintaining soil moisture at or near field capacity. This prevents the soil from
reaching the permanent wilting point, a condition evident in the rainfed plots where
depletion levels dropped sharply. By using a PR2 soil moisture profile probe, we
observed that drip irrigation ensures a consistent vertical moisture gradient, which is
essential for nutrient solubility and uptake.

When soil moisture depletion is minimized, the plant does not need to close its
stomata to conserve water. This allows for continuous transpiration and CO2
exchange, which are the fundamental drivers of photosynthesis. In contrast, the high
depletion levels seen in the rainfed data suggest that those crops experienced
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stomatal closure, leading to reduced biomass accumulation and, consequently,
lower yields.

The observed stability in soil moisture directly correlates with the WUE and overall
yield of the five crops in the Rwandan context. By maintaining moisture depletion
within an optimal range (as seen in the irrigated graphs), the crops were shielded
from the erratic rainfall patterns typical of the region. This stability ensures that the
energy of the plant is directed toward reproductive growth yield rather than stress
mitigation.

Drip irrigation maximizes WUE by minimizing the losses side of the water balance
equations specifically reducing surface evaporation and deep percolation. Because
the water is applied precisely, a higher percentage of the applied water is used for
transportational growth rather than being lost to the environment.

In conclusion, the use of drip irrigation in Rwanda for these five specific crops
provides a buffered environment that prevents the extreme soil moisture depletion
seen in rainfed systems. This precision management, verified by the PR2 probe
data, is the key factor in achieving superior yields and high-water productivity,
making it a vital strategy for food security in the face of climate variability.

The analysis of soil moisture dynamics across two growing seasons reveals a
distinct contrast between irrigated and rainfed treatments for all five crops: Irish
Potato, Maize, Soybean, Bean, and Brachiaria. Soil moisture depletion, calculated
using a simplified water balance equation and monitored via a PR2 soil moisture
profile probe, serves as a critical indicator of water availability for Y and WUE
maximization.
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Figure 3: Soil moisture depletion in irrigated plots during season 1
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Figure 4: Soil moisture depletion in rainfed plots during season 1
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Figure 6: Soil moisture depletion in rainfed plots during season 2

Due to high precipitation received during the second season this abundance, the
contribution of irrigation to the total water supply in Season 2 was minimal, dropping
to just 3.31% for beans. Conversely, Season 1 was drier, making irrigation essential;
here, irrigation shares ranged from a low of 13.514.0% for Brachiaria grass to a high
of 32.91% for Maize. These seasonal contrasts emphasize that while crops such as
Brachiaria grass and beans demonstrate resilience under rainfed conditions, water-
sensitive crops like maize and Irish potato necessitate supplemental irrigation to
mitigate dry spell impacts.

Dry Matter Yield

The outcomes of DMY cross season1and?2 indicated that irrigation had a significant
impact as summarized in the tables 7and 8 respectively. Season 1 yielded 5268.5
kg/ha from rainfed plots and 8,333.5 kg/ka from irrigated plots. This is a 3065.0 kg/ha
increase and a 58.2% percentage increase. In Season 2, irrigated plots produced
8071.7 kg/ha, up 1975.3 kg/ha and 32.40% from rainfed conditions, which produced
6096.4 kg/ha. Brachiaria significantly improved when irrigated. Irrigation boosted
yields by 983.0 kg/ha, or 20.19%, in the first season.

In Season 2, rainfed plots produced 5094.8 kg/ha, whereas irrigated plots produced
7571.1 kg/ha, a 48.6% increase and 2476.3 kg/ha. Bean responded positively to
irrigation. In Season 1, irrigated plots yielded 4930.7 kg/ha while rainfed plots
produced 3290.1 kg/ha. This is an increase of 1640.6 kg/ha and a gain of 49.9%. In
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Season 2, irrigation added 722.0 kg/ha to the yield, which represents a gain of
17.7%. Irish potato also benefited from irrigation. In Season 1, irrigated plots
produced 1840.9 kg/ha compared to 1237.7 kg/ha under rainfed conditions. This is
an increase of 603.2 kg/ha and a gain of 48.73 %. In Season 2, irrigation added
349.3 kg/ha to the yield, which corresponds to a gain of 25.0%. Soybean showed
consistent improvement with irrigation. In Season 1, irrigated plots yielded 4851.2
kg/ha while rainfed plots produced 3736.2 kg/ha.

This represents an increase of 1115.0 kg/ha and a gain of 29.84 %. In Season 2,
irrigated plots produced 1975.3 kg/ha this represents the increases of 32.4%.
Irrigation helps prevent plants from reaching their permanent wilting point, keeps
stomata open, and sustains CO2 uptake and photosynthesis leading to improved
dry matter production. Drip Irrigation helps prevent plants from reaching their
permanent wilting point, keeps stomata open, and sustains CO2 uptake and
photosynthesis leading to improved dry matter accumulation.

The experimental results indicate that irrigation improves crop yields, supporting the
Strategic Plan for Agriculture Transformation (PSTA 4) that advocates for a shift from
subsistence to commercial production. In Rwanda, irrigation facilitates the transition
from rain-fed farming to more diverse, high-value crops, enhancing cropping
intensity and land productivity.

Maize has shown a significant positive response to irrigation, with yields reaching
about 4,450 kg/ha due to enhanced management practices and appropriate input
usage. Moisture supply is crucial for yield, as moisture stress during critical growth
phases hampers productivity. To address climate-related challenges, the
government has focused on achieving self-sufficiency in maize seed supply,
eliminating subsidies on imported seeds by developing high-yield hybrid varieties.

Brachiaria has demonstrated significant benefits under irrigation as a forage crop,
providing year-round green foliage and thriving in low-rainfall regions. It addresses
feed shortages in mixed crop-livestock systems during the dry season, which
contribute to low livestock productivity. Irrigation for fodder ensures a reliable supply
of nutritious biomass, crucial for cattle health and can enhance milk yields by up to
50%.

Beans and soybeans exhibited positive responses to irrigation, enhancing food and
nutrition security by increasing pulse yields. Research shows that moisture and heat
stresses limit legume production, and irrigated systems can mitigate these issues.
This transition also supports the goal of achieving self-sufficiency in seeds supply
for oil crops.
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Irish potato cultivation in Rwanda has benefited from irrigation as part of the Crop
Intensification Program (CIP), aimed at enhancing yields and reducing post-harvest
losses. With effective water management and improved seed varieties from the
International Potato Center, yields can reach 25,000-35,000 kg/ha of fresh yields as
reported by Magruder & Ndahimana[20]. This shift to irrigated agriculture has
increased cropping intensity, achieved a 30% mechanization rate, and contributed
to a 5% growth in Agri-GDP. These improvements are essential for realizing the
goals of Vision 2050, which aspires for enhanced living standards and quality of life
for Rwandans.

Water-use efficiency across seasons

The Water-use Efficiency (WUE) calculated based on actual evapotranspiration (),
demonstrated distinct variations across the five selected crops during the two
growing seasons (Figure 7). Brachiaria and Maize exhibited the highest efficiency
under irrigated conditions, recording values of 21.3 kg/ha/mm and 20.0 kg/ha/mm,
respectively. In contrast, Irish potato showed the lowest at 6.6 kg/ha/mm under
irrigation and 5.4 kg/ha/mm under rainfed conditions. Across all crops, irrigated
systems consistently achieved higher WUE compared to rainfed systems, with
Brachiaria maintaining its lead in rainfed efficiency at 15.6 kg/ha/mm.

When evaluating WUE based on total water input (precipitation + irrigation, or P+l),
the trends remained consistent with metrics, although the absolute values were
generally higher (Figure 8). Brachiaria outperformed all other crops significantly,
reaching a peak WUE (P+l) of 35.2 kg/ha/mm under irrigation and 30.5 kg/ha/mm in
rainfed plots, Maize and Bean followed, with irrigated Maize reaching 22.6 kg/ha/mm
and irrigated Bean at 18.1 kg/ha/mm, Like the results, Irish potato recorded the
lowest efficiency in total water utilization, with values of 7.9 kg/ha/mm (irrigated) and
7.4 kg/ha/mm (rainfed).

The results indicate that irrigation management plays a critical role in enhancing
water productivity across different crop types. The consistently higher WUE in
irrigated treatments (Figures 7 and 8) suggests that controlled water application
optimizes the crop's physiological processes better than relying solely on erratic
rainfall. The substantial performance of Brachiaria in both metrics highlights its
superior ability to convert both consumed water () and total available water (P+1) into
biomass, making it the most water-efficient crop among those studied.

The narrow margin between irrigated and rainfed WUE (P+1) for crops like Maize
(22.6 vs 22.0 kg/ha/mm) and Bean (18.1 vs 17.3 kg/ha/mm) suggests that while
irrigation increases absolute yield, the efficiency of total water input remains
relatively stable for these specific crops, Conversely, the significant drop in for
Brachiaria when moving from irrigated (21.3 kg/ha/mm) to rainfed (15.6 kg/ha/mm)
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conditions indicates that this crop is particularly responsive to supplemental irrigation
in terms of its actual water consumption. The low WUE of Irish potato across all
categories suggests it may have a higher water requirement or lower drought
tolerance compared to the cereals and legumes studied, resulting in less biomass
production per millimeter of water used.

30.0
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250 gated
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£ 20.0
£ 20.0
<
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2 15.2 >-6
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Bean Brachiaria Irish potato Maize Soybean

Selected crops

Figure 7: Average WUE based on the actual evapotranspiration (ETc) during
the growing season1 and 2
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Figure 8: Average WUE based on the total water input (p+l) during the growing
seasons 1 and 2

These findings emphasize the importance of precision irrigation to bridge the gap
between total water applied and actual crop needs to maximize efficiency in
agricultural systems. The results of the two-way ANOVA indicate that WUE is
significantly influenced by both the specific crop type and the water management
system (irrigated vs. rainfed). To identify these significant differences among
treatment combinations, Tukey-adjusted p-values were utilized for pairwise
comparisons. These comparisons confirmed numerous significant interactions at p
< 0.05, particularly highlighting how irrigated crops consistently outperformed their
rainfed counterparts in efficiency across both WUE (er¢) and WUE (p+) metrics. For
instance, significant differences were observed between irrigated and rainfed Maize
(p < 0.0001) and irrigated versus rainfed Beans (p = 0.0004) regarding WUE (ETc),
reinforcing the finding that supplemental irrigation optimizes physiological
performance during critical growth stages.

The results of this study demonstrate that WUE in the region is a dynamic parameter
heavily influenced by crop physiology and water management strategies. The
observed superiority of irrigated systems over rainfed ones aligns with regional
findings that erratic rainfall and intra-seasonal dry spells are the primary limiters of
productivity in East and Southern Africa as reported by Omay et al. [21].

This stabilization suggests that supplemental irrigation optimizes physiological
performance by preventing the stomatal closure and reduced photosynthesis that
occur during the frequent dry spells typical of the regional climate as documented by
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Harisha et al. [14]. Regional research in Zambia confirms that when water becomes
limited during critical development stages, such as flowering, yield differences are
often wholly due to the plant's ability to maintain a favorable water status as reported
by Hamududu and Ngoma [22]

The high efficiency of Brachiaria in this study is consistent with its performance in
validation trials in Kenya, where it outperformed traditional grasses like Rhodes
grass as reported by Sokupa et al. [23]. This superior performance is attributed to its
massive root development, which facilitates high nutrients and water uptake even in
drought-prone environments. Furthermore, as a climate-smart forage, its ability to
produce high foliage biomass under varying moisture levels makes it a resilient
option for the region's mixed crop-livestock systems.

This lower WUE of legumes is physiologically linked to the shallow root system of
the potato, which makes it one of the most drought-sensitive species in the region
as documented by Gervais et al. [24]. Drought induces strong perturbations in potato
photosynthesis and tuber bulking, often leading to severe yield failures if moisture is
not maintained at field capacity.

The data shows a distinct discrepancy between WUE based on total water (P+l) and
WUE based on ETc For instance, Season 1 irrigated Beans showed an ETc-based
WUE of 20.4 kg /ha/mm DMY versus 18.5 kg/ha/mm of DMY for P+l. Regional
studies emphasize that effective use of water is the ability of a crop to maximize soil
moisture capture for transpiration while minimizing soil evaporation is a more critical
target for yield improvement than WUE alone.

The necessity of bridging this gap through precision irrigation is echoed by findings
in Southern Africa, where it has been noted that the advantage of transpiration-
based efficiency is that it avoids the compounding effects of soil evaporation and
weed-related water loss, Consequently, management practices that synchronize
water application with actual crop demand are essential to maximize resource use
efficiency in the water-scarce environments of Rwanda and the broader region.

CONCLUSION AND RECOMMENDATIONS FOR DEVELOPMENT

This study demonstrates that drip irrigation management significantly enhances dry
matter yield (DMY) and water use efficiency (WUE) across Irish potato, maize,
soybean, common bean, and Brachiaria grass in Rwanda's semi-arid regions,
Experimental results indicate that maize exhibited the strongest yield response to
irrigation, achieving up to 58.2% improvement in Season 1, while Brachiaria grass
demonstrated the highest overall WUE at 35.2 kg/ha/mm of DMY, underscoring its
physiological resilience. Conversely, Irish potato was identified as the most drought-
sensitive species, consistently recording the lowest efficiency metrics due to its
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shallow root system, Mechanistically, the precision of drip irrigation optimized crop
performance by stabilizing soil moisture near field capacity, which prevented plants
from reaching their permanent wilting point and sustained the stomatal conductance
and CO2 exchange necessary for photosynthesis, These findings confirm that
adopting precision irrigation is a critical strategy for mitigating climatic variability and
supports Rwanda’s strategic goals for sustainable food security and agricultural
intensification, as outlined in PSTA 4 and Vision 2050.
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Abbreviations

DMY: Dry matter yield

WUE: Water-use Efficiency

WUE(ETc): Water-use Efficiency based on actual crop evapotranspiration
WUE(P+l): Water-use Efficiency based on total water input (precipitation and
irrigation)

ETc: Crop evapotranspiration

ETo: Reference evapotranspiration

Kc: Crop coefficient

TAW: Total available water

RAW: Readily available water

SWDi: Soil water depletion

BFC (or FC): Field capacity

BWP (or WP): Wilting point
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Zr: Rooting depth

Ks: Water stress coefficient

Dr: Root zone depletion

PSTA 4: Strategic Plan for Agriculture Transformation

MINAGRI: Ministry of Agriculture and Animal Resources

NISR: National Institute of Statistics of Rwanda

CIP: This abbreviation refers to both the Crop Intensification Program and the
International Potato Center
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Table 1: Soil Physical and Chemical Properties Across Depths at the

Experimental Site

Depth Sand | Silt | Clay| BD | FC | WP | pH | TN | SOC | P(%) | K
(cm) (%) | (%) | (%) | (glem?) | (%) | (%) (%) | (%) (%)
0-20 64.0 | 21.0 | 15.0 1.3 230 | 110 | 47 | 01 1.7 0.01 0.1
20-40 66.0 | 20.0 | 14.0 1.4 229 | 110 | 46 | 0.1 1.7 0.01 0.1
40-60 67.0 | 19.0 | 14.0 1.4 231 | 109 | 45 | 01 1.7 0.01 0.1
60-80 64.0 | 28.0 | 8.0 1.5 230 | 111 | 47 | 01 1.6 0.01 0.1
80-100 68.0 | 25.0 | 7.0 1.5 229 | 109 | 44 | 01 1.7 1 0.0198 | 0.1
Table 2: Fertilizer Application Rates and Nutrient Contributions

Crop DAP KCL | UREA | NPK | TotalN | TotalP | TotalK

(kg/ha) | (kg/ha) | (kg/ha) | (kg/ha) | (kg/ha) | (kg/ha) | (kg/ha)

Bean 100 30 100 50 72.5 23.8 22.0

Brachiaria 100 100 100 75 76.8 25.6 60.3

Grass

Irish 150 125 100 300 124.0 92.3 104.6

Potato

Maize 100 75 100 50 72.5 23.8 44 .4

Soybean 100 30 100 50 72.5 23.8 22.0

Table 3: Average daily climatic data for season 1 (23rd September 2024 to 31st

January 2025)

Variable Units Mean Min Max

Tmin °C 13.9 9.0 17.0

Tmax °C 23.5 18.0 29.0

Mean Relative Humidity % 78.7 57.5 93.5

Solar radiation MJ m~2 day~ 16.6 9.4 27.8

Wind speed at 2 m ms™ 2.4 0.3 7.8

ETo mm day™’ 3.3 2.1 5.0
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Table 4: Average daily climatic data for season 2 (15th February 2025 to 25th

July 2025)
Variable Units Mean Min Max
Tmin °C 13.7 9.0 22.0
Tmax °C 22.2 15.0 28.0
Mean Relative Humidity % 79.7 5.0 98.5
Solar radiation MJ m~2 day™" 18.0 10.2 23.6
Wind speed at 2 m ms™ 3.0 0.0 7.8
Reference ETo mm day™ 34 1.9 6.4

Table 5: Water balance for season 1

Crop SWDi P I (mm) P+l | ETcadj | 1(%) P (%)
(mm) (mm) (mm) (mm)

Bean -0.1 197.7 80 277.7 277.8 28.8 71.2
Brachiaria -0.4 256.3 40 296.3 296.7 13.5 86.5
grass

Irish Potato +0.3 1914 60 2514 251.1 23.9 76.1

Maize +0.9 203.9 100 303.9 303 32.9 67.1

Soybean +0.5 216.7 80 296.7 296.2 27 73

Table 6: Water balance for season 2

Crop SWDi P(mm) | I(mm) P+l ETc adj 1 (%) P (%)
(mm) (mm) (mm)

Bean +345.5 584 20 604 258.5 3.3 96.7

Brachiaria grass +328 533 20 553 225 3.6 96.4

Irish Potato +166.5 366 60 426 259.5 14.1 85.9

Maize +362.5 583 80 663 300.5 121 87.9

Soybean +343.5 584 40 624 280.5 6.4 93.6
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Table 7: Irrigation performance on Dry matter yield for season 1

Crop Treatment DMY (kg/ha) Increment DMY Increment
(kg/ha) (%)

Bean Irrigated 4930.7 1640.6 49.90%
Bean Rainfed 3290.1

Brachiaria Irrigated 5851.8 983 20.20%
Brachiaria Rainfed 4868.8

Irish potato Irrigated 1840.9 603.2 48.70%
Irish potato Rainfed 1237.7

Maize Irrigated 8333.5 3065 58.20%
Maize Rainfed 5268.5

Soybean Irrigated 4851.2 1115 29.90%
Soybean Rainfed 3736.2

Table 8: Irrigation performance on Dry matter yield for season 2

Crop Treatment DMY (kg/ha) Increment increment
DMY (kg/ha) (%)

Bean Irrigated 4810.7 722 17.70%
Bean Rainfed 4088.7

Brachiaria Irrigated 75711 2476.3 48.60%
Brachiaria Rainfed 5094.8

Irish potato Irrigated 1746 349.3 25.01%
Irish potato Rainfed 1396.7

Maize Irrigated 8071.7 1975.3 32.40%
Maize Rainfed 6096.4

Soybean Irrigated 5091.9 9394 22.70%
Soybean Rainfed 4152.5
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