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Abstract

Supplementary irrigation using harvested water is widely promoted in Burkina Faso and is increasingly
adopted nationally as a suitable practice for sustaining and/or improving rain-fed production. However, under
current land degradation conditions, this approach should be sustainable, with optimal water amounts matched
to N fertiliser to optimise productivity while improving soil fertility. A two-year (2023 and 2024) split-plot
field experiment was conducted at Gomtoaga village (12.24° N and 1.24° W), Koubri District, Burkina Faso,
to identify an optimal water-nitrogen combination for improving soil fertility, yield, and water-use efficiency.
Two forms of urea, pearled urea (PU) and deep placement of super granule urea (DPU), were combined with
three water amounts (D100, D75, and D50), representing 100%, 75%, and 50% of tomato net irrigation,
respectively. The results indicated that the PU + D75 combination increased soil microbial CO; release
(152%), microbial biomass (145%), OM (210%), C (215%), N (44%), and yield (34%), whereas DPU + D75
increased soil P (121%) and K (324%). The highest water productivity (43.34 kg/m?) and the lowest water
cost (55.52 F CFA) for producing 1 kg of tomato were obtained under DPU + D50. Therefore, DPU + D50
and PU + D75 may be considered adapted practices for coping with water scarcity and improving land
productivity, respectively. A cost-benefit analysis is required to identify the most beneficial combination by
balancing farm returns and sustainable production.

Keywords: Rainwater harvesting;, supplementary irrigation management; water productivity;, urea forms;
nitrogen management; soil fertility; tomato yield.

1. Introduction

Concern is increasing globally about securing production, especially in countries such as Burkina Faso, where
agriculture is largely rainfall-based. The country's agriculture is rain-dependent, and crops experience rainwater
deficit stress every year (Kima et al., 2020). Erratic rainfall and intermittent droughts lead to declining yields
and slower production growth (Africa Rice Center, 2007; Rockstrom et al., 2009). Drought is the primary
environmental constraint adversely affecting farmers in Burkina Faso (Traoré et al., 2020), and yield reductions
result from insufficient rainfall (Traore et al, 2016a, 2016b). Water-deficit stress is one of the major
environmental disturbances causing severe yield reductions in many crops (Bekele et al., 2019).

The current increase in water scarcity requires investment in, and adoption of, sustainable strategies to secure
rain-fed production, particularly in developing countries (Ogbiye ef al., 2021). A vital strategy is to mitigate the
risk of dry spells, which calls for emphasis on supplemental irrigation through rainwater harvesting (Rockstrom
et al., 2010; Fossi et al., 2013; Adams, 2017). Harvesting rainwater for supplementary irrigation helps address
water shortage and drought in arid and semi-arid areas (Kaboré et al., 2024) by increasing yield by up to about
25% (Barbier et al., 2015). Harvesting and reusing rainwater through supplemental irrigation provides a usable
water source that helps overcome drought spells. In supplementary irrigation, additional water is supplied to
bridge the gap between rainfall events and mitigate drought. Supplying additional water when rainfall fails to
meet crop water requirements can improve and/or stabilise yield (Tuo et al., 2023; Lei et al., 2022). Rainwater
harvesting is crucial for stabilising production in rain-fed agricultural systems (Domullodzhanov, 2023;
Raimondi ef al., 2023), and irrigation plays a critical role in increasing yield (Begna, 2020; Tessema & Simane,
2021; Kima et al., 2025a).

Recent reviews on deficit irrigation and precision water management also emphasise that water-saving strategies
should be applied according to crop stage and local water availability to avoid unnecessary yield penalties

(Jadhav et al., 2026).

In recent years, rainwater harvesting for supplementary irrigation has gained increased attention as a sustainable
solution for securing rain-fed production in Burkina Faso. The use of stormwater retention basins and
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supplementary irrigation has been promoted by the Government of Burkina Faso (Ouedraogo et al., 2024; Kima
et al., 2025b). The technique has been tested (Zongo et al., 2015; Sanfo et al., 2017; Araya et al., 2024), with
attention placed on important vegetable crops such as tomato (Nangare et al., 2016; Mehla & Singh, 2019).
When implementing rainwater harvesting techniques, producers prioritise high-value vegetable crops such as
tomato (Sanogo et al., 2024). Farmers have adopted the technique, and emergency irrigation is used with limited
attention to the amount of water applied. Supplemental water is applied mainly to overcome dry spells, with
limited consideration of efficient irrigation water use. Applying additional water without sufficient attention to
sustainable depth may lead to water losses through deep percolation and seepage (Kambou et al., 2014).
Declining rainfall patterns, coupled with drought frequency, call for sustainable irrigation water management to
improve water-use efficiency and productivity. Since rainfall often fails to fill reservoirs sufficiently, optimising
water use is a better approach for securing rain-fed production (Kima et al., 2020). Improving water productivity
is vital, particularly in drought-prone areas (Wallace, 2000).

Recent regulated deficit-irrigation research in processing tomato indicates that reduced irrigation amounts can
conserve water, although crop responses remain dependent on irrigation regime and production context (Xu et
al., 2024).

In securing rain-fed agriculture, supplemental water should not be applied to create well-watered conditions but
should instead optimise both water-use efficiency and yield (Kima et al., 2015; Bekele et al., 2019). Moreover,
water management should not be addressed without considering nutrient uptake by plants, particularly N
fertiliser. Since the success and credibility of rainwater collection techniques depend on farm productivity,
which is based on the water-fertiliser complex, optimal yield cannot be achieved unless water application is
synchronised with plant nitrogen uptake. The application of an inadequate amount of supplemental water may
lead to deep percolation, inducing nutrient leaching and, in turn, decreasing yield. Applying additional water at
the time of maximum nitrogen uptake should optimise yield and farm profitability. Integrated water-nutrient
management is crucial for the success of rainwater harvesting techniques (Fox & Rockstrom, 2003). Adjusting
water application to match optimum water and nutrient uptake by roots should increase yield to an optimal level.

Recent tomato-based work further supports the need to evaluate water and nitrogen together, because their
interaction can influence tomato yield and resource-use efficiency (Zhao et al., 2025).

In addition, N-fertiliser uptake by plants depends on nitrogen release, which is influenced by fertiliser form.
Previous investigations (Yameogo, 2009; Yao et al., 2018; Faye et al., 2020; Yameogo, 2021) have supported
the adoption of deep placement of super granule urea (DPU) as a better practice than pearled urea. These studies
indicated that the slow release of nitrogen from granule urea placed at a depth of 7-10 cm improved nitrogen-use
efficiency, whereas pearled urea is characterised by quick solubility and high volatilisation losses. Matching
nitrogen release according to urea form with a suitable supplemental water amount should improve both water-
and nitrogen-use efficiency and, in turn, optimise production.

Recent smallholder-focused soil-water-plant modelling literature similarly indicates that soil moisture regulates
nutrient mobility, microbial nitrogen transformations and root uptake, reinforcing the need to synchronise
irrigation depth with fertiliser behaviour (Youngoke et al., 2026).

Despite these advances, field evidence remains limited on how harvested supplemental water amounts should be
matched with urea form to optimise tomato yield, water productivity and selected soil fertility indicators under
the West African Sahel context.

Therefore, identifying an adapted combination may increase farm profitability while securing rain-fed
production. However, this approach is rarely employed in vegetable production and remains insufficiently
documented. The present study aimed to evaluate supplemental water amounts using different forms of urea
through a rainwater harvesting basin to determine a sustainable combination that optimises yield, water
productivity, and land productivity.

2. Materials and Methods

2.1 Location Description and Design of Experiment

The experiment was implemented at Gomtoaga village (12.24° N and 1.24° W) in Koubri District, located in the
semi-arid climate of central Burkina Faso (Fig. 1). The climate is characterised by a short rainy season from
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June to September and a long dry season from October to May. The 25-year (2000-2024) averages of rainfall
and temperature varied from 600 mm to 800 mm and from 17 °C to 42 °C, respectively. The soil was sandy-
silty-clay, with volumetric humidity of 15.0% at wilting point and 27.5% at field capacity. The trial was carried
out over two successive years, 2023 and 2024, from June to August, using a split-plot experimental design with
three replications on a total area of 184 m?. The main treatment consisted of two forms of urea: pearled urea
(PU) and deep placement of super granule urea (DPU). The sub-treatment consisted of irrigation depths (D100,
D75, and D50), representing 100%, 75%, and 50% of tomato crop net irrigation depth, respectively. Each plot
measured 3 m x 2 m, with a distance of 1 m between plots and blocks.
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Fig. 1. Location of the experimental site at Gomtoaga village, Koubri district, central Burkina Faso

The main panel shows the administrative boundaries of the Kadiogo province and surrounding municipalities,
with the 700 mm and 800 mm mean annual isohyets (1991-2020) indicating the semi-arid climatic context of
the study area.

2.2 Field Preparation, Planting and Crop Management

Dry land preparation started on 15 June 2023 and 20 June 2024 by implementing a furrow irrigation system
through manual tillage. Furrows were installed at 0.6 m spacing from each other and measured 3 m in length,
0.2 m in width, and 0.15 m in depth. Organic matter was then applied in each furrow at a rate of 10 t/ha and
soaked with a ponded water depth of 5 cm. Two weeks after the application of organic matter, 25-day-old
seedlings of the Cobra 26 F1 variety were transplanted in each furrow at a spacing of 0.4 m and at a density of
41,600 plants/ha. Transplanting was carried out on 28 June and 5 July in 2023 and 2024, respectively. Cobra 26
F1 is an early-maturing tomato variety (65 days) widely adopted by farmers. After transplanting, water was
applied daily to soil saturation when required for 14 days, until the plants overcame transplanting shock.

Fifteen days after transplanting, NPK (14:23:14) fertiliser was hand-broadcast in each furrow at a rate of 250

kg/ha, and irrigation water treatments (D100, D75, and D50) were applied. At the beginning of the flowering
stage, pearled urea (PU) and deep placement of super granule urea (DPU) were applied at 180 kg/ha. PU was
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broadcast, while DPU was placed at a depth of about 7-10 cm, with one 3 g granule between two plants.
Pesticides were applied when needed, based on specific pest presence, and hand-weeding was performed
frequently.

2.3 Irrigation Scheduling and Application

For irrigation scheduling, 25-year (2000-2024) weather data were extracted from the FAO WaPOR database.
The data were used in CROPWAT 8.0 software, and tomato maximum evapotranspiration (ETmax) was
calculated using the standard FAO Penman-Monteith formula according to planting dates of 28 June and 5 July
in 2023 and 2024, respectively. Irrigation parameters such as net irrigation (Ine) and irrigation interval (I;) were
calculated. Net irrigation was derived from Equation 1.

Ihet =y (ch - pr)Zr (1)

where Ly is net irrigation (mm); y is the tomato crop critical depletion (60%); Hs and Hs, represent soil
volumetric humidity (%) at field capacity and wilting point, respectively; and Z; is the root-zone depth (mm).

Since the measured water was directly applied in furrows without significant losses, irrigation efficiency was
assumed to be 1; therefore, gross irrigation (I) was equal to net irrigation.

The irrigation interval was obtained using Equation 2.

Inet

2
ETmax ( )

Ii:

where I; is the irrigation interval (day), Ine is net irrigation (mm), and ETmax is maximum evapotranspiration
(mm/day).

Irrigation water treatments were applied at the calculated irrigation interval of two days. Irrigation water was
supplied to take full advantage of rainwater, as described by Kima ef al. (2015). When rainfall occurred between
two irrigation events or on the irrigation day, water application was postponed to the next irrigation (Kima et al.,
2024). Water treatments ended one week before the end of harvest. Table 1 presents the irrigation period
alongside the tomato crop growing cycle. In 2023, water treatments were applied four times in July (twice in
decade 2) and August (once in both decades 2 and 3), while in 2024, irrigation amounts were supplied six times
in July (decades 2 and 3), August (decades 1, 2, and 3), and September (decade 2).

Table 1. Irrigation schedule during growing period

Years 2023 2024
Irrigation dates July 12t July 19t
July 15% July 27%
August 11" August 15
August 22 August 22
August 30"
September 12
Total 4 6

2.4 Soil Sample Collection and Properties Measurement

Soil was sampled at a depth of 0.2 m before and after the two-year experiment for chemical and microbial
property analysis. Before the experiment, samples were collected using the median and diagonal method; in
total, five samples were taken to establish the initial soil status, which was considered the control. For post-
experiment soil analysis after two years, five samples were extracted from the five furrows in each treatment.
Five soil samples were then obtained per treatment.

Soil chemical properties such as organic matter (OM), carbon (C), nitrogen (N), potassium (K), and phosphorus
(P) were analysed, and the C/N ratio was calculated. The Walkley and Black method (1934) was used to
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determine soil OM and C. The Kjeldahl method (1883), performed using a spectrophotometer, was used to
quantify N and P.

For biological properties, microbial respiration and microbial biomass were analysed. The chloroform
fumigation-extraction method developed by Jenkinson and Powlson (1976) was used to measure microbial
biomass and activity. Moist soil was first exposed to ethanol-free chloroform (CHCIz) for 24 hours to kill
microorganisms. The fumigant was removed, and a 10-day incubation was conducted to measure the resulting
flush of CO».

2.5 Agronomic Parameters Assessment

After planting, three plants per row were randomly selected for growth and yield measurements. In total, 45
plants were considered per treatment, and measurements were taken from each sampled plant individually. Stem
diameter was measured at 55 days after transplanting using a caliper. At ripening, all harvested tomato fruits
from each selected plant were weighed to determine fruit weight per plant. Five harvests were completed, and
five yield values were recorded. Tomato yield for each harvest and total yield were obtained using Equations 3
and 4, respectively:

Y, = FW, x % €)
Y= Y1+"‘+Y5 (4)

where n denotes the number of harvests (varying from 1 to 5); Yn represents yield (kg/ha) at harvest n; FWn is
fruit weight (g) per plant at harvest n; 41,600 represents the number of plants per ha; 1000 is the correction
factor; and Y is total yield.

2.6 Assessment of Water Productivity and Cost

Water productivity, defined as the yield-to-water ratio, was determined based on the equation described by
Geerts and Raes (2009). The cost of water for producing 1 kg of tomato was calculated using the formula
described by Kima ef al. (2025b).

2.7 Statistical Analysis

Statistical analysis was conducted using SPSS 18 software (IBM, Armonk, New York, NY, USA). Analysis of
variance (ANOVA) was performed on the data. The statistical significance of treatment effects was established,
and means were separated using Duncan's test at 95% confidence. The interaction between years and treatments
was analysed through regression to assess the year-dependence effect on the parameters. Years were treated as a
fixed factor.

3. Results

3.1 Environmental Conditions during the Production Cycle

Fig. 2 displays effective precipitation and tomato crop water needs (ETR) at the experiment site during the
development and flowering stages. In 2023 (Fig. 2A), 50.29 mm of rain was recorded over 5 days during the
development stage, with a 10-day dry spell; at the flowering stage, a dry spell of 6 days was observed, and 82.17
mm of rain was recorded over 9 days. In 2024 (Fig. 2B), cumulative rainfall of 51.62 mm was measured over 2
days, and a 13-day drought was observed at the development stage; during flowering, a 9-day rainless period
was noted, and 118.73 mm of aggregated rainfall was observed over 6 days. Dry spells were 30% and 50%
longer at the development and flowering stages, respectively, in 2024 than in 2023.

Fig. 3 shows daily rainfall and tomato crop daily water requirement at fruit setting and harvest during the two-
year experiment. In 2023 (Fig. 3A), total rainfall of 119.91 mm was recorded over 6 days, and a 9-day dry spell
was observed at fruit setting; at harvest, 5 days of dry period and accumulated rainfall of 139.75 mm over 15
days were recorded. In 2024 (Fig. 3B), rainfall of 75.75 mm over 4 days and an 11-day drought period were
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recorded at fruit setting; during harvest, a 13-day drought period and 162.63 mm of rainfall were recorded over
7 days. The drought period was 22% and 73% longer at fruit setting and harvest, respectively, in 2024 than in
2023.
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in 2023 (A) and 2024 (B)
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3.2 Effect of Treatments on Soil Microbial Respiration and Biomass
Irrigation water and urea management significantly affected microbial respiration and microbial biomass

(Table 2). The trend in carbon dioxide (CO3) released by respiration and the total mass of living microorganisms
(microbial biomass) in the treatments indicated that all combinations outperformed the control. However, the
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highest values of these two parameters were obtained under PU + D75. Compared with the average of the other
treatments, the application of pearled urea combined with 75% of tomato crop water requirement increased CO>
release and microbial biomass by 152% and 145%, respectively.

Table 2. Effect of treatments on microbial respiration and biomass for 100 mg of soil

Treatments Respiration (mg of CO2/100 g of soil) Microbial Biomass (mg/100 g of soil)
DPU + D100 22.66+0.25¢ 22.57+0.83¢

DPU + D75 68.8642.28° 59.86+0.01°

DPU + D50 31.53+1.44 30.16+1.89°

PU + D100 35.64+2.66° 34.45+3.12°

PU + D75 90.59+8.90* 69.98+18.58*

PU + D50 38.28+1.14° 37.31+0.81°

Control 18.40+0.51¢ 18.39+0.07¢

P 0.0001 0.001

Significance oAk oAk

Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+DS50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D?75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth.

**% Means within columns not followed by the same letter are significantly different at p < 0.001 level by Duncan'’s test; p
Probability

3.3 Effect of Treatments on Soil Organic Matter, Carbon and the Carbon/Nitrogen Ratio

The effects of water and urea management on soil organic matter (OM), carbon (C), and the carbon/nitrogen
(C/N) ratio after two years are presented in Table 3. These parameters varied according to the combination of
water and urea and were significantly different. The highest OM and C contents were obtained under PU + D75,
followed by PU + D50, while the control exhibited the lowest values. Intermediate values were obtained in the
other treatments. The application of PU + D75 enhanced soil OM and C contents by 210% and 215%,
respectively, compared with the control, while increases of 76% were recorded for both OM and C contents
compared with the average of the other treatments. For the C/N ratio, DPU + D50, PU + D100, and the control
showed values lower than 10, indicating rapid decomposition of organic matter. In contrast, values higher than
10 were recorded under DPU + D100, DPU + D75, PU + D75, and PU + D50, indicating slow degradation of
soil organic matter. The application of PU + D75 induced a C/N value of 12, which is required for ideal soil.

Table 3. Effect of treatments on soil organic matter, carbon and the ratio

Treatments OM (%) C (%) C/N

DPU + D100 0.80+0.0057° 0.46+0.00058" 10+0.0057¢
DPU + D75 1.49+0.00058°¢ 0.86+0.00058¢ 11+£0.0057°¢
DPU + D50 0.85+0.0057¢ 0.49+0.00058¢ 8+0.0057¢
PU + D100 1.44+0.00058¢ 0.83+0.00058¢ 8+0.0057¢
PU + D75 2.23+0.00058* 1.294+0.00058* 12+0.0057°
PU + D50 1.76+0.00058° 1.02+0.00058° 13+0.0057*
Control 0.72+0.00058¢ 0.41+0.00058¢ 8+0.0057¢
P 0.000 0.000 0.000
Significance oAk otk oAk

Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+D50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth.

*** Means within columns not followed by the same letter are significantly different at p < 0.001 level by Duncan’s test; p
Probability
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3.4 Effect of Treatments on Soil Nitrogen, Phosphorus and Potassium

The application of urea and irrigation water significantly influenced nitrogen (N), phosphorus (P), and
potassium (K) dynamics in the soil (Table 4). Soil nutrients (NPK) varied according to the different
combinations of water and urea. For N, most treatments produced higher values than the control, except DPU +
D100, which underperformed. For P, DPU + D50, PU + D75, and PU + D50 produced lower values than the
control. The application of DPU + D100, DPU + D50, PU + D100, and PU + D50 resulted in lower K contents
than the control. DPU + D75 and PU + D75 showed higher values for these parameters. The highest N was
observed under PU + D75, while the greatest P and K concentrations were identified under DPU + D75. The
application of PU + D75 increased N content by 44%, while increases of 121% and 324% were obtained under
DPU + D75 for P and K, respectively, compared with the average of the other treatments.

Table 4. Treatments effects on soil nitrogen, assimilable phosphorus and available potassium

Treatments N (%) P (mg/kg) K (mg/kg)
DPU + D100 0.046+0.00058# 12.02+0.0057¢ 92.82+0.0057¢
DPU + D75 0.077+0.00058¢ 22.18+0.0057* 938.57+0.0057*
DPU + D50 0.065+0.00058¢ 7.36+0.0057" 79.69+0.0057"
PU + D100 0.0990:0.00058° 13.89+0.0057° 8.44+0.0057¢
PU + D75 0.1040.00058* 7.46+£0.0057¢ 917.94+0.0057°
PU + D50 0.08+0.00058°¢ 6.01+0.0057# 83.45+0.0057¢
Control 0.05+0.00058f 13.58+0.0057¢ 144.39+0.0057°¢
P 0.000 0.000 0.000
Significance oAk oAk oAk

Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+DS50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D?75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth.

**%* Means within columns not followed by the same letter are significantly different at p < 0.001 level by Duncan'’s test; p
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Fig. 4. Effect of treatments on tomato plant stem diameter
Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+D50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth
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3.5 Treatment Effects on Growth Parameters

Fig. 4 illustrates the effects of water and urea management on tomato plant basal growth. The combinations of
water and urea differently influenced stem diameter across 2023 and 2024. In 2023, no difference was observed
among treatments; however, in 2024, the synergy between urea and water significantly affected girth, and the
two-year average values differed significantly among treatments. Regression analysis indicated that stem
diameter was year-dependent (F = 111.19, P < 0.000). The irrigation water regimes combined with urea types
influenced plant growth over the two years. Higher and similar values were recorded under DPU + D50 and PU
+ D75. Increases of 13% and 10% were recorded for DPU + D50 and PU + D75, respectively, compared with
the average of the other combinations.

3.6 Effects of Treatments on Tomato Yield

The effects of water-urea combinations on tomato yield were year-dependent (Fig. 5). In 2023, no significant
difference was observed among treatments, whereas in 2024, the combinations significantly affected yield, and
the two-year mean yield was notably affected. The absolute yield was approximately 14,090.38 t/ha, and the
regression model showed that yield varied according to year (F = 97.36; P < 0.001). The highest production was
recorded under PU + D75, with values statistically similar to those under DPU + D50 and DPU + D100. The
lowest yields were recorded under DPU + D75 and PU + D50. On average, the application of PU + D75
increased yield by 34% compared with the average of the lower-performing treatments.
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Fig. S. Effect of treatments on tomato yield
Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+D50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth

3.7 Effects of Treatments on Water Productivity and Water Cost

The application of different combinations of water amount and urea significantly affected water-use efficiency
and the water cost for producing 1 kg of tomato (Fig. 6). The two-year average values varied according to
treatment. The highest water productivity was obtained under DPU + D50, while the lowest value was observed
under PU + D100. The application of DPU + D50 increased water productivity by 107% while decreasing
production cost by 66% compared with the lower-performing treatments.
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Fig. 6. Effect of treatments on water use efficiency and water cost
Legend: DPU+D100: deep placement of super granule urea+100% of tomato crop net irrigation depth; DPU+D75: deep
placement of super granule urea+75% of tomato crop net irrigation depth; DPU+DS50: deep placement of super granule
urea+50% of tomato crop net irrigation depth. PU+D100: pearled urea+100% of tomato crop net irrigation depth;
PU+D75: pearled urea+75% of tomato crop net irrigation depth; PU+D50: pearled urea+50% of tomato crop net
irrigation depth

4. Discussion

In this study, different amounts of harvested water were combined with pearled urea and deep placement of urea
by employing supplementary irrigation in the Sahel for tomato production. Synergistic effects were observed on
soil microbial respiration and biomass, nutrient availability, plant growth, yield, and water productivity. Water
efficiency, yield, and water cost were analysed to identify an optimal and sustainable combination that lowers
production cost, maintains or improves soil fertility with limited yield penalty, and enhances water-use
efficiency.

The findings revealed that microbial activity, including respiration and microbial biomass, was higher under the
combination of pearled urea with irrigation water representing 75% of the tomato crop water requirement (PU +
D75). The rapid release of N from pearled urea may have caused a rapid increase in microbial activity and
biomass. The quick dissolution of nitrogen within a relatively short time, which led to the availability of a large
amount of inorganic N, may have stimulated microorganism development. It is well known that the amount of
inorganic nitrogen is important for soil microorganism activity and community structure. Microbes use
inorganic nitrogen forms for metabolism, including the synthesis of proteins, DNA, and enzymes, as well as
growth and reproduction that sustain microbial communities. Nitrogen is a critical energy source for microbes to
build their biomass (Zuccarini ef al., 2023; He et al., 2024; Geisseler et al., 2014; Ali et al., 2021; Zhang et al.,
2018). The abundance of nitrogen may therefore have increased the microorganism community involved in
organic matter degradation (Fierer et al., 2012; Ali et al., 2021; Liu et al., 2015; Tuo et al., 2023). Initially, high
available N stimulates microbial activity (He et al., 2024; Geisseler et al., 2014; Zhang et al., 2018).

Microbial activity, including decomposition, nutrient cycling, and respiration, is also dependent on factors such
as moisture. Irrigation at D75 appeared to provide an optimal amount of water that did not induce significant N-
nutrient leaching, thereby creating favourable moisture conditions for microorganism development (Lei et al.,
2022; Rangel-Vasconcelos et al., 2015; Siebielec et al., 2020). The rapid solubility of pearled urea matched the
D75 irrigation water amount, and this combination created favourable water and nutrient conditions for the
expansion of the microbial community during organic matter decomposition, leading to a greater release of CO»
and microbial biomass (Tuo ef al., 2023; Friedel et al., 2000; Siebielec et al., 2020).

Under the well-watered and sufficient inorganic N-availability conditions induced by PU + D75,
microorganisms actively broke down material, increasing soil organic matter and carbon and transforming

277



Kima et al.; Int. J. Plant Soil Sci., vol. 38, no. 8, pp. 267-283, 2026, Article no.lJPSS.161639

organic matter into N nutrients. The C/N ratio of 12 indicated the availability of high nutrients (Tuo et al., 2023;
Liu et al., 2015).

The availability of a high amount of nitrogen released by microorganisms under the PU + D75 treatment may
have stimulated greater N uptake by plants, a process that requires the consumption of both P and K. While
nitrogen supports organic matter accumulation, stimulates growth, and enhances yield, P and K are required to
support nitrogen-use efficiency at an optimal N:P:K ratio. P and K work together to accelerate N intake by plant
roots. P and K are vital for maximising nitrogen uptake and metabolism in plants because they are involved in
energetic and physiological processes. Phosphorus enhances N uptake, whereas potassium activates enzymes
and aids translocation, making the combination more effective (Zuccarini et al., 2023; You et al., 2025; Liu et
al., 2015). P reinforces the root system to enhance N assimilation, while K facilitates N transfer to shoots and
protein synthesis. P supports the production of adenosine triphosphate (ATP), which provides the energy needed
for N uptake, reduction, and translocation. K is involved in the transport of absorbed N from roots to shoots and
its subsequent conversion into proteins. K also helps regulate osmotic balance, charge balance, and
transmembrane phloem loading. It is crucial for balancing the negative charge of nitrate (NO3") as it is taken up
by roots (Eurofins AgroScience, 2024; Siebielec et al., 2020). Under high nitrogen content, plants intensify N
absorption, inducing the consumption of phosphorus and potassium and leading to a decrease in these nutrients
under PU + D75, although potassium was not drastically affected. K generally has a sharper and more
immediate influence on N intake and assimilation by plants than phosphorus. K activates nitrate reductase,
supports the conversion of absorbed nitrate, contributes to protein synthesis, and transports nitrate from roots to
shoots. In a high-N context, microorganisms may have released more potassium, maintaining a relatively high K
level in the soil. The increased N level stimulated microbial activity, resulting in higher turnover and greater
production of organic acids that solubilised K (Eurofins AgroScience, 2024; Siebielec et al., 2020). However, a
high level of nitrogen can sometimes reduce the overall availability of phosphorus in the soil. Microbes respond
to excessive N in soil by accelerating the mineralisation of labile organic P pools (He ef al., 2024; Liu et al.,
2015; Zhang et al., 2018).

The highest values of phosphorus and potassium were obtained under the DPU + D75 combination. The slow
release of nitrogen under the application of deep placement of granule urea combined with the optimal water
depth of D75 increased P and K levels in the soil. The extended release of nitrogen may have induced gradual
and slow N consumption by plants, a process that matched the slow release and utilisation of phosphorus and
potassium (Ali ez al., 2021; Friedel et al., 2000; Soretire et al., 2019). The steady supply of nitrogen through
DPU synchronised release and utilisation and extended the period during which P and K nutrients were
available in the soil, leading to greater remaining amounts of these nutrients (Ali et al., 2021; Friedel et al.,
2000; Soretire et al., 2019). The controlled release of urea under DPU may also have decreased nutrient losses
and enhanced the P and K status of the soil (Ali et al., 2021; Friedel et al., 2000; Soretire et al., 2019).

Overall, the application of DPU + D50 and PU + D75 improved growth parameters such as stem diameter.
Similar and higher values were obtained under these two treatments. Deep placement of granule urea matched
irrigation water representing 50% of tomato water requirement, while pearled urea coincided with 75% of the
water required by tomato crop. The combinations of DPU + D50 and PU + D75 made sufficient nitrogen
available in the soil solution, coinciding with tomato plant needs and positively influencing growth. The
effectiveness of urea types depended on the applied amount of water, which solubilises fertiliser according to its
form and makes nitrogen available. The D50 and D75 irrigation water amounts probably created favourable
moisture conditions that reduced nitrogen losses through leaching, leading to adequate N assimilation by plants
for proper growth under DPU and PU, respectively. An appropriate nitrogen-water ratio synchronised with plant
absorption rate increases nitrogen-use efficiency and enhances growth. The amount of available nitrogen
strongly depends on release duration and the water amount, which should match plant uptake rate to reduce
losses (Geisseler et al., 2014; Lei et al., 2022; Siebielec et al., 2020).

Regarding yield, the highest value was obtained under PU + D75. Since the PU + D75 combination improved
microbial activity and development, OM, C, N availability, plant growth, and the C/N ratio, it consequently
increased tomato yield. The water conditions and adequate nutrient availability created by PU + D75 were
suitable for tomato production (Geisseler et al., 2014; Tuo et al., 2023; Lei et al., 2022).

However, treatment effects were not observed during the first year of the experiment in 2023. The different
combinations did not affect tomato development and production in 2023, whereas plant growth and yield were
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affected in 2024. The short dry spells observed in 2023, due to favourable rainwater distribution during plant
development, may have inhibited the effect of the different combinations. In contrast, the long dry spells
observed during plant development in 2024 revealed the effect of water fluctuation combined with urea. Since
dry spells were 30% and 50% longer at the development and flowering stages, respectively, in 2024, the impact
of the different combinations on tomato growth and production was expressed. During the sensitive flowering
and fruit-setting stages, tomato crops were subjected to prolonged and relatively sharper drought in 2024, while
dry spell intensity and amplitude were lower in 2023 (Engelhardt et al., 2018; Siebielec et al., 2020).

Regarding water consumption, the highest productivity (43.34 kg/m®) and the lowest water cost (55.52 F
CFA/kg) were obtained under DPU + D50, which appeared to be the more profitable combination. This
indicates that production peaked with a water volume of 1 m>. The application of deep placement of urea with
half of the tomato water requirement when implementing a rainwater harvesting technique resulted in the lowest
water charges, with negligible yield penalty, and appeared more beneficial (Tuo et al., 2023; Soretire et al.,
2019; Engelhardt et al., 2018).

5. Conclusion

The study showed that the performance of supplementary irrigation using harvested rainwater depended on the
interaction between irrigation depth and urea form. Pearled urea combined with 75% of tomato net irrigation
requirement improved soil biological activity, organic matter, carbon, nitrogen, stem growth, and tomato yield.
This treatment produced the highest average tomato yield among the evaluated combinations. Deep placement
of super granule urea combined with 75% irrigation depth increased soil phosphorus and potassium contents,
indicating a positive effect on selected soil nutrient parameters. In contrast, deep placement of super granule
urea combined with 50% irrigation depth produced the highest water productivity and the lowest water cost per
kilogram of tomato, suggesting its potential value under water-scarce conditions. These findings indicate that
PU + D75 may be more suitable where the objective is to improve soil fertility and yield, while DPU + D50 may
be more appropriate where water saving is the priority. The recommendations should be interpreted cautiously
because the study was conducted at one location over two years. Longer-term trials, additional sites, and a full
cost-benefit analysis are needed before broad recommendations can be made.

6. Limitations

This study was conducted at one experimental site over two cropping seasons; therefore, the results may be
influenced by local soil conditions, rainfall distribution, and management practices. Only one tomato variety and
a limited set of irrigation depths and urea forms were evaluated. The study did not include long-term monitoring
of soil fertility, nutrient leaching, nitrogen-use efficiency, or residual effects after repeated cropping. Economic
conclusions are also limited because a full cost-benefit analysis was not conducted. Future research should
include multi-location trials, longer monitoring periods, detailed water balance, nutrient uptake, leaching
assessment, and farm-level economic analysis.
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