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Abstract. In Benin, the Lower Ouémé Valley is a region of intense agricultural activity whose soil, hydrologi-
cal, and climatic conditions are favourable to rice cultivation. Despite this potential, water management remains
one of the challenges facing rice production in the area. The development of new land management approaches
and agricultural practices is an ideal alternative for improving water management for agricultural production in a
context of climate variability. Among these, the Smart-Valleys (SV) land management approach and the System
of Rice Intensification (SRI) have been introduced to make rice production profitable in several regions of West
Africa. This study aims to compare two land management approaches (Smart-valleys vs. Conventional) and three
levels of irrigation, namely Low Variable Irrigation (IR1), Low Constant Irrigation (IR2), and Intermittent Irriga-
tion (IR3) for efficient water management in rice production in the lower Ouémé valley. The experimental design
consists of split plots with two replicates per treatment, where the management approach and irrigation levels
represent the primary and secondary factors, respectively. The results of the experiment show that Smart-valleys
(SV) management has a positive effect on yield (p-value =0.01) and water productivity (p-value < 0.001). As
for irrigation, the IR3 method yields the best performance in terms of water productivity (p-value < 0.001). In
addition, the SV-IR2 combination maximizes paddy rice yields (8.5tha™!, an increase of 4.7 tha~!), while the
SV-IR3 combination optimizes water productivity (1.4 kgm™3, an increase of 1.06 kg m~3). This highlights the
importance of an integrated approach that combines appropriate land management and optimal irrigation strate-
gies to maximize water efficiency in rice production systems. An economic analysis of the different treatments
will help identify the best approach to combine yields, water use, and profitability.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Introduction

The Lower Ouémé Valley (LOV), located in southern Benin,
is recognized as one of the country’s most favorable agri-
cultural production regions due to its floodplains rich in hy-
dromorphic soils and the presence of a major water source,
the Ouémé River (Hounkanrin, 2015). These various assets
make it an ideal location for rice cultivation, especially in
a context marked by increasingly irregular rainfall as a re-
sult of climate change (Seidou et al., 2021). According to
Arouna et al. (2017), wetlands, particularly lowlands and
floodplains, have significant potential for improving rice pro-
duction by mitigating the uncertainties associated with rain-
fall variability. Annual river flooding in the lower Ouémé
valley deposits silty alluvium, which naturally renews soil
fertility and creates favorable conditions for rice cultivation
(Agossou et al., 2017). According to Gbenou (2013), rice
production in the LOV has a long history dating back to
the 1960s, when the first schemes were established by the
Société Nationale d’ Aménagement et de Développement de
la Vallée de I’Ouémé (SADEVO) and the Société Nationale
d’Irrigation et d’Aménagement Hydro-agricole (SONIAH).
More recently, in Benin, decentralization has encouraged lo-
cal governments to promote the rice sector through the de-
velopment and implementation of municipal development
plans. In comparison to other agricultural activities, rice pro-
duction rates in the municipalities of Adjohoun, Aguégués,
Bonou, and Dangbo were 39 %, 35 %, 12 %, and 35 %, re-
spectively (Ahouandogbo, 2022). Despite the potential of
arable land and investments made, rice production in the
lower Ouémé valley continues to face water management
challenges, such as poor water control on plots, difficult ac-
cess to water for sloped plots, and excessive flooding of low-
slope plots (Gbenou, 2013; Hounkanrin, 2015; Masiyandima
et al., 2013). These water management challenges, combined
with the negative effects of climate change, such as dry
spells and decreasing rainfall, limit the availability of water
for crop development, resulting in relatively low rice yields
(Kouhoundji, 2010). In this context, effective water manage-
ment and the improvement of existing agricultural practices
present a promising opportunity to increase rice productiv-
ity. Bouman et al. (2005) and Thakur et al. (2011) found
that reduced tillage, good soil leveling, intermittent irrigation
and drainage, raised bed cultivation, mulching, and aerobic
rice cultivation can all save water in rice fields. Furthermore,
the use of participatory land management approaches such
as Smart-valleys provides an alternative to traditional man-
agement methods that are ineffective for integrated water re-
source management in lowlands where poor water manage-
ment is a major impediment to rice production (Dossou-Yovo
et al., 2022). Fashola et al. (2002) define the Smart-valleys
approach as a plot of land that has been developed, plowed,
leveled, and delimited by dikes and levees to promote better
water management for rice cultivation. This land manage-
ment approach enables the maintenance of uniform moisture
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Figure 1. Presentation of the Lower Ouémé Valley.

levels within the plots based on crop requirements. Arouna
et al. (2017) found that adopting Smart-valleys technology
in Benin’s lowlands increased rice yields by 0.9 tha~!. How-
ever, few studies have looked at how Smart-valley manage-
ment and irrigation management practices affect rice system
performance in the LOV. It is essential to understand the ex-
tent to which these practices can help to increase rice pro-
ductivity in the face of climate change.

2 Materiel and methods

2.1 Study area

This study was carried out in the lower Ouémé Valley (LOV),
specifically in the municipality of Bonou. This municipality
is situated between 6°72’ and 6°95’ north latitude and 2°15’
to 2°40’ east longitude. It is bounded by the municipality of
Ouinbhi to the north, Adjohoun to the south, Sakété and Adja-
Ouere to the east, and Z& and Zogbodome to the west. It cov-
ers 250 km?. It has a lot of fertile land that’s ideal for rice pro-
duction. As a result, the Gbadohouito lowlands were selected
as the case study site for this experiment. Figure 1 illustrates
the geographical location of the municipality of Bonou and
the case study site in the lower Ouémé valley.

2.2 Description of factors

To conduct this research, two factors influencing rice produc-
tion in the LOV were considered: land management and irri-
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Table 1. Factors and modalities of the experiment.

Factors Land management Irrigation

Modalities  Smart valleys

Conventional

Variable level irrigation
Low-level irrigation
Intermittent irrigation

gation. Land management is seen as an essential practice for
optimizing water and nutrient management in rice produc-
tion systems. Two management approaches were evaluated
in this study to improve water management for rice produc-
tion. The first level, “Smart-valleys”, is a type of land man-
agement that enables farmers to improve water control at a
low cost by designing and building drainage axes for the in-
stallation of irrigation canals, as well as creating fields sur-
rounded by dikes and leveled according to topological con-
ditions (Dossou-Yovo et al., 2022). In this type of land man-
agement, the plots are small, and plowing is done perpendic-
ular to the slope to keep the water level uniform throughout
the plots. In “conventional” management, plots are large and
not plowed or leveled. Farmers believe that reduced plowing
and no leveling make it easier to work the valley’s clay soils
and have no effect on rice production. Water management is
an essential component of increasing rice productivity and
sustainability. In this context, three water management meth-
ods were tested on rice fields to improve irrigation efficiency.
These include variable-level irrigation (IR1), a technique in
which more water (5cm) is applied at the start of the cy-
cle, particularly between transplanting and maximum tiller-
ing, before being reduced to 2 cm until the last two weeks
before harvest. This strategy makes it possible to meet the
high water requirements of rice during the tillering phase and
then limit water supply once the plants are well established
(Bouman et al., 2005). The second level, low-level irrigation
(IR2), keeps a water depth of 2cm throughout the produc-
tion cycle, with the exception of the last two weeks before
harvest, when water is gradually withdrawn to help grain
ripen. This method is often associated with the System of
Rice Intensification (SRI), which aims to reduce water con-
sumption while increasing productivity. The final method,
known as intermittent irrigation (IR3), is an alternate wet-
ting and drying (AWD) method distinguished by its ability
to significantly reduce the amount of irrigation water used in
rice fields while maintaining yields, thereby increasing wa-
ter productivity. This practice involves applying a thin layer
of 2 cm of water, allowing it to evaporate until slight cracks
appear in the soil, and then applying another layer of wa-
ter. This technique contradicts traditional irrigation practices,
in which rice fields are kept flooded throughout the growing
season. Table 1 contains information about the various fac-
tors used.
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2.3 Experimental design

At the Gbadohouito site, the soils are temporarily hydromor-
phic and have a high organic matter content due to alluvial
deposits. They are also deep, which encourages proper crop
rooting. The trials were carried out over a period of four
months, from mid-May to mid-September 2024. This period
represents the transition phase between the long rainy season
(March—June) and the short dry season (July—August), pro-
viding an opportunity to characterize and incorporate the sea-
sonal variability specific to the study area into the agronomic
performance analysis. The experimental design is a split-plot
layout with two replicates per treatment, with land manage-
ment and irrigation as the primary and secondary factors,
respectively. The site is divided into two blocks: 3750 m?
for Conventional development (AC) and 600 m? for Smart-
valleys development (SV). Six 25 m x 25 m plots were es-
tablished within a conventionally developed block. In the
second block, the smart-valleys approach was used to cre-
ate six 10m x 10m plots. Irrigation treatments (IR1, IR2,
and IR3) were applied at random to the experimental plots
in two replicates. Plant management and fertilization in the
various test plots were carried out using the principles of the
System of Rice Intensification (SRI). In practice, this entails
growing rice with very little seed, water, or fertilizer on or-
ganically rich soil. After preparing the test plots for the vari-
ous treatments, the nursery was established with certified IR
841 rice seeds at a rate of 10kgha~!. Seedlings (15-18d
old) were transplanted at 25 cm X 25 cm intervals, resulting
in a density of 16 plants m~2. Organic and chemical fertiliz-
ers were used as amendments to increase production in ac-
cordance with SRI recommendations. The organic fertilizer
used was manure, with 5 tha™! spread as basal fertilizer. For
maintenance fertilization, 100kgha~! of NPK was applied
at transplanting, and 100 kgha™! of urea was spread in two
fractions, 7 to 10d after transplanting and again at panicle
initiation (between the 30th and 40th day after the first frac-
tion). Manual weeding was used to maintain the plots. Weed
growth was severely hampered by the presence of a layer of
water in most experimental units.

2.4 Water use and yield measurement

The rain gauge was installed on-site to monitor precipitation
during the trial period and determine the amount of rainwa-
ter consumed by the plants. In addition, the limnimeter was
used to monitor the water level per treatment, allowing for
supplementary irrigation with a motor pump. The volumes
of water used at regular intervals in each plot were calcu-
lated using the flow rate and irrigation time. To assess yield,
each experimental unit was divided into 1 m? squares (3 for
10m x 10m plots and 5 for 25 m x 25 m plots). The squares
accounted for all of the factors’ modalities. Rice and straw
samples were harvested and dried at 105 °C for 72 h before
being extrapolated to the hectare to calculate rice grain yield.
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2.5 Data analysis

Grain yield (Y) and water productivity (WP) were used as
response variables in the study. Y was defined as the quantity
of paddy rice grains harvested per hectare. Water productiv-
ity is the ratio of agricultural production (paddy rice) to wa-
ter used, measured in kg m 3. It was calculated using Eq. (1)
(Kambou et al., 2014):

Y

WP=_——
P+l

ey
Y is grain yield, (P) and (/) are the cumulative precipitation
and irrigation during the growing period, respectively.

To identify significant treatment differences, the collected
data subjected to analysis of variance (ANOVA) and multiple
linear regression analysis using R software (version 4.3.2).
ANOVA is a popular statistical method for determining the
effect of multiple factors on a response variable by compar-
ing the means of different groups. It is especially important
for agronomic research, such as that conducted on rice farm-
ing practices in the LOV. This method identifies and quanti-
fies the significant factors influencing key variables such as
yield and water productivity. Multiple regression is used to
quantify the relationship between land use, water manage-
ment, and variations in yield and water productivity. Statisti-
cal tests, such as the coefficient significance test, can be used
to determine whether each practice has a significant impact
on response variables (Montgomery et al., 2021). The mean
separation was carried out with the least significant differ-
ence (LSD) at a 5 % significance level.

3 Results and discussion

3.1 Effect of factors on rice yield

Table 2 shows the average yields obtained using land man-
agement methods and irrigation systems. The results show
that developments using the Smart-valleys approach pro-
duce yields ranging from 6 to 8.5tha~!, with an average of
7.1tha~!, regardless of the type of irrigation used. In com-
parison, conventional developments produce yields ranging
from 3.8 to 6.4tha~!, with an average of 5.1 tha—!. These
findings highlight a clear advantage in production perfor-
mance in plots developed using the Smart-valleys approach,
with an average gain of 2 tha~!, representing a 39 % increase
in rice yield over conventional developments. The mean
comparison analysis confirms these findings, demonstrating
that the type of land development has a significant impact on
rice yield (p-value=0.01). This significance suggests that
the Smart-valleys approach, which is based on integrated op-
timization of water management and farming practices, sig-
nificantly improves rice agronomic performance. Thus, the
findings support the hypothesis that improved water man-
agement and participatory hydraulic development planning
are critical levers for increasing rice productivity in the stud-
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Table 2. Average rice yield by land management and irrigation
methods.

Parameter Land Irrigation Average
management IR1 IR2 1IR3

Yield SV 60 85 6.7 7.1b

(tha™!)  AC 64 52 38 5.1°

Average 6.28 69 522

a Non-significance, ® significance.
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Figure 2. Rice yield based on land management and irrigation
methods.

ied areas in a long-term manner. In terms of irrigation lev-
els, plots with IR2 irrigation offer a higher yield than those
with IR3 irrigation, while the average yield obtained on IR1
plots is intermediate (Table 2). However, the mean compari-
son analysis (Table 3) reveals that there is no significant dif-
ference between average yields according to irrigation meth-
ods (p-value =0.11). Furthermore, the interaction between
land management and irrigation shows a significant trend
(p-value =0.05), indicating that the influence of irrigation
varies according to the type of land management. This im-
plies that specific combinations of land management and ir-
rigation methods contribute to higher yields. For example,
the combination of Smart-valleys with low constant irriga-
tion (IR2) tends to produce the best yields, suggesting that
integrating this technology with appropriate water manage-
ment is beneficial. This configuration could optimize water
availability without causing stress, meeting the plant’s needs
throughout its cycle. Multiple linear regression analysis was
performed to confirm these results (Table 4). From this anal-
ysis, SV layout has a positive effect on yield with a p-value
of 0.03, indicating a significant trend at the 5 % threshold.
This effect indicates that the SV tends to increase yield by
1.92 units compared to the reference land management (AC).
The regression analysis also confirms that neither IR2 (p-
value = 0.47) nor IR3 (p-value = 0.32) have a significant ef-
fect on yield compared to the reference irrigation IR1. Fig-
ure 2 shows the observed effects.
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Table 3. Probability values obtained for the comparison analysis.

Term df Sumsq Meansq Statistic p-value

Land management 1 11.08 11.08 13.79 0.01

Irrigation 2 5.37 2.68 3.34 0.11

Land management: Irrigation 2 7.90 3.95 4.92 0.05

Residuals 6 4.82 0.80

Table 4. Multiple linear regression results. WP (ke/m?)
' SVIRL
g — .

Modalities  Estimate SE t value p-value A?I(L hﬁz
(Intercept) 525 073 719 932x 1079 ek Ay G VIR
Y 192 073 264 0.03 [ (£ \
IR2 0.68 0.89 0.77 0.47 acmz| | jacmI
IR3 —-095 089 -—1.07 0.32 Ill"'ull \ ;.’f

3.2 Effect of factors on water productivity

Table 5 shows the water productivity values for the two fac-
tors. From the analysis in Table 5, the average water pro-
ductivity (WP) value was highest in the AWD (IR3) treat-
ments, followed by the constant low-level irrigation (IR2)
treatments. The lowest WP value was recorded in the vari-
able water level irrigation treatments (IR1). We also ob-
served that the WP value increased with Smart-valleys de-
velopments. According to the interactions, the highest WP
(1.40kg m~—3) and lowest WP (0.34 kg m~—3) were observed
in the Smart-valleys treatments with intermittent irrigation
(SV-IR3) and conventional development with variable irri-
gation (AC-IR1), respectively. Analysis of variance allows
for an assessment of the effect of different management
methods and irrigation practices on water productivity. The
ANOVA results (Table 6) show significant differences in wa-
ter productivity depending on the management methods, ir-
rigation strategies, and their interaction (p-value < 0.001, p-
value < 0.001, and p-value < 0.005). This suggests that these
factors independently and jointly influence water use effi-
ciency in the rice production system. Indeed, Smart-valleys
plots have a significantly higher average WP (0.79kgm™)
compared to conventional developments (0.51 kg m—3). This
reflects better water management in smart valleys, probably
due to improved water control and reduced losses. Irrigation
strategies show a clear hierarchy with IR3 (intermittent ir-
rigation) achieving the highest WP (1.08 kgm™3), followed
by IR2 (low constant level, 0.54 kg m~—3) and IR1 (variable
level, 0.34kgm™3). This suggests that intermittent irriga-
tion optimizes water exchange and oxygen availability for
roots. The interactions between land management and irri-
gation reveal that the SV-IR3 combination is the most effi-
cient (1.40kgm—3), confirming that smart valleys maximize
the potential of intermittent irrigation. In contrast, the AC-
IR1 and SV-IR1 combinations show the lowest performance,
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SVIR2

Figure 3. Water productivity based on land management and irri-
gation methods.

indicating that these methods are less suitable for optimal
water resource management. Regression analysis (Table 7)
confirms these trends, indicating that SV management has
a positive effect, with an estimated coefficient of 0.28 (p-
value = 0.022), indicating an increase in water productivity
compared to conventional management. With regard to ir-
rigation, the IR3 (intermittent irrigation) method has a sig-
nificant effect on water productivity (coefficient =0.74; p-
value < 0.001), suggesting increased efficiency compared to
other methods. These results are illustrated below (Fig. 3).

3.3 Discussion

The results of the study showed that the type of land manage-
ment directly influences rice yield (p-value =0.01), unlike
irrigation methods (IR). For instance, Smart-valleys (SV)
management approach has a positive effect on rice yield,
with an increase of 1.92 units (p-value =0.03). This find-
ing suggests that SV approach, by maintaining a consistent
and sustainable water depth in the fields, effectively con-
tribute to improving rice production yields. Similar results
have been obtained in several regions of West Africa where
the approach has been widely adopted (Arouna et al., 2017;
Arouna and Akpa, 2019; Bama et al., 2020). According to
these studies, smart-valleys offer better agronomic and eco-
nomic performance for farms in a context of climate change.
With regard to irrigation methods, the results indicate that
neither IR2 nor IR3 have a significant effect on yield com-
pared to the reference irrigation method IR1. However, all
the methods tested produced results higher than the average

Proc. IAHS, 388, 17-24, 2026




22

M. K. Soudé et al.: Sustainable water management for rice cultivation under climate change

Table 5. Water productivity by irrigation and land management practices.

Parameter Land Irrigation Average LSD (0.05)
management IR1 IR2 IR3 A I AxlI
WP SV 034 0.65 140 0.79
0.1 0.13 0.18
kem™3) AC 034 042 0.77 051
Average 034 054 1.08
Table 6. Probability values obtained for the comparison analysis.
Term df Sumsq Meansq Statistic p-value
Land management 1 0.24 0.24 42.86 0.0006
Irrigation 2 1.19 0.59 107.40  2.006 x 1077
Land management: Irrigation 2 0.21 0.10 18.53 0.0027
Residuals 6 0.03 0.01
Table 7. Multiple linear regression results. consistent with those of previous studies on water produc-
tivity (Nabipour et al., 2024; Ndiiri, 2013). For example,
Modalities  Estimate SE tvalue p-value Ndiiri (2013) found that intermittent irrigation increases av-
(Intercept) 020 010 1.99 0,082 erage Wa.lter productivity by 140 % and 100 %, respectlw?ly,
SV 028  0.10 282 0.022 in experimental plots and farmer survey reports. According
IR2 020 0.12 1.63 0.142 to these studies, better water management and an increase
IR3 074 0.12 6.10  0.0003 in organic matter for fertilization could further increase wa-

yield of 3.1 tha~! obtained in the area (MAEP Bénin, 2019).
This suggests that, unlike continuous flooding, using an alter-
native irrigation system based on wetting and drying, as ad-
vocated by SRI, is beneficial for optimizing rice yields. Gbe-
nou (2013), Mannan et al. (2012), Mohd Khairi et al. (2015),
and Yakubu et al. (2019) all confirm this finding. In addi-
tion, water savings in rice fields, combined with good fertil-
ity management, maximize water productivity. Smart-valleys
plots have a significantly higher average WP (0.79kgm™?)
than conventional systems (AC, 0.51kgm™3). This reflects
better water management in smart valleys, most likely due
to improved water control and reduced losses from evapo-
transpiration and percolation. This trend is supported by data
analysis, with p-values < 0.05 indicating a significant effect
of land management approach, specifically Smart-valleys, on
improving water productivity. Irrigation also has a significant
effect, with p-values < 0.001, indicating that irrigation, par-
ticularly intermittent irrigation (IR3), influences water pro-
ductivity variation. The irrigation strategies have a clear hi-
erarchy, with IR3 (intermittent irrigation) achieving the high-
est WP (1.08 kg m™3), followed by IR2 (low constant level,
0.54kg m~—3) and IR1 (variable levels, 0.34 kg m~3). This in-
dicates that intermittent irrigation improves water exchange
and oxygen availability for roots. This is consistent with the
work of Yakubu et al. (2019), who report that reducing wa-
ter use increases rice water productivity. These findings are

Proc. IAHS, 388, 17-24, 2026

ter productivity. The interaction between land management
approach and irrigation practices strongly influences the re-
sponse variable (p-value = 0.0027). The results revealed that
the SV-IR3 combination performs best (1.40kgm™3), con-
firming that Smart-valleys maximize the potential of inter-
mittent irrigation (Nabipour et al., 2024). The LOV faces
several socioeconomic constraints when implementing the
Smart-valleys approach, including the availability of labor
for soil preparation and annual floods that inundate plots. In-
deed, the clayey texture of the soil makes soil preparation op-
erations such as plowing, leveling, and building small dikes
particularly labor-intensive. However, the scarcity of this re-
source makes these operations more difficult. According to
Gbenou (2013), the primary causes of this situation are emi-
gration to Nigeria and rural exodus. In addition to being diffi-
cult to access, labor has become expensive, thus compromis-
ing the profitability of the agricultural production systems
implemented as part of this approach. Furthermore, annual
floods destroy dikes and flood plots, increasing the costs of
soil preparation in the implementation of the smart-valley ap-
proach in the LOV. Two types of rice production have been
identified in the lower Ouémé Valley: rain-fed production on
the plateaus and floodplain production, which spans from the
short rainy season to the long dry season. Given the available
resources, particularly labor, and the severity of the flooding,
this study was conducted over a single season (rainfed pro-
duction), which may limit the scope of the findings. Future
research could focus on floodwater production to supplement
our findings.

https://doi.org/10.5194/piahs-388-17-2026
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4 Conclusion

This research identified the appropriate land management ap-
proach and irrigation practices for efficient water manage-
ment in rice production in the lower Ouémé valley. The vari-
ous findings revealed that the Smart-valleys management ap-
proach significantly increases rice yields and water produc-
tivity in the study area. This also applies to intermittent ir-
rigation (IR3), which encourages increased water productiv-
ity in rice farming. Furthermore, the combination of Smart-
Valleys with low constant irrigation (IR2) and intermittent
irrigation (IR3) improves yields and water productivity, im-
plying that incorporating Smart-valleys technology followed
by good water depth control is beneficial for rice produc-
tion. The effective dissemination of these findings will help
decision-makers and farmers improve and sustain rice pro-
duction in the lower Ouémé valley. To emphasize the impact
of climatic seasons on rice production, the study might, nev-
ertheless, incorporate the flood recession production.
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