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Abstract

Although susceptible to the negative consequence of climate change, rice production
using continuous flooding in paddy fields contributes significantly to food security
in Uganda. Alternate wetting and drying practice (AWD) is a sustainable irrigation
technique with water-saving potential without reducing yields. Adopting this
technique requires technical knowledge and understanding of AWD’s influence and
its interaction with hydrological conditions — components of water balance including
percolation and precipitation in paddy fields. This study investigated the climate
suitability of AWD for improving water management with paddy rice farming in
Uganda. The climate suitability analysis was conducted for Eastern Uganda considering
the rainy (March - May) and dry seasons (June - July, November - February). First, we
conducted a field survey from Kibimba and Doho, major rice growing schemes, and
obtained FAO-WaPOR climatic data for climate suitability analysis. Ecological niche
modeling in QGIS and Maximum Entropy (MaxEnt), a machine learning model, was
used to evaluate AWD viability in paddy fields. Then, a hydrological assessment of
paddy fields was performed using a water balance equation considering the ecological
requirements of the paddy rice, climatic conditions, and soil properties. Results from
the MaxEnt and Jackknife tests gave >92% and 90% high-performing metrics of area
under the curves and percentage correctly classified, respectively. The significant
environmental predictors identified include organic carbon stock (OCS) and available
water, with OCS as the most influential factor. The percolation rate of 1 - 5 mm/day was
unsuitable for AWD during the rainy season (when precipitation >20 mm/day since
the increase in precipitation decreases percolation rates). Otherwise, AWD was suitable
in dry and rainy seasons if the precipitation was <20 mm/day for all percolation rates,
and over 70% of significant areas in Eastern Uganda favor AWD practice. These findings
provide valuable quantitative insights based on climate suitability evaluation of AWD
irrigation in Uganda to (i) upscale AWD technique for improving water management in
paddy fields and (ii) support Uganda’s rice production goal.

Keywords: Paddy rice; Machine learning in agriculture; Ecological niche modeling;
Sustainable irrigation; Food security; Climate adaptation
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1. Introduction

Among the grains produced, rice contributes 29% of
total grain produced globally, and rice cultivation can
be traced to over 10 millennia compared to other crops.’
The rice production area is projected to cover 150 million
ha globally, yielding an average of 500 million metric
tons annually? Rice cultivation in Africa is gaining
popularity, with annual rice production of 14 metric tons
and consumption estimated at 16 metric tons, leaving a 2
million metric tons deficit.*> Rice is an essential food for
more than 800 million people in Africa, grown in over 75%
of African countries, including Tanzania, Senegal, Uganda,
Gambia, and Madagascar, and is a staple food in most West
African countries.’ Rice production in Uganda was initiated
in 1942 to support World War II militias. However, there
was a gradual growth in rice farming until 1974, when
the Doho Rice Irrigation Scheme was established with the
technical assistance of Chinese specialists to respond to the
farmers’ needs.*

The production in Uganda is expanding and primarily
grown on a small scale, with few large rice schemes. The
annual rice production is estimated at 165,000 metric tons,
while 350,000 metric tons is consumed.” Uganda’s rice
deficit is attributed to low yields and insufficient expansion
of the rice-cultivable areas. With the country’s population
growth rate of 3.2%, rice demand will increase. The
eastern region is Uganda’s rice production hub, resulting
from the optimal soil moisture in lowland areas favoring
paddy rice during rice cultivation seasons.” The Ugandan
government advocates increasing rice production to cater
to the growing demand from rapid population growth.
Unfortunately, some rice-growing schemes cannot sustain
two rice production seasons due to water scarcity resulting
from prolonged droughts, which leads to the drying of
water sources. These negatively affect irrigated yields,
hampering food security.®

Paddy rice is cultivated using the continuous flooding
(CF) method, in which the paddy field is submerged in
prolonged ponded water conditions, creating an oxygen-
deprived environment within the soil and root zone -
anerobic. This condition enhances water for rice growth
while limiting weed growth.” Paddy rice cultivation in
Uganda faces several challenges, including farmers’ limited
knowledge and skills in water management, insufficient
irrigation infrastructure, and vulnerability to drought
conditions.*® Water demand for industrial and home
use is increasing, affecting water share for agricultural
production and creating tensions between various user
groups, with farmers frequently at the center of these
conflicts.” Furthermore, surface and underground water
sources are shrinking, jeopardizing the future of paddy rice

farming. Adopting water-management techniques for rice
cultivation to minimize water use without affecting yields
is essential.” AWD practice is a water management option
to offset the negative climate change repercussions.

Nevertheless, scholarly investigations into applying
this technique for water management in paddy fields
in Uganda remain scarce. Studies on mapping paddy
rice fields provide an understanding of the influence of
hydrological conditions and AWD practice for improving
water use.”® Likewise, previous studies in Uganda have
relied on ground surveys and government reports.® The
application of satellite-based data and machine learning
opens the way for Al-driven tools to be used for AWD
irrigation suitability evaluation.

Therefore, understanding the paddy rice ecosystem and
hydrological characteristics of the potential irrigable paddy
fields is important for optimizing irrigation water use, an
aspect of Uganda’s national irrigation master plan." While
earlier studies recognized AWD practice as climate-smart,
this study fills the gaps in climate suitability evaluation
of this practice under Uganda’s climatic conditions
and aims to assess (i) the influence of soil hydrological
characteristics in the paddy rice fields and (ii) the climate
suitability analysis of AWD irrigation practice in paddy
soils, a win-win strategy for improving water management,
reducing greenhouse emissions, and increasing rice
productivity in Uganda under climate change."? This was
achieved through ecological niche modeling (ENM) in
QGIS and the MaxEnt machine learning tool to evaluate
the soil study area suitability for paddy rice cultivation.
We performed a hydrological assessment of paddy fields
using a water balance equation to evaluate AWD’s climate
suitability as a climate-smart technique. The study has
pointed out the hydrological constraints and opportunities
for AWD practice, which are largely unexplored as part of
the climate-water strategy for the paddy rice ecosystem in
Uganda. The findings of this study go beyond theoretical to
practical discussion by providing insights for government
policymakers and researchers in understanding the
influence of soil hydrological conditions and the evaluation
of paddy fields. In addition, this provides an understanding
of the influence of climatic conditions - rainy and dry
seasons — on AWD practice, offering an opportunity to
integrate the technique into irrigation schemes for water
management, supporting irrigation master plan.

2. Materials and methods

2.1. Study area characteristics

The Eastern region (Figure 1) is among the four regions
of Uganda, including Western, Northern, and Central. It is
situated between the latitudes 0.2804°S and 2.2110°N with
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Figure 1. The geographical site of the study region in Uganda. Image from the authors

longitudes 33.1239°E and 34.7299°E. The region has two
major rice-growing schemes — Kibimba and Doho in Bugiri
and Butaleja districts. The area lies on the eastern bank of
the Nile River, bordered by Lake Victoria in the south and
Kenya in the east, having a population of 9 million people.

The region covers a surface area of 39478.8 km?."*

The study area exhibits tropical climatic conditions
with total annual rainfall up to 1500 mm, marked by a
bimodal precipitation trend - two rainy seasons from
March to June and September to November. The highest
and lowest rainfall is in April and February, with 211 and
52 mm, respectively. Although the region receives such
precipitation amounts, there is variability due to climate
change, which decreases the number of precipitation days
affecting paddy rice cultivation seasons. In addition, the
temperature within the region varies spatially, with an
average value of 23°C and a temperature range of 17 - 35°C.
The highest temperature is mainly in February, with the
lowest in July, with a marked short drought season from
July to August and prolonged droughts from December to
March, with fluctuations in precipitation.'*

2.2. Mapping irrigated potential paddy rice
locations

2.2.1. Field survey from major paddy rice schemes in
Eastern Uganda

We conducted a field survey (with no ground-truthing)
from two major rice growing schemes - Doho and
Kibimba as representative of paddy rice catchments. We

captured information from 29 paddy rice representative
locations, including the geo-coordinates of the paddy
fields, village names, and other administrative features
across the two rice schemes. The geographical coordinates
representing the distribution of paddy rice areas in the
surveyed locations were determined using GPS and
marked on the map. These points were georeferenced to
the WGS84 datum using high-resolution Google Earth
imagery and processed with QGIS 3.30.3., as indicated in
Figure 2.

2.2.2. Approach to mapping irrigable paddy rice
locations under AWD practice

A two-stage approach was employed; thus, a spatial
modeling framework combining data layers, including soil
type, water availability, and topography, was developed
to identify potential sites for irrigated rice using AWD
technique."® First, the ENM concept relating irrigated rice’s
known location to environmental predictors and projection
of appropriate un-surveyed areas was deployed.' This
approach was applied to species distribution modeling."”*
ENM has been used in agricultural suitability mapping.>**!
Several data sets (Table S1) were obtained and prepared
in QGIS 3.30.3. A 30 m grid was created by resampling
predictors with nearest neighbor (continuous) and
majority filter (categorical) methods, respectively, and later
clipped out to remain with the area of focus. The dataset
was later transferred into the Maximum Entropy (MaxEnt)
software. Likewise, a simplified hydrological assessment of
water balance in the paddy field was applied to delineate
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Figure 2. Location of 29 references from the two major schemes of the study region

excess and deficit water balance to define suitability for
AWD practice.”

In addition, the data used in this study include
soil data, precipitation data, solar radiation, annual
evapotranspiration, and mean annual rainfall, which are
summarized in Table S1 (in Supplementary File).

2.2.3. Environmental predictors for land suitability
and irrigated paddy rice cultivation

Several environmental predictors describing the
biophysical characteristics of paddy rice ecosystems
that correspond to key environmental factors, climate,
hydrology, water and energy exchange, vegetation, soil
characteristics, and terrain were used, and the detailed
descriptions are presented in Table 1. The candidate
environmental predictors were chosen based on suitability
mapping data for rice and potential agricultural cropland
for irrigation.”

Conversely, bioclimatic variables of high spatial
resolution, including precipitation and solar radiation,
were acquired from the WorldClim version 2.1 website due
to the absence of in situ data from the surveyed locations.
The predictor variables were spatially transformed to a
30 m resolution grid using nearest neighbor resampling,
clipped, and reprojected using QGIS before being
transferred to the MaxEnt tool for analysis. The predictors
described climate seasonality, long-term annual trends,

Table 1. Environmental and soil predictors considered for
mapping irrigation for paddy rice fields*»*

S/N  Predictor Predictor (Definition) Units
(Abbr)

1 WWP Available soil water holding capacity %
(volumetric fraction)

2 AET Mean annual actual Mm
evapotranspiration.

3 BIO1 Mean annual temperature °C

4 BIO18 Precipitation of warmest quarter Mm

5 CEC Soil cation exchange capacity cmol/kg

6 OCs Organic carbon pool kg/m?

7 CRFVOL Relative volume of course materials %
(>2 mm)

8 ESP Exchangeable sodium percentage %

9 TPHOS Total phosphorus Ppm

10 SILT Silt fraction of fine earth materials %

11 CLAY Clay fraction of the fine earth %
material

12 BLD Bulk density of fine soil material kg/dm?

13 DEPTH Depth to bedrock M

14 SLOPE Slope %

15 DEM Elevation M

and the limiting environmental factors. Long-term average
annual potential evapotranspiration (PET) was estimated
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using the Penman-Monteith equation to characterize
water and energy exchanges between the land surface and
the atmosphere. These predictors measure the quantitative
surplus or deficit of paddy field water balance, biomass,
and rice crop yield.*

2.2.4. Predictive modeling of paddy rice using MaxEnt

MaxEnt machine learning tool is widely applicable
for predictive modeling owing to its robust predictive
performance, small data requirements, and straightforward
model setup.” The model uses the available data and several
defined environmental predictor constraints.”” Herein, the
MaxEnt machine learning model was developed using
the guidelines by Phillips and Dudik.?® We maintained
the default setting of 5000 iterations and the evaluation
metric stabilization of 1000 background points. The choice
for the MaxEnt model was due to its high predictive
accuracy under low sample size and the model’s user-
friendly settings.

We generated a 30 m x 30 m grid and resampled all
the predictor data to the exact resolution using the nearest
neighbor and majority filter techniques (resampling,
mosaicking, clipping, reprojection) for continuous and
discrete datasets, respectively. The maps of the selected
environmental predictors considered for mapping are
provided as supplementary materials (Figure S1). Modeling
was performed based on the occurrence data of the paddy
rice. The study applied the Kernel density estimate for the
random generation of 1000 as background setting data
with 60% and 40% for training and testing, respectively.
The training and testing ratio was set to provide a good
balance between training the model on sufficient data and
evaluating model performance - to reduce overfitting.
Likewise, K-fold cross-validation was applied in which the
data (Table S2) was divided into k-folds, and the model
was trained on k-1 folds and validated on the remaining
fold and final performance metrics as average. Auto feature
was used to avoid overfitting by automatically limiting the
complexity of the model depending on the amount of
present data available.

2.2.5. Selection of threshold areas, model evaluation,
and validation

The difference between the suitable and unsuitable areas
was identified based on the continuous probability surface
generated by the model predictions, where a threshold
value was used to maximize the division of the sum of
the sensitivity and specificity by two. The sum maximizer
threshold performed best across the varied modeling
settings.* A threshold-based approach was used to
minimize the mean error rate for irrigated rice locations
and the error rate for background samples generated.

A simple averaging technique across the MaxEnt outputs
was used as a consensus approach to estimate the central
tendency."”

Further, the geospatial predictive assessment criteria
include the area under the receiver operating characteristic
curve (AUC) (Table S3). Specificity, the prediction of
background points, sensitivity, and precise presence were
considered for the model’s presentation, which was vital for
improving the accuracy level of the model."” In addition, the
precipitation threshold helped to define the limits of rainfall
compatible with AWD practice since areas with consistently
high rainfall (extreme rainfall) may not be suitable for this
practice. This is vital to determine when and where natural
rainfall can supplement or replace irrigation and optimize
water use. At the same time, percolation rates assess the
suitability of different soil types for AWD practice.”

2.3. Estimation of percolation rates for paddy soils

The percolation rates for paddy rice fields were estimated
by defining the higher limit of the percolation rate from
soil texture classes,” using data from the AfSoilGrids250m
resolution depicting soil properties of Africa.?® Sensitivity
analysis was conducted to assess the uncertainties of
percolation rates, considering four major sensitivity
classes, i.e., the lower bound of the potential percolation
rate, an upper bound of the possible percolation rate, a
basic setting corresponding to likely percolation rates
between the lower and upper bounds, and fixed values of
potential percolation rates at a national scale for Uganda
(Table S3). The potential percolation rates ranged from 1
to 15 mm/day (Table 2).

By weighing the first three standard depths, we
aggregated data from the potential percolation (Pot_ ) up
to a depth of 30 cm. Table S4 describes the area covered
by each texture class at each depth over the study region,
highlighting the domination of the clay-loam, clay and clay
sandy loam groups. These soil classes minimize percolation
rates affecting the paddy rice irrigation schedule and
generally improve biomass production and nutrient uptake
(nitrogen use) by paddy rice.”

2.3.1. Climatic suitability assessment of AWD
irrigation practice

We defined the climatic niche of AWD practice from
a simplified hydrological (water balance) model.* The
conceptual illustration of water balance in the paddy field
is demonstrated in Figure S2.

I+P_+ C=Potential ET + D + S + Pot M

Where P_, I, Potential ET, C, D, S, and Pot__represent
precipitation, irrigated water supply, PET of a specific
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Table 2. Summary of the potential percolation rates based on
soil texture

Soil Soil textural Potential percolation
texture ID classes (mm/day)

LB UB BS
1 Clay 1 5 3
3 Sandy clay 3 9 6
4 Loam sandy 1 6 4
6 Clay Sandy loam 3 15 9
7 Loam 2 6 4
9 Sandy loam 3 15 9

Note: LB, UB, and BS represent lower bound, upper bound, and basic
settings, respectively.

type of well-watered crop, capillary rise, surface inflow
or drainage, lateral seepage, and potential percolation, all
units in mm/dekad, respectively.

In the paddy field, water loss through seepage from
a rice field into the neighboring field is counterbalanced
by seepage inflow from neighboring fields. Consequently,
seepage water loss was ignored in the above equation. The
capillary rise contribution of paddy rice crop water need
can be considered for aerobic conditions of unflooded
soils. Conversely, in waterlogged paddy conditions, the
capillary rise is prevented by percolation into the paddy
rice rhizosphere continuum, which is often ignored in the
hydrological (water balance) model.

In addition, capillary rise during the non-flooded
periods with AWD practice provides excess water for the
paddy rice in irrigation schemes with shallow groundwater
tables.’* However, capillary rise water input was excluded
from the equation due to limited spatial datasets to avoid
partiality in assessing the water balance in the paddy field
(Figure S2) of the irrigation schemes with a low water
table. The water balance equation was then modified based
on the above assumption.

I+ Pcp = Potential ET + Potpf (Im)
I+ PEP—(Potential ET + Potpc) =0 (I11)

AWD technique uses less water for paddy rice
cultivation compared to the flooding method (CF)*' and
is suitable for each period with a deficit water balance and
unsuitable otherwise.”

Water balance deficit if P, -(Potential ET + Pot ) < 0
Iv)

Water balance excess if Pcp—(Potential ET + Potp J>0 (V)

The computation of water balance components
(Figure S2) was defined from the dekadal (10-day) time
steps, covering 36 dekadal periods annually and three dekads

monthly. The temporal resolution was acceptable since
irrigation and drainage water management decisions are
considered weekly or fortnightly. An average precipitation
data for 5 years from 2011 to 2020 in the dekad; thus, the
mean daily dekad in mm/day was acquired from the FAO
WaPOR portal, developed remotely sensed data with open
access licenses for monitoring water productivity.

Similarly, reference PET, ET, and dekad data from FAO-
WaPOR v2 database’® was used in this study (Figure S3).
The potential ET (dekad, mm/day) was defined as the
summation of the canopy transpiration (T) and surface
evaporation (E) based on grass, the reference crop, using
the Penman-Monteith FAO method.” Finally, the spatial
resolution of both continuous and categorical raster
datasets was standardized to a 30 m x 30 m grid, using
nearest-neighbor resampling for continuous data and a
majority filter for categorical data.

3. Results

3.1. Ecological niche model suitability distribution
of irrigated paddy rice

Figure 3 shows the sensitivity and reliability of the model
to evaluate the suitability of AWD conditions. Evaluation
of the potentially suitable location of flooded paddy fields
in Eastern Uganda with the MaxEnt model depicts high-
performing metrics of AUC and percentage correctly
classified (PCC) >92% and 90% on training data, respectively.
Likewise, the model shows high performance of AUC
with 92% and PCC >81% using the independent test data,
indicating that the MaxEnt is reliable for suitability analysis
of AWD practice in paddy fields. Other research studies
have shown the application and consistency of the MaxEnt
software for climate suitability of AWD irrigation practice
in paddy fields. For example, research on mapping potential
locations for AWD practice in Burkina Faso highlighted that
the MaxEnt model gave over 80% of AUC on the performing
metrics.”” Generally, the sensitivity analysis was influenced
by the volume fraction of coarse fragments (CRFVOL),
organic carbon stock (OCS), exchangeable potassium
(EXK), available water (AW), precipitation of the warmest
quarter (BIO18), and topographical wetness index (TWI).
However, the suitability investigation of AWD technique in
paddy fields can be improved by combining two or more
predictors, such as MaxEnt and Random Forest.

3.2. Model evaluation of environmental predictors’
importance

Figure 4 indicates the jackknife test of various
environmental predictors that influenced the suitability
of AWD irrigation conditions. The results from the
MaxEnt model based on the jackknife test show that the
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Figure 4. A jackknife test comparing the AUC values associated with individual covariates (blue bars), the remaining variables (light blue bars), and all

environmental variables (represented by the red bar).
Abbreviation: AUC: Area under the curve.

TWI, accessible water (AW), EXK, the CRFVOL, the
OCS, and the warmest quarter’s precipitation (BIO18)
were the top five essential and selected predictors that
significantly impact the suitability of AWD practice. It was
observed that OCS significantly influenced the suitability

assessment of the AWD practice with over 75%, while
Biol had less influence with <45%. The OCS is vital in
regulating nutrient provision, soil drainage, soil stability,
water-holding capacity, and greenhouse gas emissions that
can slow or speed up climate change.
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3.3. Covariance response curves

In addition, Figure 5 demonstrates the response curves
illustrating therelationship between the major determinants
and the suitability of land for the cultivation of irrigated
paddy rice. The CRFVOL shows a decrease in suitability
with a maximum value of 75% and a rapid decrease
between 0% and 5%. A similar curve is demonstrated for
soil OCS exhibiting a maximum suitability of 100% at 10
tons/ha. Likewise, a decline to 0% suitability is observed at
57 tons/ha, coinciding with a maximum soil bulk density
(BDCRIM) of 175 kg/m® and a soil clay content of roughly
75%. However, suitability peaks were between 96 mm

and 425 mm of precipitation during the warmest quarter
(BIO18), following an S-shaped curve.

Nevertheless, the mean yearly thermal regime
demonstrates constant variability below 7°C and slight
linear variation up to 25°C with peak suitability at 25.5°C.
Available soil water capacity (bdcrim) exhibits a comparable
response pattern, with peak suitability observed above
55% and TWI with suitability slightly above 50%. Results
indicate that the suitability of irrigated paddy rice decreases
with an increase in soil depth (DEPTH), available water
(AW), EXK, and OCS in an exponential-shaped curve.
There is a constant relation between predictors silt, PET,
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Figure 5. Covariant response patterns indicating the relationship between the predicted MaxEnt’s suitability (occurrence of irrigated rice and predictors)
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cation exchange capacity, and available water (WWP)
volumetric fraction. All of these influence irrigation and
soil properties for AWD applications. The differences in
the model’s accuracy were associated with the complexity
and computation time during model fitting. The statistical
robustness of the response curves is shown in Figure S4.
The blue boundaries represent the 95% confidence intervals
around the predicted relationships, implying a 95% chance
that the true relation lies within these boundaries. The
cloglog output identifies the probability of suitability and it
is plausible that rice growth will thrive in an area with that
corresponding environmental factor.

3.4. Potential suitability for irrigatable paddy rice
cultivation by spatial prediction

The expected appropriate spatial distribution was
predicted (Figure 6). The findings indicate that potentially
suitable locations are distributed close to the center south
of the Eastern region of Uganda between the latitudes
of 33.5°N and 34.4°N from the west and have sandy clay
loam soils. This was attributed to the high prevalence of
environmental predictors influencing water and land in
potential locations. Defining the potential locations for
AWD was influenced by the effect of various percolation
rates defined in reasonable boundaries. One of the
drawbacks during modeling was the absence of accurate
in situ information on percolation rates, which we suggest
field estimation in future research studies.

31.500 32.000 32.500 33.000 33.500

MaxEnt and ENM are suitable tools for estimating
the suitability potential of paddy rice areas suitable for
AWD practice. This is important for irrigation planning
and improving paddy rice water management and rice
productivity for food security in Uganda. However, future
studies should consider using ensemble modeling, which
combines predictions from multiple machine learning
models and is a powerful tool for improving the accuracy
and robustness of the suitability predictions. Predictions
using ensemble techniques such as bagging (Bootstrap
Aggregating) or boosting (AdaBoost, XGBoost) are more
accurate and stable.*

3.5. Estimated percolation rates

Table 3 shows the estimated percolation rate with
soil texture. Soil properties, including bulk density,
mineralogy, organic matter content, salt type and
concentration, and soil structure and texture, influenced
the percolation rate in paddy fields.* The physical action
of puddling leads to the formation of the hardpan,
which changes the soil structure, although variation
of percolation rates remains in different soil textural
classes. AWD suitability increases with an increase in
potential percolation, assuming that evapotranspiration
and precipitation are constant. Lower percolation values
are less suitable for AWD, but suitability increases as the
percolation rate increases. Table S4 shows the exact ratio
as a function of depth and total area. It was arrived at
by multiplying the corresponding ratios of the different
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Figure 6. Predicted potentially suitable paddy rice locations for AWD irrigation practice using the MaxEnt model

Abbreviation: AWD: Alternate wetting and drying.
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Table 3. Predicted soil percolation rates

Soil type Variation of soil percolation with texture
(mm/day)
LB UB BS

Clay 0.406556 2.032782 1.219669
Sandy clay 0.150027 0.450082 0.300055
Loam sandy 0.31963 1.917782 1.278522
Sandy clay loam 0.79697 3.984849 2.390909
Loam 0.002357 0.007072 0.004715
Sandy loam 0.039779 0.198895 0.119337
Total percolation 1.71532 8.591462 5.313206

Note: LB, UB, and BS represent lower bounds, upper bounds, and basic
settings, respectively.

textural classes and then summating ratios area for each
depth and texture class to the total area.

3.6. Climatic suitability of AWD irrigation practice

Generally, all the dekads during the drought period were
appropriate for AWD irrigation practice owing to a water
deficit from limited rainfall (0 - 6 mm/day) and substantial
evapotranspiration (3.5 - 8.6 mm/day) within the region.
AWD suitability for the rainy season (July — October)
with fixed potential percolation rates; Pot is shown in
Figures 7 and 8. The AWD climatic su1tab111ty, where
Potpc is based on the soil texture classes (Table S4), can be
observed in Figure 9.

Our findings indicate that all fixed Pot _values during
December, January, and February (dekads 1 - 6) are suitable
for AWD practice where precipitation values <10 mm/day.
The temporal variation of water balance components in
the paddy fields - excess and deficit - is due to the slow
onset precipitation pattern in March and maximum
precipitation in April, May, and June, which decreases in
July (dekads 18 — 21). Similarly, precipitation increases are
evident in September, October, and early November, with
a gradual reduction until early December. AWD climate
suitability aligns with the precipitation pattern of high
Pot _fixed values between 4 and 5 mm/day. However, the
Potpc (=10 mm/day) makes the whole region suitable for
irrigatable paddy farming with AWD practice.

In addition, 70% of the area was suitable, lying
in several districts, including Butaleja, Busia, Mbale,
Bugiri, Tororo Bukedia, Mayuge, Namayingo, Manafwa,
Namutumba, Bugweri, Kaliro, and Palisa. Dekads (23
- 31) are from the rainy season, corresponding between
March and early November, although the rainfall intensity
may differ. Furthermore, most of the dekads between April
and June are under 1 mm/day percolation and were found
unsuitable for AWD due to low Pot and high rainfall,

DEKAD 14 DEXAD 15

LEGEND

Oryza_sativa_avg
Band 1

B Unsuitable 5

B Suitable

100km
— )

DEKAD 16 DEKAD 17

100 km
3

DEKAD 18 DEKAD 19

100 km

Figure 7. Climatic suitability of AWD with Pot (1 mm/day) between
April and June (rainy season)
Abbreviation: AWD: Alternate wetting and drying.

which resulted in excess water balance. The different
climatic conditions are summarized in Table S5. There was
variation in AWD suitability with months across the dry
season, with high suitability observed from late November
to January and suitability in November, February, and
July. The high suitability is attributed to low precipitation
(<6 mm/day), and suitability in February and July was
attributed to moderate rainfall (6 - 10 mm/day) with all
percolation rates.

4, Discussion

4.1. AWD irrigation suitability: Rice expansion,
water management, food security and national
irrigation policies in Uganda

The region and entire country have the potential to increase
paddy rice cultivation through the implementation of
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Figure 8. Climatic suitability of AWD with Pot (10 mm/day) between July and October (rainy season)
Abbreviation: A-—~WD: Alternate wetting and drying.
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Figure 9. Climatic suitability of AWD with Pot,_from soil texture class of upper boundary limit between March and May (rainy) and between June and
August (dry season)
Abbreviation: AWD: Alternate wetting and drying.
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AWD irrigation. However, there is a growing drive to
expand rice farming to attain the national rice production
goal and enhance food security in Uganda. Research has
indicated that >90% of Uganda’s rice yield is predominantly
from smallholder rice production from various regions
- Eastern, Northern, and Western, from rain-fed and
irrigation,” although the rice productivity, especially from
the Eastern (3.6 t/ha) and Northern regions (1.7 t/ha),
remains low compared to the yield potential of 5 t/ha.*

Integration of AWD practice in paddy rice farming
systems in Uganda requires an understanding of climate
suitability, for which our study has presented a pilot
analysis of AWD practice in Uganda using ENM technique
in QGIS and MaxEnt machine learning model. The study
findings indicate that over 70% of the region favors paddy
rice cultivation and AWD practice. AWD practice presents
huge potential for achieving better water management
and reducing greenhouse gas emissions, mainly methane
(45 - 90%), without affecting rice yields.”'>***¥ AWD
irrigation allows periodic drying of paddy rice fields,
significantly reducing methane emissions compared
to the traditional CF method. This is vital for Uganda,
where agricultural practices contribute significantly to
national greenhouse gas emissions. Implementing the
AWD technique aligns with Uganda’s climate policy
commitments and enhances the sustainability of its rice
production systems,* which improves resilience to climate
change. The ecological implications of AWD irrigation
go beyond greenhouse gas emissions reductions, water
savings, and yield improvements. Other studies have
shown that AWD practice improves water quality by
reducing nitrogen seepage loading from paddy fields.®
This is pertinent in some locations where paddy cultivation
contributes significantly to non-point source pollution
of the downstream water bodies.** Therefore, modeling
these interactions in paddy fields using MaxEnt provides
valuable insights into the habitat suitability for paddy
rice cultivation under various climatic scenarios, thus
enlightening policymakers on agricultural practices that
align with environmental sustainability.**

Similarly, the biodiversity of the paddy ecosystem is
greatly influenced by different irrigation water management
practices. Research studies have revealed that irrigation
ponds, reservoirs, and paddy fields enhance benthic
macroinvertebrates’ biodiversity, which helps maintain
ecological balance.***® The different water management
strategies can affect biodiversity, which creates varying
habitat conditions that either encourage or hinder the
movement of aquatic organisms, including integrated
paddy-rice-fish farming.”® Therefore, the application of
ENM using MaxEnt can predict how changes in irrigation

practices, including the adoption of AWD practice, impact
the rice yields and broader paddy rice ecological system.

Nevertheless, ENM using MaxEnt provides a robust
framework for assessing the suitability of AWD practice
for Eastern Uganda during rainy and dry seasons. MaxEnt
utilizes available data for modeling the connection between
environmental variables and the habitats’ suitability for
specific agricultural practices.**** This approach is helpful
in regions with limited data on the distribution of AWD
practice, which has been applied in this study using the
MaxEnt machine learning model.” By integrating climatic
data with soil characteristics and water availability,
researchers can generate predictive maps that identify
potential locations suitable for AWD.*** Such maps can
guide policymakers and irrigation practitioners in making
informed decisions regarding expanding paddy rice
farming in Uganda.

Conversely, the application of MaxEnt in QGIS allows
spatial analysis and visualization of the results, offering
an explicit knowledge of the geographical distribution of
locations that is possibly appropriate for AWD practice.
This finding is essential for irrigation and strategic
planning, enhancing resource allocation for developing
and expanding paddy rice farming to contribute to food
security.® Further studies have indicated that integrating
local agronomic knowledge with ENM enhances the
effective implementation of AWD practice to meet region-
specific climatic and environmental conditions.”

Our study findings indicate that using the MaxEnt
model and QGIS has the potential to identify suitable
locations for AWD irrigation in Uganda, in the case of
the Eastern region, where up to 70% is suitable. This
significant percentage includes major paddy rice-growing
districts such as Pallisa, Namutumba, Bugiri, Butaleja,
Iganga, Busia, Namayingo, Luuka, Kamuli and Mayuge
(Figure 1). These locations have a moderate annual rainfall
range between 750 mm and 1500 mm (suitable for paddy
rice) but experience seasonal dry periods (July-August,
December-February), making AWD eflicient. In addition,
most locations identified for paddy rice and AWD practice
have a high percentage of sandy clay loam soils favoring
AWD practice with precipitation <20 mm/day and all
dekads were suitable during the dry and rainy seasons for
all percolation rates.? However, the practice was unsuitable
for percolation rates from 1 to 5 mm/day during the rainy
seasons with precipitation >20 mm/day since the increase
in rainfall decreases percolation rates. During rainy
seasons, the soil becomes fully saturated with increasing
rainfall, which reduces percolation rates and renders AWD
practice unsuitable. In addition, evapotranspiration levels
arelow, and from Equations VIand V with fixed percolation
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values (1 - 5 mm/day), there is excess water balance,
hence unsuitable for AWD practice. With the increasing
water scarcity issues in Uganda due to climate variability
and prolonged droughts, AWD would optimize irrigation
water use, reducing dependence on erratic rainfall. Our
findings indicate that AWD is suitable for all dry seasons
and during the rainy season when precipitation is below
20 mm/day. This is significant for large schemes, including
Kibimba and Doho, to improve water management and
paddy rice expansion to meet the growing demand.

Nevertheless, groundwater table interactions with AWD
irrigation practice play a critical role in water management,
soil aeration, and crop health. AWD drying and re-wetting
cycles influence groundwater recharge and soil moisture
dynamics. With the shallow groundwater table, capillary
rise can supplement rice water requirements, reducing
the need for irrigation. However, in regions with deep
groundwater tables, the effectiveness of AWD depends
heavily on precipitation and percolation rates. Our findings
indicate that AWD is more suitable when percolation
rates exceed 5 mm/day and precipitation <20 mm/day,
enhancing optimal soil moisture retention and aeration
while minimizing excess water loss. In addition, AWD
reduces methane emissions through periodic oxygenation
of the soil and reduces anaerobic decomposition.**
However, its impact on groundwater levels varies by
soil type and climatic conditions, which is missing in
Uganda. This necessitates local assessments of the effect
of AWD and groundwater interactions to optimize AWD
implementation in different ecological zones.

On the other hand, the potential suitability of the
“locations” distribution was influenced by the “predictors”
importance and sensitivity analysis. Our findings show
that CRFVOL, OCS, the accessible water (AW), EXK
and TWI and rainfall of the warmest quarter (BIO18)
were the top predictors that significantly influenced
the suitability of AWD practice. These findings differ
slightly from research by Sander et al.,*® in which the
suitability was primarily affected by precipitation and soil
percolation rates. The reliability test of the distribution
model (Figure 3), Jackknife test (Figure 4) and response
curves indicate that coarse fragments of CRFVOL show a
decrease in AWD suitability with a maximum value of 75%
and a rapid decrease between 0% and 5%. Similarly, OCS
has a peak suitability value of up to 100% at 10 tons/ha.
The peak suitability is associated with a soil clay content
of approximately 75%, a soil bulk density (BDCRIM) not
exceeding 175 kg/m’, and a reduction to zero suitability at
57 tons/ha. The BIO18 indicates the maximum suitability
of AWD practice for precipitation between 96 mm and
425 mm. The high OCS influences microbial activities in

organic-rich soils for nutrient availability and improves
soil water retention, which is key for paddy rice growth
and survival during the non-flooded periods of AWD
practice.”* On the contrary, the excess OCS can lead to
increased methane emissions. Likewise, AW is the major
determinant of AWD suitability, affecting the soil’s ability
to retain and supply water to crops between irrigation
cycles. Higher AW ensures sufficient soil moisture for rice
growth within the non-flooded cycles of AWD practice.
Therefore, areas with high AW show greater resilience to
periodic drying phases with AWD application.

In addition, the soil texture influences water retention
and percolation. The soils with low AW (e.g., sandy soils)
drain quickly, affecting the irrigation frequency of AWD
to minimize crop stress.*® Our findings suggest that AWD
works best in soils with a moderate AW range, balancing
water retention with adequate drainage to prevent over-
saturation. This is a characteristic of clay and sandy clay
loam soils with high water-holding capacity and balance
between water retention and drainage.

Our study on climate AWD suitability in Uganda
aligns perfectly with several studies conducted in Asia
and West Africa, highlighting its global relevance as a
climate-smart water management strategy for paddy rice
cultivation. Compared to traditional flooding (CF), AWD
has been extensively studied and promoted as a sustainable
water management technique in Asia, particularly in the
Philippines, Thailand, and Indonesia. Studies by Sander
et al® found that AWD reduced methane emissions
by 48% in the Philippines while maintaining or even
improving rice yields. Likewise, a study in Thailand
reported a significant reduction in methane and nitrous
oxide emissions without compromising rice productivity.*”
These studies support our findings that AWD suitability
was linked to precipitation levels and soil percolation rates
and is crucial given the increasing water scarcity in Uganda
due to climate variability.’

Similarly, percolation rate is a critical factor in
determining AWD suitability where soils with high
clay contents and low percolation rates have low water
drainage, which leads to waterlogging (creating anaerobic
conditions) and increases methane emissions. Moreover,
high percolation rates (>5 mm/day) improve soil aeration,
reducing methane emissions and allowing rice roots to
access moisture while preventing prolonged flooding.?
These, together with TWI, determine water accumulation
in the fields. The high TWI values indicated low-lying
areas, where AWD was less effective due to excessive
water retention. Furthermore, our findings suggest that
all constant Pot  values for December, January, and
February (dekads 1 - 6) are typically suitable for AWD
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practice where precipitation is <10 mm/day. However, the
practice was appropriate in all dry and rainy seasons with
<20 mm/day of precipitation. Our findings correspond
with research from Burkina Faso, which reported that the
AWD technique is applicable during the drought and rainy
periods but also contributed to water saving (32% and 25%,
respectively) compared to traditional flooding irrigation."
Considering the spatial variation of Pot , the spatial and
temporal precipitation distributions and ET significantly
affected the paddy water balance during the rainy season.

Conversely, studies in West Africa - Burkina Faso
and Benin have demonstrated the potential of AWD for
improving water productivity. The research on a GIS-based
climate suitability mapping in Burkina Faso revealed that
over 65% of the land was suitable for AWD during dry
and wet seasons.”” This aligns with our study (integrated
machine learning and QGIS) findings, in which over 70%
of Eastern Uganda was suitable for AWD implementation,
provided precipitation levels remained below 20 mm/day.
The study findings on climate suitability AWD irrigation
practice in Uganda have significant implications for
national irrigation policies to support paddy rice farming.
Integrating digital tools such as Internet of Things and AI
with the AWD technique provides a robust sustainable
irrigation option to improve water management, rice
yields and mitigate greenhouse gas emissions.**** This
underscores the need for policy interventions integrating
AWD into Ugandas irrigation master plan for sustainable
water allocation and wetland ecosystem management and
services.”

The global applicability of AWD stresses the potential
for scaling up AWD technique in water-scarce regions.
However, implementation of this technique is hindered
by several challenges across regions: variations in soil
structure, water governance policies, technical know-
how, and farmer adoption rates. The key technology
component of AWD, mostly observation tubes, is
affordable by smallholder farmers.” Therefore, we
suggest that the government direct its focus on training
programs, field experiments, demonstration plots,
and pilot projects, with extension services to help
farmers facilitate the adoption of AWD practice. AWD
applications require proper field planning and water
structures. Yet, the current irrigation infrastructures in
Uganda and East Africa are still underdeveloped, leading
to poor performance of most irrigation schemes.® The
government should prioritize investments in irrigation
modernization to enhance AWD implementation in
existing and new irrigation schemes to improve water use
efficiency and contribute to national food security while
promoting sustainable agriculture.

5. Conclusion and recommendations

In this study, we have piloted climatic suitability analysis
of paddy rice cultivation and AWD technique for Eastern
Uganda, using the MaxEnt machine learning model
combined with ENM in QGIS. Our research findings are
summarized below:
(i) OCS, precipitation, accessible water (AW), TWI, the
CRFVOL, and percolation rate collectively affect AWD
feasibility by influencing soil water retention, aeration,
and nutrient cycling in paddy fields. These factors,
among others, greatly influenced the definition of
potential locations for AWD
AWD irrigation practice was climatically suitable in
paddy rice fields for all dry seasons in all evaluations
and locations with precipitation <10 mm/day,
percolation rates >5 mm/day, moderate OCS (10 tons/
ha), and AW at a moderate level
(iii) A sizable portion of the rainy season between March
to June and September to November, corresponding
to precipitation of 10 — 20 mm/day and 12 - 25 mm/
day, was climatically favorable for AWD irrigation for
paddy fields across the region
(iv) AWD is unsuitable when the percolation rate is 1 -
5 mm/day during the rainy season when precipitation
is >20 mm/day. Understanding these factors enables
the optimization of AWD practice for precision water
management and to improve rice productivity
The limitations of this study include the absence of
accurate in situ data at groundwater level, percolation
rates (calls for field estimation in the future), and lack
of in situ validation.

(ii)

)

Thesstudy findings provide the first suitability assessment
of AWD practice in Uganda and East Africa. MaxEnt and
ENM are suitable tools for estimating potential locations for
paddy rice cultivation and AWD’s suitability with climate
change. However, future studies should consider using
ensemble modeling, which combines predictions from
multiple machinelearning models (including random forest
and artificial neural networks) to improve the accuracy
and robustness of the suitability predictions.*® Predictions
using ensemble technique like bagging (Bootstrap
Aggregating) or boosting (AdaBoost, XGBoost) are more
accurate and stable. In addition, conducting country-wide
comprehensive mapping and integrating groundwater
level data as a critical predictor supports AWD suitability,
expands spatial coverage, and ensures representation of
the different agroecological zones and conditions. Our
findings are imperative for (i) assessing the suitability of
AWD practice and (ii) understanding the influence of AW,
organic carbon, percolation rates, and precipitation on
optimizing AWD technique to improve irrigation planning
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for water management in rice schemes. Finally, conducting
pilot field experiments, farmers’ training, and evaluation
of AWD?’s social-economic feasibility and impacts across
the diverse agroecological zones and farmer adaptability
in Uganda are necessary. These should be carried out in
comparison with other water-saving techniques, including
the system of rice intensification.
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