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Abstract: The mangrove swamp rice production system (MSRPS) in West Africa faces significant
challenges in soil, water, and salinity management, making rice production highly vulnerable to
variations in the spatio-temporal distribution patterns of rainfall, which are exacerbated by climate
change. This study’s results can provide the initial basis for co-developing strategies with farmers
aiming to contribute to the biophysical characterization of the MSRPS, in particular: (i) estimate
the water-harvesting efficiency (WLef) of the plots in the north and south of Guinea Bissau (GB);
(ii) characterize the unevenness of the bottom of the plots, which leads to salinization spots; and
(iii) create soil consistency maps to provide farmers with a tool to prioritize sites with optimal
conditions for tillage. The research was conducted between 2021 and 2023 in the study site of
Cafine-Cafal in the south and Elalab in the north of GB. Systematic soil sampling in a grid was
designed to quantify the soil consistency and plot/ridge areas were determined. Linear models were
developed to predict biophysical parameters (e.g., effective planting areas and water-logging depths)
and geostatistics were used to create soil consistency maps for each study site. The results show
precipitation water-harvesting efficiencies of 15% and 16% for the southern and northern regions,
respectively. Furthermore, the plasticity limits of 18.6% for Elalab and 35.5% for Cafine-Cafal show
the most appropriate times to start tillage in specific areas of the paddies. This study provides
information on the efficient management of tillage and freshwater conservation, providing MSRPS
farmers with useful tools to counteract the effects caused by salinity and rainfall variability.

Keywords: water management; water harvesting; soil consistency; soil salinity; soil tillage; West Africa

1. Introduction

Rice is one of the main cereals in the diet of tropical countries worldwide. According
to estimates by the Food and Agriculture Organization, its production has increased from
426 to 510 million tons over the last 10 years [1–3].

In the tropical region of northwest Africa, rice is the most consumed cereal at a
regional level, particularly in countries such as Senegal, Guinea Bissau, Guinea Conakry,
and The Gambia [4]. These countries have a specific rice production system linked to the
mangrove forests of the coastal areas, designated as mangrove swamp rice production
systems (MSRPSs).

An MSRPS results from the slashing of the mangrove trees and the construction of
dikes for the creation of paddies [5]. Thus, MSRPSs have been pointed out as the main
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cause of mangrove deforestation in Guinea Bissau [6,7]. Among the West African countries
practicing mangrove swamp rice cultivation, Guinea Bissau has the largest area occupied
by this farming system [7–9] and the highest total production. This distinctive agro-fishing
livestock farming system is based on the development of expertise (for dike and dam
construction and maintenance, water management, control of soil fertility and toxicity, and
selection of rice varieties) and the intensive mobilization of labor (e.g., for land clearing of
mangroves, the construction of dikes and canals, soil desalination, and plowing) at certain
periods of the crop cycle [8,10–13]. Both the construction of dikes and bunds that delimit
the plot and soil tillage are undertaken manually using a long iron-tipped wooden plow.

Rainfall is the only source of water to meet crop water needs and to flush salt from the
soil profile [9,14–16]. Therefore, rice is grown during the rainy season (July to November)
when the planting sites become suitable for the rice plant, namely, the salinity has reduced
to tolerable levels for rice varieties [14,17]. This makes plant growth difficult [5,18,19] and
leads to a large variability in rice productivity across the country. However, the rainfall
impact depends on both its annual value and its distribution [20,21]. Climate change and
poor water management have led to desertification and the abandonment of many fields,
which have become infertile and have high salt concentrations [22–24].

Very few field studies on soil characterization and water management have been
carried out on the MSRPS [25,26]. These soils have very particular physical and chemical
properties because, as stated above, they were previously occupied by mangroves and
flooded with brackish water. Furthermore, the water management of an MSRPS is mainly
based on the accumulation of rainwater [18,27].

The dimensions of plots are of great importance as they facilitate the harvesting of
fresh water from rainfall, which is crucial for plowing, salt leaching, cation solubility, and
optimal rice growth [13]. The dimensions of the plots observed in one region should not be
extrapolated to the national level, as there are different cultural practices and knowledge
gaps regarding soil, water, and salt management. For example, in years and regions with
limited rainfall [20], farmers face the challenge of accumulating enough fresh water to
manage their plots. Additionally, as farmers explore new cultivation areas, they change
the size of the plots, resulting in increased variability. Therefore, to ensure optimal soil
and water management and effective salinity control, it is essential to have a detailed
understanding of the plot dimensions at local and regional scales, rather than making
generalized assumptions without empirical basis [28]. Although MSRPSs are dominant
in coastal areas of Guinea Bissau and Senegal (Casamance) [10,29], there is still a lack of
comprehensive information on the specific regional dimensions of these structures.

The biophysical characterization of the MSRPS is an urgent need, with the aim to
improve rice production, as suggested in the companion article Garbanzo et al. [30]. This
involves studying its physical, biological, and chemical components to understand how
they interact in a particular environment. Thus, this approach examines various elements,
such as soil properties, climate, water availability, plant genetics, biodiversity, and land-
management practices [31–34]. The biophysical characterization of the MSRPS serves as a
strategic approach to implementing development interventions from multiple perspectives
with the goal of establishing a sustainable and productive system. The development of
cropping diagnostic tools for efficient water and soil management represents the first step
toward improving rice production [35,36]. The national characterization of MSRPS in
Guinea Bissau can provide insights into the different ways in which they can become better
adapted to local agroecological conditions in times of climate change [37,38]. Additionally,
the development of geospatial distribution maps [39] for specific soil management variables
could be helpful in scheduling manual soil preparation tasks. This could promote a
more systematic approach to agriculture and rice production that is adapted to the micro-
climatic diversity of the country [40]. Therefore, characterizing parameters such as the
techniques used in the construction of plots and dams and the soil physical parameters
could provide an effective strategy for adapting to climate change by improving water
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harvesting, reducing rainfall needs, and mitigating desertification in the coastal villages of
Guinea Bissau.

Soil consistency limits play an important role in soil tillage, i.e., the preparation
of the soil for growing crops. It determines the workability of the soil, and farmers’
knowledge of it allows them to understand how easily the soil can be manipulated, shaped,
and cultivated [41]. It helps in deciding the right time to till the soil [42–44]. This can
also prevent soil compaction, as working beyond the plastic limit can change the soil
structure, making it more susceptible to compaction, and reducing the porosity, which has
a negative impact on root growth and water infiltration [45–48]. Proper understanding
and management of soil consistency limits contribute to the creation of an ideal seedbed.
This facilitates seed germination, root growth, and overall plant development. Essentially,
knowledge of soil consistency limits enables more informed decisions regarding the timing,
depth, and intensity of tillage operations, ultimately contributing to improved soil quality
and better crop yields. Soil consistency limits refer to the different moisture contents at
which the soil behaves differently [49].

Based on the relationships described above and the research gaps identified in the
literature (e.g., [11] and the companion paper Garbanzo et al. [30]), the present study
aimed to contribute to the biophysical characterization of the MSRPS in the north and
south of Guinea Bissau in order to improve the understanding of the soil–water–salinity
relationship for optimized plot management. Specifically, our aim was to (i) estimate
the water harvesting efficiency of the plots in the north and south of Guinea Bissau;
(ii) characterize the unevenness of the bottom of the plots, which leads to salinization spots;
and (iii) create soil consistency maps to provide farmers with a tool to prioritize sites with
optimal conditions for tillage.

2. Materials and Methods
2.1. Location and Main Characteristics of the Study Sites

The research presented in this paper was conducted between 2021 and 2023 in two re-
gions of Guinea Bissau (GB). Located in West Africa, GB covers an area of approximately
36,125 km2 and is bordered by Senegal to the north, and Guinea Conakry to the east and
south (Figure 1). Two case studies were selected, one in each region. The Elalab case study
was located at 12◦14′48.5′′ N, 16◦26′30.3′′ W in the S. Domingos administrative sub-region
of Cacheu, which is representative of the “Diola” and “Baiote” ethnic groups’ techniques.
The Cafine-Cafal case study was located at 11◦12′40.4′′ N, 15◦10′26.7′′ W in the Tombali
region, which is representative of the “Balanta” ethnic group techniques (Figure 1). Both
sites present elevations from zero to two meters above sea level.

According to the Koppen climate classification [50], the climate in these regions is
AW, which is a tropical monsoon climate with heavy rainfall during the wet season, which
usually lasts from June to October. The coastal zone presents an average annual rainfall
between 1500 and 2500 mm [20] and annual average temperatures range from 24 ◦C to
27 ◦C [51]. The temperature regime is characterized by a low annual variation, with May
being the hottest month (29 ◦C) and January the coldest one (25 ◦C) [20].

The agroecosystem has been classified as a rainfed wetland rice ecosystem, particularly
within the sub-ecosystems prone to drought and flooding [52]. These are characterized
by high salt concentrations, which limits rice cultivation to periods when freshwater
storage conditions allow for plant growth. In our case studies, samples were collected and
observations were made on the entire mangrove swamp rice area (paddies), particularly the
associated mangroves (“bolanha doce”) and tidal mangroves (“bolanha salgada”). There
are two traditional systems of rice swamp cultivation in GB the inland freshwater swamp
fields (“bolanha doce”) and mangrove swamp (“bolanha salgada”). Both systems refer to
rainfed rice cultivated with a permanent depth of water (permanently flooded paddies)
until or almost until the end of the rice cycle. The freshwater swamps (“bolanha doce”)
where rice is cultivated are located in inland valleys where there is a shallow water table
or an impermeable soil layer that allows for water storage, and thus, assures fresh-water
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harvest. Differently, mangrove swamp rice (“bolanha salgada”) is characterized by the
former presence of mangrove forests invaded by the tides over the years in a fraction of or
the whole area of the rice fields, thus leading to a high concentration of salts in the soils, as
described in the companion paper Garbanzo et al. [30].
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Figure 1. Locations of Guinea Bissau and the study sites Elalab and Cafine-Cafal in the north
(S. Domingos, Cacheu) and south (Tombali) of the country, respectively. The maps show points
representing the locations where soil samples were taken for physical and chemical analysis.

The soils in the MSRPS areas were included in the orders of the Inceptisols and Entisols
according to the Soil Taxonomy–USDA [53]. These soils were formed by alluvial fans that
resulted from tidal sedimentations [54–57]. They present a Ustic moisture regime, as
they are dry for at least 90 cumulative days in a normal year [55]. Originally, they were
mangrove soils that were converted into rice production fields through anthropogenic
activities after three to five years of preventing seawater intrusion by building dikes around
the planting sites.

2.2. Experimental Observations and Data Collection

Using geographical information system software (QGIS version 3.28.11), polygons
were generated to define the rice production areas in Cafine-Cafal and Elalab. Transects
were used to assess plots and to delimit the main dikes of the paddies. Once the geographic
coordinates of the site were determined, polygons were generated for delimiting the
paddies (“Bolanhas”) used for cultivation. Google satellite images were used to identify
plots and accurately delineate the bunds, enabling the determination of their respective
areas. These images were chosen randomly to provide comprehensive coverage of different
paddy sites, with a meticulous recording of 100 observations (images) for each study site.
Figure 2 shows an image obtained by a drone, illustrating the identification of plots within
specific paddy sites, along with the delineation of ridges, furrows, and bunds utilized for
rice production.
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dies or “Bolanhas”, (c) main dikes, (d) ridges, (e) furrows, and (f) bunds.

In order to generate a systematic sampling within a combined area of 1435 ha, a grid
of 183 sampling points in Cafine-Cafal and 99 sampling points in Elalab was added to
the maps of the rice production areas (Figure 1). The “Cartodroit” application (version
V0.61.2_10166) created by the “Instituto Técnico Agrario de Castilla de León” was used
for this purpose, as it works in areas without an internet connection. Vector raster layers
were generated in Sqlite format to locate the points within the rice production zones. The
sampling points were uploaded to a GPS-equipped Android smartphone to precisely
identify and locate points within the fields.

Soil samples (282) were collected at each grid point using an auger and shovel at a
depth of 0 to 25 cm. The samples were placed in plastic bags and labeled for identification
for further processing at the Soil and Water Laboratory of the Ministry of Agriculture and
Rural Development of Guinea Bissau. The soil consistency analyses were conducted in
Guinea Bissau, whereas the soil chemical analyses (Na, Ca, Mg, K, Al, Fe, pH, electrical con-
ductivity (EC), and exchangeable acidity) were performed at the Soil and Foliar Laboratory
of the Agronomic Research Center, University of Costa Rica.

Several measurements were taken in 60 randomly selected plots at each study site
during the soil preparation phase (July and August) in order to characterize: (i) the area of
the plots, (ii) the area exposed for rice cultivation (ridges), and (iii) the topography of the
bottom of the plots.

The sizes of the ridges and the areas of the plots were evaluated in both study sites.
The perimeters of the plots were measured with a scale-meter and the areas were quantified.
Additionally, the dimensions of three ridges within each plot were measured to quantify
the area exposed for rice planting.

The uniformity of plot depths was assessed during the months with the highest rainfall
(August to September). The depths were determined by measuring the depth of water
inside the plot (waterlogging height) at different points (Figure 3) using a vertical scale
meter, yielding 180 measurements for each study site.

Meteorological data was collected during the experimental years in two automatics
meteorological stations (ATMOS-41 and ZL6 datalogger): one in the Cafine-Cafal study site
(11◦13′0.588′′ N, 15◦10′32.358′′ W) and the other in Elalab (12◦14′47.54′′ N, 16◦26′36.424′′ W).
Data included precipitation, maximum, and minimum temperature.
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Figure 3. Designated location for measuring the water depth within the plot. (a) Drone photo of a
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2.3. Data Treatment
2.3.1. Water Harvesting Efficiency

The water-harvesting efficiency (WLef) was calculated (Equation (1)) based on the total
rainfall recorded during the 2021 and 2022 rainy seasons, as well as the plot dimensions.

WLe f =
pa × pn × tr
wl × pa × pn

× 100 (1)

where WLef is the water harvesting efficiency of the plot (%), pa is the plot area (m2), pn is
the number of “plots numbers per ha” (n), tr is the annual rainfall (m m−2 year−1), and wl
is the waterlogging height (m).

2.3.2. Soil Consistency and Chemical Analysis

The soil consistency was evaluated using the commonly known methodologies for
identifying the Atterberg limits [46,58–60]. For soil consistency determinations, soil samples
were air-dried for one month, and sub-samples of 150 g were prepared to determine
three consistency limits: the liquid limit (LL), which is the moisture content at which
soil transitions from a plastic state to a liquid state (becomes semifluid); the sticky limit
(SL), which represents the soil moisture at which the soil no longer adheres to a steel
spatula; and the plastic limit (PL), which is the minimum moisture content at which soil
remains moldable.

In order to quantify the soil consistency limits, each sample was individually processed
as follows: first, the plastic limit (PL) was estimated using the “thread rolling test” in which
a square ceramic plate was used to form a 3 mm thread. Second, 50 g of soil was mixed with
water until a paste was formed, and then the adhesion was tested with a spatula in order to
obtain the sticky limit (SL) [49]. The liquid limit (LL) was then determined using the long-
validated methodology developed by Cassagrande [44,46,58–62]. Finally, the gravimetric
moisture content was determined in subsamples collected for each consistency limit.

Soil chemical analysis was carried out using extractions with ammonium acetate for
Na, Ca, Mg, and K and with ammonium oxalate for Al and Fe. The extractions were ana-
lyzed using inductively coupled plasma mass spectrometry to quantify the concentration
of elements in each soil sample. In addition, the pH (water), the EC (1:2), and the soil
exchangeable acidity were determined. Each soil analysis was conducted in accordance
with the Soil Survey Staff methodology [63].

2.3.3. Statistical Data Analysis

The collected data were analyzed separately for each study site. Linear regression
analysis (Equation (2)) was used to analyze the correlations between the variables total
plot area, rice planting areas on ridges, number of rice production plots, and paddies area.
A box plot was also created to analyze the soil consistency results. In addition, analysis
of variance and multiple comparisons using Tukey’s test (α = 0.05) were performed to
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determine statistical differences between soil consistency results. To perform the above
procedures, the RStudio Sofware version 1.4.1103, 2021 [64], was used.

yi = β0 + β1χi + ei (2)

where yi is the estimated response (rice planting area on ridges (m2), number of rice
production plots (n)), β0 is the estimated intercept in the regression, β1 is the estimated
slope in the regression, χi is the independent variable (total plot area (m2), area (ha)), and ei
represents the residual error.

A geostatistical analysis was performed using the Geostatistics for Environmental
Science (GS+) program. First, the semi-variograms of the soil consistency distributions were
analyzed, and the best-fitting model was estimated. Second, the best-fitting models for the
Z variables (soil consistency parameters) were created, which were then interpolated using
the ordinary Kriging method. Third, the geostatistical analysis tool was used to perform
cross-validation through resampling methods (leave-one-out cross-validation “LOOCV”)
on the previously interpolated information. Fourth, residual errors “ei” calculated for each
observation point were extracted and subtracted from the original value of each observation
point to obtain the predictive capacity of each process. Fifth, another geostatistical cross-
validation (holdout method “HM”) was carried out using 80% of the data to calibrate
the models and the other 20% of the data to validate the model as an interpolation result.
This process involved removing one data point from the original group and predicting
the value of the variable at the location of the removed data point. Subsequently, the
root-mean-square error (RMSE), mean absolute error (MAE), and Pearson’s correlation
coefficient (ρ) were computed to validate the models according to the recommended
methodology [65–69]. Finally, the calculated parameters were evaluated using spatial
autocorrelation, which was determined using the “Global Mogan’s I” statistic, the Z-score,
and P-value calculations for each soil consistency parameter (Table 1). The interpolation
procedures were performed using the ArcMap 10.8.2 Geostatistical Software and RStudio
version 2023.09.1 Build 494 [64].

Table 1. Geostatistical parameters used to calculate the interpolation of soil consistency limits in
Cafine-Cafal and Elalab study regions in Guinea Bissau.

Samples Model Nugget Sill Range

Cafine-Cafal map interpolation (m)
SL * Exponential 22.1 44.2 3192
LL Exponential 78.0 156.1 1515
PL Spheric 27.7 73.7 8110

Elalab map interpolation (m)
SL Linear 158.7 158.7 1470.7
LL Linear 466.9 466.9 1470.7
PL Linear 47.72 47.72 1470.7

* SL—sticky limit; LL—liquid limit; PL—plastic limit.

3. Results
3.1. Precipitation and Temperature

Figure 4 shows the meteorological data collected from both study sites from 2021 to
2023. Less rainfall was reported at the Elalab study site compared with the Cafine-Cafal
site. The sites presented annual rainfalls of 1119–1749 mm and 2476–2679 mm, respectively.
The months with the highest rainfall in both years were July, August, and September. The
temperature ranged from 22 to 32 ◦C for both sites. In March and April, there were greater
fluctuations between the maximum and minimum temperatures at both sites.
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3.2. Soil Chemical Properties

The chemical concentration of nutrients in the areas showed considerable variability
(Table 2). The coefficient of variation ranged from 47% to 200% for the Ca, Mg, K, Na, Al,
and Fe concentrations. The soils exhibited a pH above 4.4. The Cafine-Cafal soils may
present problems associated with exchangeable acidity (>0.5 cmol(+) kg−1), which can affect
nutrient availability, hinder root growth, and impact the overall health of crops [70,71]. Fur-
thermore, the average cation-exchange capacity (CEC) was 8.98 cmol(+) kg−1 in Elalab and
24.88 cmol(+) kg−1 in Cafine-Cafal, with values of Na between 0.11 and 234.96 cmol(+) kg−1.
The latter is a substantial amount of sodium, potentially indicating the need for soil amend-
ments or management practices to ensure good conditions for plant growth [71–73]. The
notable percentage of saturation bases (SB) indicates high cation concentrations (>175.7%),
which may be due to a high sodium concentration in some sites and a low CEC.

Table 2. Soil chemical analysis results for the Elalab and Cafine-Cafal study sites, as measured from
samples collected at the beginning of the rainy season between May and June 2021 and 2022.

Site Statistic
pH Exchangeable Acidity Ca Mg K Na CEC * SB * Al Fe

H2O (KCl 1M) Extractable NH4OAC (pH 7.0) (NH4)2C2O4

cmol(+)/kg %

Elalab
n = 99

Mean 5.9 0.18 3.68 13.66 2.49 75.72 8.98 1566.69 0.04 0.22
Median 6.0 0.10 2.89 10.77 1.96 59.10 7.02 813.04 0.03 0.16

Min 3.7 0.07 0.50 0.17 0.02 0.11 0.510 54.08 0.008 0.02
Max 7.8 2.50 16.89 16.89 9.84 429.00 31.72 13629.21 0.12 1.10

Std. dev 1.13 0.28 3.29 11.89 2.38 79.32 7.58 2190.83 0.027 0.22
Coef. var 0.19 1.59 0.89 0.87 0.96 0.99 0.84 1.39 0.77 1.00

Cafine-Cafal
n = 183

Mean 4.4 1.12 3.51 12.99 1.95 25.75 24.88 175.68 0.31 0.86
Median 4.2 0.62 3.19 12.47 1.58 16.49 25.46 130.28 0.11 0.74

Min 3.2 0.07 0.45 0.09 0.04 0.10 9.25 3.72 0.04 0.13
Max 7.7 10.90 11.43 33.57 52.96 234.96 42.07 1096.83 5.65 14.71

Std. dev 0.60 1.38 1.72 6.05 3.92 31.8 4.14 152.49 0.65 1.09
Coef. var 0.14 1.24 0.49 0.47 2.00 1.24 0.17 0.87 2.13 1.26

* CECN—cation exchange capacity [74]; SBN—percent base saturation ({[Ca + Mg + K + Na]/CEC} × 100).
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3.3. Effective Planting Areas and Number of Plots

Figure 5 shows the effective planting area (planting area of the ridges) as a function
of the plot areas. The total ridge area was 9.5% greater in the northern study sites (Elalab
study site) compared with the southern ones (Cafine-Cafal study site) in Guinea Bissau.
In Cafine-Cafal (Figure 5A), the planting area was 42.3%, while in Elalab (Figure 5B), it
was 51.8% (r2 > 0.9, p <0.001). The furrow area (Figure 2) varied between 48.2% and
57.7% between the two study sites when comparing the plots’ area with the ridges’ rice
planting area.

Agronomy 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 

3.3. Effective Planting Areas and Number of Plots 
Figure 5 shows the effective planting area (planting area of the ridges) as a function 

of the plot areas. The total ridge area was 9.5% greater in the northern study sites (Elalab 
study site) compared with the southern ones (Cafine-Cafal study site) in Guinea Bissau. In 
Cafine-Cafal (Figure 5A), the planting area was 42.3%, while in Elalab (Figure 5B), it was 
51.8% (r2 > 0.9, p <0.001). The furrow area (Figure 2) varied between 48.2% and 57.7% be-
tween the two study sites when comparing the plots’ area with the ridges’ rice planting area. 

 
Figure 5. Effective rice-planting area on ridges (RA) evaluated in MSRPS plots in (A) Cafine-Cafal 
and (B) Elalab case study regions. 

The number of rice production plots per hectare was seven times higher in the north 
than in the south of Guinea Bissau (Figure 6). The results showed that Elalab had approx-
imately 53 plots per ha (10,000 m2), while Cafine-Cafal had only about 7 plots per ha. 
When examining larger areas (>1 ha), there was high variability in the plots, as shown by 
the linear regressions (r2 = 0.72–0.75, p < 0.001). 

 
Figure 6. Estimation of the total numbers of plots per hectare in the MSRPSs of (A) Cafine-Cafal and 
(B) Elalab in Guinea Bissau. 

Figure 5. Effective rice-planting area on ridges (RA) evaluated in MSRPS plots in (A) Cafine-Cafal
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The number of rice production plots per hectare was seven times higher in the north
than in the south of Guinea Bissau (Figure 6). The results showed that Elalab had approxi-
mately 53 plots per ha (10,000 m2), while Cafine-Cafal had only about 7 plots per ha. When
examining larger areas (>1 ha), there was high variability in the plots, as shown by the
linear regressions (r2 = 0.72–0.75, p < 0.001).
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3.4. Water-Harvesting Efficiency

As described in Section 2.2 (Experimental Observation and Data Collection), water
depths were measured for nine points, as shown in Figure 3. Cafine-Cafal exhibited greater
variation in waterlogging depths compared with Elalab (Figure 7), but the water depths
in Elalab plots showed greater homogeneity. On average, a waterlogging depth of 37 cm
was observed in Cafine-Cafal, while Elalab had a depth of 23 cm. The water-harvesting
efficiencies (WLef) were 15 and 16% in Cafine-Cafal and Elalab. This approach quantified the
hydrological effectiveness of a system by evaluating its water harvesting capacity relative
to annual rainfall within the defined planting area of the plots. It is noteworthy that the
recorded rainfall in the southern region during the 2021–2022 period amounted to 1411 mm
in Elalab and 2426 mm in Cafine-Cafal (Figure 4). Thus, the water-harvesting efficiency was
found to be similar due to the considerable number of plots in Elalab within one hectare.

Agronomy 2024, 14, x FOR PEER REVIEW 10 of 19 
 

 

3.4. Water-Harvesting Efficiency 
As described in Section 2.2 (Experimental Observation and Data Collection), water 

depths were measured for nine points, as shown in Figure 3. Cafine-Cafal exhibited greater 
variation in waterlogging depths compared with Elalab (Figure 7), but the water depths in 
Elalab plots showed greater homogeneity. On average, a waterlogging depth of 37 cm was 
observed in Cafine-Cafal, while Elalab had a depth of 23 cm. The water-harvesting efficien-
cies (WLef) were 15 and 16% in Cafine-Cafal and Elalab. This approach quantified the hydro-
logical effectiveness of a system by evaluating its water harvesting capacity relative to an-
nual rainfall within the defined planting area of the plots. It is noteworthy that the recorded 
rainfall in the southern region during the 2021–2022 period amounted to 1411 mm in Elalab 
and 2426 mm in Cafine-Cafal (Figure 4). Thus, the water-harvesting efficiency was found to 
be similar due to the considerable number of plots in Elalab within one hectare. 

 
Figure 7. Variations in the waterlogging depth (August–September, peak rainfall) and water har-
vesting efficiency based on the total rainfall (WLef) in the 2021 and 2022 rainy seasons. 

The water depth is a proxy for the topography of the plot floor. The bottom of the plots 
was more heterogeneous in the south of the country. Spatial analysis of the water levels in 
the southern plots revealed that the center had a shallower water depth (14.4 cm), while the 
edges had greater depths and water accumulations (<50.95 cm) (Figure 8A). Furthermore, 
water runoff showed a lateral distribution, with greater intensity in the corners of the plots. 
In contrast, in the Elalab study site, a more homogeneous distribution was found in the wa-
ter level variation across the plots (Figure 8B). Thus, the water depth ranged between 17.6 
cm and 26.6 cm and had a slope gradient directed toward one side of the plots. 

Figure 7. Variations in the waterlogging depth (August–September, peak rainfall) and water harvest-
ing efficiency based on the total rainfall (WLef) in the 2021 and 2022 rainy seasons.

The water depth is a proxy for the topography of the plot floor. The bottom of the plots
was more heterogeneous in the south of the country. Spatial analysis of the water levels in
the southern plots revealed that the center had a shallower water depth (14.4 cm), while the
edges had greater depths and water accumulations (<50.95 cm) (Figure 8A). Furthermore,
water runoff showed a lateral distribution, with greater intensity in the corners of the plots.
In contrast, in the Elalab study site, a more homogeneous distribution was found in the
water level variation across the plots (Figure 8B). Thus, the water depth ranged between
17.6 cm and 26.6 cm and had a slope gradient directed toward one side of the plots.
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3.5. Soil Consistency Limits

The soil consistency analysis shows that the plastic limit (PL) was higher for the
southern study site than in the north. In Cafine-Cafal, PL corresponded to a gravimetric
moisture content (θg) of 35.5% (Figure 9), which was statistically different (p < 0.01) from
both the liquid limit (LL) (θg = 65.4%) and the sticky limit (SL) (θg = 29.8%). In Elalab,
the PL was reached with a θg of 18.6%, and there was no statistical difference from the SL
(θg = 16.7%). However, the LL showed a significant difference (p < 0.01) compared with
the other limits (θg = 33.5%). The effort required for soil tillage in northern soils was likely
significantly lower under conditions exhibiting less plasticity, as opposed to the plasticity
condition observed in Cafine-Cafal.

Within the context of the spatial analysis, the consistency limits were found to be
a regionalized variable, that is, they showed a pattern across a geographic area. This is
shown by the geo-statistical interpolation parameters presented in Table 3. The geospatial
correlation analysis demonstrated a global Moran’s I index < 0, indicating spatial autocor-
relation due to the high similarity of nearby points [75]. The variance in the consistency
parameters was found to have a mean value of 0.002 in both study sites. The variance
in Elalab showed a mean value ranging from 0.001 to 0.01. The clustering patterns were
observed to be random (p = 0.01–<0.001). Therefore, interpolation indicates that they were
related to spatial autocorrelation, which means they were random.
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Table 3. “Global Moran’s I” evaluation and cross-validations calculated for soil consistency limits
interpolation in Cafine-Cafal and Elalab in Guinea Bissau.

Samples Global
Moran’s I Variance Z

Punctuation p-Value * MAE RMSE P MAE RMSE P MAE RMSE P

Cafine-Cafal Maps Interpolation LOOCV LOOCV—ei HM—ei
SL 0.182 0.002 3.964 <0.001 0.007 0.03 0.93 0.004 0.005 0.99 0.02 0.06 0.78
LL 0.159 0.0006 3.422 <0.001 0.02 0.04 0.94 0.01 0.02 0.99 0.05 0.08 0.76
PL 0.149 0.002 3.282 <0.001 0.02 0.04 0.90 0.01 0.02 0.98 0.04 0.07 0.73

Elalab Maps Interpolation
SL 0.22 0.002 4.502 <0.001 0.05 0.09 0.66 0.06 0.09 0.72 0.05 0.07 0.70
LL 0.115 0.003 2.333 0.01 0.10 0.14 0.75 0.09 0.13 0.80 0.10 0.13 0.79
PL 0.123 0.002 2.516 0.01 0.03 0.05 0.65 0.03 0.05 0.71 0.02 0.03 0.68

SL—sticky limit, LL—liquid limit, and PL—plastic limit. * A probability of less than 2% that the clustered pattern
could be the result of a random likelihood. LOOCV—leave-one-out cross-validation. HM—holdout method
(cross-validation). ei—residual errors. RMSE—root-mean-square error. MAE—mean absolute error. P—Pearson’s
correlation coefficient.

The predictive ability of the interpolation was improved by subtracting residual errors
“ei” associated with previously interpolated values for each observation. It was found that
after subtracting the residual errors, the LOOVC showed better parameter prediction (MAE
and RMSE > 0.13) for each study site compared with the HM (Table 3). However, Elalab
showed less accurate consistency limits prediction compared with Cafine-Cafal using the
best predictive model. The average correlation between the observed and interpolated
values showed that Cafine-Cafal had a rho (P) ranging from 98–99%, while Elalab showed
a P between 71 and 80%. Therefore, a prediction model employed for the construction of a
soil consistency map used LOOCV—ei. This model could efficiently predict the specific
locations or plots where farmers could identify the site for first plowing activities.

The geospatial distribution of soil consistency limits showed the sites with the highest
plastic limit (PL) in the rice fields of Cafine-Cafal and Elalab (Figure 10). Paddies (Figure 2)
exhibited a heterogeneous distribution in soil moisture contents, with a significantly lower
PL found in the associated mangrove fields. The maximum PL was 57% in Cafine-Cafal and
28% in Elalab, suggesting that higher values of gravimetric moisture are suitable for manual
soil preparation. The liquid limit (LL) range determined in Cafine-Cafal was between 35%
and 86%, while in Elalab, these values ranged between 19% and 62%. The distribution
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of gravimetric moisture corresponding to each consistency limit on the maps shows the
locations where the soil moisture suitable for plowing was reached more quickly.
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4. Discussion

The highly spatio-temporal variation in rainfall distribution (Figure 4) has a major
impact on the MSRPS soil tillage calendar. While the total amount of rainfall (mm) has
increased during recent decades, the rainy season often starts later and ends earlier, and
there are many long dry spells. At the same time, rainfall is concentrated in fewer days, and
heavy precipitations may occur, which can lead to flooding, dike breaches, brackish water
entering the plots, and frequent harvest failures [20]. Thus, a high annual rainfall no longer
guarantees a correspondingly high rice productivity. Until three decades ago, farmers used
to sow the first nurseries between May and June, but today they have to wait until July
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or even August (Figure 4), depending on the location [26]. Then, the MSRPS depends on
the amount of accumulated rainfall in the paddies and good water management [39,76].
Normally, soil tillage cannot begin until the paddies are sufficiently filled with rainwater
(Figure 10) to leach or dissolve the salt, but according to soil consistency (Figure 9), it may
not be necessary to wait until the plot is full of water. However, farmers drain the water
(southern study site) in order to work the soil more easily and with less physical effort.
However, the paddies must be filled with fresh water again so that rice can be transplanted
or directly sown.

Rice production requires greater adaptability due to rainfall patterns in GB, and
agricultural practices in the MSRPS need to be adapted to biophysical characteristics (Fig-
ure 10). Farmers usually start their cultivation on the plots given to them by their families
(grandparents or parents) for soil preparation and have extensive practical knowledge
of MRPS [77]. Many of these plots in both study sites (Figure 1) were located near the
mangrove boundaries (tidal mangroves), where they require higher soil moisture due to a
high Na+ concentration (Table 2). Likewise, in many cases, these sites had a clay texture
and required higher rainfall in order to overcome the plasticity limit, and thus, facilitate
soil tillage. With changing rainfall patterns and a short rainy season window, farmers need
to adapt and start tilling on plots that require less rainfall or soil moisture, such as plots
with a loam or sand texture [78]. In this way, they can use these plots to plant nurseries
and initiate the rice growth cycle since the species Oryza glaberrima and O. sativa require
approximately 90 to 135 days from sowing to harvest [9,17,79–81]. This paper proposes
an adaptation strategy that allows farmers to identify the sites where it is appropriate to
initiate soil tillage (Figure 10). This will enable them to promote agriculture that is better
adapted to rainfall patterns, which are likely to be more variable in the medium and long
term. This is important for sustainable agriculture in GB given the climate variability [9].

The water management techniques used in Cafine-Cafal and Elalab differed (Figure 5),
but both had similar water-harvesting efficiencies (Figure 7). When analyzing the Elalab
study site (“Diola” and “Baiote” systems), it was clear that there was a much higher
concentration of plots in a single hectare than in the southern study site of Cafine-Cafal
(“Balanta”) (Figure 6). The smaller paddies in the northern region (Elalab study site)
allowed for better management of the scarce water supply. For example, the average rainfall
in the 2021 and 2022 rainy seasons was 1454 mm in the Elalab study site and 2578 mm in
Cafine-Cafal (Figure 4). These results are consistent with those of other researchers [20].
Although the plots may be larger in newly opened paddies, when Elalab farmers observed
water accumulation in some areas, they divided them into two or more smaller plots
(Figure 5). Smaller plots allowed for a more even distribution of water logging across the
soil surface, both at the beginning and end of the rainy season (Figures 7 and 8). This meant
that the desalinization of the paddies occurred more evenly and the amounts of water
within the plots could be controlled more efficiently [18,19,26]. In contrast, Cafine-Cafal
case study plots were seven times larger, and water management was less efficient despite
the higher rainfall rates in the south of the country (Figure 6). This could lead to more
heterogeneous runoff within plots, resulting in hot spots of salinization in the center of the
paddies (Figure 8).

The efficiency in the use of production space was also higher in the north of Guinea
Bissau than in the south. The Elalab case study achieved greater homogeneity of their
ridges and furrows by using smaller plots (Figure 5) because the length of the ridges was
shorter compared with those in the south (“Balantas”). On small plots, ridge dimensions
can be better controlled when farmers till the soil. Since the ridges cover a larger area,
farmers in the north could use four planting holes per row, while in the south, they used
three holes in a triangle. This meant that northern farmers (“Diolas” and “Baiotes”) were
making better use of the area. In summary, the Elalab case study showed that the system
had more efficient water management and labor use and was better adapted to water
stress conditions. In the future, there is a possibility that the strategies implemented in the
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northern study sites will be effectively expanded to the southern regions and serve as an
adaptive response to decreasing rainfall conditions.

Plastic limits (PLs) determine the time at which tillage can begin in the MSRPS fields
(Figure 9). Currently, the agricultural calendar has a shorter time window, and gravimetric
soil moisture (θg) is a tool that can be used to help define the appropriate moment and plots
to start soil tillage each year. For this purpose, maps were modeled to determine the paddy
areas where producers could start soil preparation (Table 3) to take advantage of the longest
period of favorable conditions (high salt solubility) in the plots (Figure 10). It was found
that the Cafine-Cafal farmers could start soil preparation with a θg = 36%, while in Elalab,
approximately θg = 20% was required (Figure 9). These delineations provide farmers
with valuable insights into the strategic management of soil friability and ensure avoiding
soil sticking to the manual plows that are commonly used in MSRPS practices [9,12,17].
This is consistent with previous studies on soil workability and friability for agricultural
production, which aim to help farmers make decisions on tillage operations [41,42,45,46,48].
Therefore, soil consistency is a tool to make soil management more efficient and achieve
better water efficiency. However, it is the soil salinity that determines if it is possible to
start planting or direct sowing immediately after plowing [19,26,35,40].

MSRPS infrastructures (bunds and dikes) are primarily designed for freshwater accu-
mulation rather than salt removal or drainage. The vast majority of farmers only drain the
water from the plots when they need to maintain a desired level of waterlogging according
to the height of the rice plants. Nevertheless, farmers in the Elalab case study (“Diolas and
Baiote”) prioritized plowing the soil under waterlogging conditions to conserve the limited
water availability (Figure 7). In addition to the additional physical effort required for soil
preparation, this practice allowed the dissolved salts to remain in the water. This is in stark
contrast with conventional irrigation systems, where many water management calculations
are designed to facilitate salt leaching and removal, particularly in systems characterized
by low rainfall but with greater availability of freshwater from wells or rivers. Therefore,
MSRPS cultivation in both the northern and southern regions of Guinea Bissau presents
complex variability in the biophysical characteristics of rice production areas, which pose
major challenges.

5. Conclusions and Future Work

Rice production requires greater adaptability due to rainfall patterns in GB, and
agricultural practices in the MSRPS need to be adapted to biophysical characteristics. The
highly spatio-temporal variation in rainfall distribution has a major impact on the MSRPS
soil tillage calendar. This paper proposes an adaptation strategy that allows farmers to
identify the sites where they can initiate soil tillage. This will enable them to promote
agriculture that is better adapted to rainfall patterns, which are likely to be more variable
in the medium and long term. This is important for sustainable agriculture in GB given
climate variability.

It could be concluded that the water management techniques used in the north and
the south of the country differed, but both had similar water-harvesting efficiencies. The
smaller paddies in the northern region (Elalab study site) allow for better management of
the scarce water supply. Smaller plots allow for a more even distribution of water depths
across the soil surface, both at the beginning and end of the rainy season. This means that
the desalinization of the paddies occurred more evenly and the amounts of water within
the plots can be controlled more efficiently. In contrast, in the south, plots were seven times
larger, and water management was less efficient despite the higher rainfall rates, which
could lead to more heterogeneous runoff within plots, resulting in hot spots of salinization
in the center of the paddies.

Currently, the agricultural calendar has a shorter time window and gravimetric soil
moisture (θg) is proposed as a tool to help determine the appropriate time and sites to
start tillage each year. Soil consistency maps were modeled to determine the plots where
producers could begin soil preparation to take advantage of the longest period of favorable
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conditions (high salt solubility) in the plots. These delineations provide farmers with
valuable insights into the strategic management of soil friability and ensure avoiding soil
sticking to the plows that are commonly used in MSRPS practices.

The comparative study of some biophysical properties between study sites facilitated
the identification of specific constraints hindering rice growth and productivity due to
salinity and water management. The key limitations identified that will guide our future
research were as follows: (i) The lack of an effective drainage system in the plots resulted in
the productivity of the plots relying solely on leaching and salt dissolution. (ii) Irregularities
in the topography of the plots could lead to a heterogeneous accumulation of salts, leading
to significant variability in rice production. (iii) Inadequate knowledge of the chemical
composition of salts and the physical properties of soil hindered the ability to effectively
address challenges related to managing soil alkalinity, toxicity, and acidity. The MSRPS
lacked maps that provide information on initial salinity conditions, and the development
of such resources could greatly improve decision-making processes, particularly during
periods of low rainfall. (iv) There is no water-balance data on the MSRPS allowing for
the determination of the optimal conditions for rice growth in both the initial and final
growth stages.
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