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A B S T R A C T

The mangrove swamp rice (MSR) agroecologies are widely acknowledged as crucial for rice production in West 
Africa, particularly in Guinea-Bissau. However, the optimal functionality of soil–water dynamics for rice culti-
vation, is constrained by poor soil fertility, waterlogging condition, or high soil salinity. Climatic variability, 
including unpredictable rainfall, droughts, and extreme weather, exacerbates these issues. Additionally, eco-
nomic and social factors, including limited access to resources, labor shortages and market instability, further 
hinder farmers ́ ability to adapt, increasing mangrove swamp rice production (MSRP) vulnerability, threatening 
yields and food security. Soil characterization and suitability assessment serve as the foundational steps to 
investigate, describe, and identify constraints that small-scale farmers face daily in their production activities. In 
this study, soil profiles and nursery topsoils were described, sampled, and analyzed between 2022 and 2023 in 
three coastal areas and four villages of Guinea-Bissau, serving as study cases: Elalab (North), Malafu and 
Enchugal (Center), and Cafine (South). The physicochemical properties of soil were analyzed in the laboratory, 
and then subsequently utilized for classification and suitability assessment. Results revealed that soil profiles in 
the northern region exhibit structural limitations and low nutrient levels [nitrogen(N), phosphorus(P), potassium 
(K)] due to high sodicity concentration (> 5 cmol (+) kg− 1), which consequently limit rice growth and yield. 
Conversely, soils in the southern and central regions show significant acidification and salinization, induced by 
reduction conditions and jarosite formation. Shallow nursery upland soils (Oio region, center) exhibit low 
nutrient content and water retention capacity, restricting seedling root growth. In conclusion, the establishment 
of enduring and adaptable strategies for innovative soil management practices in MSRP demands bridging 
farmers’ traditional agricultural knowledge and practices with scientific insights. Innovations will be produced 
through the systematic collaboration between experts, scientists and farmers, who will share observations, ex-
periences and knowledge to foster the development of nature-based solutions.
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1. Introduction

In the coastal areas of West Africa, mangrove swamp rice production 
(MSRP) stands as a unique agricultural system. Established in previous 
saline soils, MSRP fields are highly efficient in using freshwater due to 
limited mechanical irrigation resources (Balasubramanian et al. 2007, 
Andriesse and Fresco, 1991). In Guinea-Bissau (GB), three distinct rice 
production systems exist: upland, inland valley (freshwater swamp), and 
mangrove swamp, with the latter being the most productive (Temudo 
and Santos, 2017; Temudo et al. 2015; Marzouk, 1991; Mota, 1954). The 
upland low rice productivity is caused by limited nutrient availability, 
and the constraints of rainfall collection in freshwater swamp fields, 
farmed by women with no water management infrastructures (Linares, 
1981). Consequently, farmers prefer rice cultivation in former mangrove 
areas to ensure food security by coastal farmers (Temudo et al., 2015).

Mangrove swamp rice fields are defined as sub-ecosystems suscep-
tible to both drought and flooding, falling within the wetland rice 
ecosystem (Balasubramanian et al. 2007). This system is the result of 
anthropogenic alteration of mangrove landscapes, involving the clearing 
of the forests and the building of dikes to establish plots for freshwater 
harvesting (e.g., Marzouk, 1991). Due to tidal influences, salinity is very 
high, especially in the plots closest to the main dike. For this reason, 
MSRP depends on timely and regular rainfall distribution. Topography is 
a key factor in soil genesis (Buol et al. 2011), and the building of MSR 
fields induces rapid transformations in the soil. The creation of dikes for 
cultivation obstructs the accumulation of alluvial sediments carried by 
the brackish water (Mota, 1954). This disturbance promotes rapid soil 
oxidation under aerobic conditions, fostering active geochemical alter-
ation within the soil profile (Sylla, 1994; Marius and Lucas, 1982). 
Consequently, these changes often lead to soil acidification, pyrite for-
mation, and iron solubilization, resulting in potential toxicity for plants 
(van Oort, 2018, Sylla et al, 1995; Hesse,1961). These geochemical 
processes primarily occur in newly created plots (“Bolanha nobu” in 
Kriol).

Mangrove forests of Guinea-Bissau are dominated by Avicennia ger-
minans and Rhizophora sp., especially R. mangle. Avicennia sp. trees have 
superficial roots which are believed to reduce iron sulfides and conse-
quently the acidity potential; on the contrary, Rhizophora sp. have dense 
and deep roots that favor “the development of sulfate-reducing bacteria 
and the production of a fibrous peat rich in pyrites” (Bertrand, 1991, p. 
61). Farmers all over the coastal area of the country periodically allow 
brackish water to enter during the late dry season when high spring tides 
occur to increase soil fertility and reduce iron and aluminum toxicity. 
However, the recent variability in the start of the rainy season has been 
triggering the abandonment of this practice.

Farmers of certain ethnic groups (Balanta, Felupe/Baiote, Manjaco 
and Pepel), renowned as specialists in MSRP, employ specific techniques 
for rice cultivation in fields known as Bolanhas salgadas (swamp saline 
rice fields in Kriol). After slashing mangrove tracks, farmers construct 
primary dikes to prevent brackish water intrusion, and burn the 
remaining stumps and extract them to clear the fields once the trees 
perish. Subsequently, they partition the area with secondary dikes 
(bunds) to create plots for freshwater storage (Temudo, 2011). After the 
initial rainfall gathers sufficient freshwater to achieve the necessary soil 
plasticity for plowing (Garbanzo et al. 2024b), farmers with the typical 
wooden plow tipped with an iron edge called “radi” in Kriol, penetrate 
the soil at 20–40 cm, leaving the deeper soil undisturbed. Farmers 
incorporate the rice stubs from the previous year along with green 
vegetation, which serve as a green manure base for the new ridges.

Smallholder farmer‘s techniques for freshwater harvest and soil 
management can alter pedological characteristics. Dikes and furrow- 
ridge systems are recognized for their effectiveness in water conserva-
tion, reducing soil compaction, and soil salinity in fields that depend 
solely on rainfall (Sylla et al. 1995; Oosterbaan, 1982). Water is then 
distributed among plots and drained to the river/sea branch by using 
tubes [palm trunks, Polyvinyl Chloride (PVC) tubes] and/or openings in 

the main dike (only in Oio, Centre) and the bunds. Nevertheless, water 
storage limitations and soil physicochemical changes, significantly in-
fluence farmers’ decisions regarding the cultivation or abandonment of 
some plots. Additionally, unsuitable agronomic practices alter soil 
physicochemical properties, creating significant challenges in main-
taining minimum yield levels, thus often leading to food scarcity and 
long hunger periods for farmers’ families.

Paddies in MSRP are categorized into distinct soil profiles according 
to tidal influence. Tidal mangrove (TM) soils developed near mangrove 
forests and are characterized by high reduction and oxidation dynamics, 
attributed to the tides’ influence and groundwater movement. In 
contrast, associated mangrove (AM) soils exhibit pedofeatures as a result 
of oxidation due to reduced tidal influence. Smallholder farmers manage 
TM and AM plots differently, recognizing the differences in soil and 
yields. Despite the importance of MSR cultivation in West Africa, 
comprehensive information is often lacking due to limited pedological 
studies considering soil profile development and differentiation 
(D’Amico et al., 2023; Andreetta et al., 2016; Teixeira, 1962).

Soil characterization plays a central role in understanding fertility 
dynamics, evaluating land suitability for diverse crops, and imple-
menting effective soil management practices (Syers and Rimmer, 1994) 
In the MSRP system, soils tend to be slightly to highly acidic due to the 
influence of brackish water and sulfate oxidation, leading to the for-
mation of Acid Sulphate Soils (ASS) after polderization. Extensive areas 
of sulfidic clays are reported in various West African regions, notably in 
the Niger Delta, the Gambia, and the Guinea coastal strip (Dent and 
Pons, 1995).

Guinea Bissaús diverse soils result from its topography, ancient 
geomorphology, and active tropical weathering processes. Most upland 
soils are Ferralsols according to the World Reference Base (WRB; IUSS 
Working Group, 2022) or Oxisols according to Soil Taxonomy (1999), 
characterized by highly sandy textures and low organic matter content, 
except in densely vegetated areas (secondary forests or cashew or-
chards). Intense weathering leads to nutrient leaching and iron and 
aluminum oxides accumulations, which contribute to iron (Fe) and 
aluminum(Al) toxicity, as described by Teixeira (1962). In the Cacheu 
northern coastal region, Teixeira (1962) described Regosols (corre-
sponding to Arenosols in WRB), characterized as sandy mineral deep 
soils lucking distinct horizons. Furthermore, he estimated that approx-
imately 20 % of the total country is covered by Hydromorphic soils, 
classified into “continental hydromorphic” and ̈hydromorphic marine 
alluvium̈, the latter influenced by tides, consist of low flat plains that 
remain submerged for extended periods (Teixeira, 1962). According to 
WRB classification, Gleysols and Humic Gleysols are among the marine 
hydromorphic soils commonly found in MSR paddies. These halo- 
hydromorphic soils directly impacted by tides exhibit high salinity 
concentrations (Baggie et al., 2018; Dent and Pons, 1995).

Land suitability assessment can be described as an evaluation of the 
suitability of land or soil for specific crop production purposes (Bock 
et al., 2018). It encompasses various criteria, including climatic condi-
tions, soil properties, and land topography, and aims to identify suitable 
land use options and determine the most appropriate management 
strategies for rice cultivation (Marzouk et al., 2023; Massawe et al., 
2017). FAO’s land evaluation guidelines provide precise guidance 
worldwide on the land evaluation procedure and criteria used (FAO, 
2007). Considering the absence of this information about MSRP fields in 
Guinea Bissau, this research is going to adopt a comprehensive approach 
to understanding the physicochemical characteristics of MSRP fields, 
associating it with soil suitability assessments (SSA).

Thus, the objective of this study was to characterize and describe the 
key soil properties present in two types of MSR fields to identify the main 
limiting factors to rice production. Simultaneously, by recognizing the 
limitations farmers currently face, we identify the strategies they use to 
overcome these obstacles, including their existing practices, solutions, 
and knowledge. This study provides a foundation for future research 
aimed at addressing agricultural challenges such as soil salinization and 
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acidification to develop targeted, practical solutions and recommenda-
tions rooted in nature-based strategies. These approaches are not only 
applicable to Guinea-Bissau but also relevant to broader areas of West 
Africa where similar agro-ecosystem are used and were salt-affected 
soils comprise at least 10 per cent of the world’s arable land (FAO, 
2024).

2. Materials and methods

2.1. Study area

The soil characterization in this study was carried out during the dry 
season of 2022–2023 in the coastal areas of Guinea-Bissau (Fig. 1). Soil 
profiles were opened between February and May to avoid waterlogging 
issues in the plots used for rice production. Two soil profiles were 
excavated and characterized in each of the four selected villages, rep-
resenting the MSRP areas of the southern (Cafine [CA]), central 
(Enchugal [EN] and Malafu [MA]), and northern (Elalab [EL]) regions of 
the country. The selection criteria for sites within the villages included: 
a) representation of primary agroecology in the paddies, encompassing 
both low-lying fields (Tidal Mangrove [TM]) and mid- to high-lying 
fields (Associated Mangrove [AM]) across the catena; b) the selection 
of adequately homogeneous and representative fields for each agro-
ecology was determined based on the profiling display observed along 
transects conducted using an auger. Therefore, the selected areas were 
geographically located as shown in Table 1. See Fig. 2 (A-D) showing the 

surrounding landscape for TM and AM profiles during the production 
season in − August, and during the dry season in February (when pro-
files were escavated).

Guinea-Bissau has a tropical monsoon climate by Köppen-Geiger 
classification (Beck et al., 2018) and exhibits diverse agro-climatic 
conditions from north to south and from the coast toward the interior. 
The southern region of the country records the highest rainfalls between 
June and October, totaling 2513 and 2115 mm respectively for 2021 and 
2022, with August being the wettest month (Fig. 3A). The temperatures 
remained elevated throughout the year, reaching a maximum of 39.3 ◦C 
in March and a minimum of 17.5 ◦C in December. In the Oio region, a 
total rainfall of 1519 and 1500 mm was recorded in 2021, while for 2022 
registered 1360 and 1512 mm (respectively for Malafu and Enchugal). 
August received 600 and 745 mm for 2021, and 595 and 537 mm for 
2022(respectively for Malafu and Enchugal). Temperatures in Malafu 
varied from a maximum of 43.1 ◦C in May to a minimum of 12.2 ◦C in 
December, while in Enchugal reaches a maximum of 42.1 ◦C in May and 
a minimum of 13.5 ◦C in December, showing a big micro-climatic 
variability within the Oio region. The Northern region typically expe-
riences less rainfall compared to other regions. However, 2022 deviated 
from this trend, with a total precipitation of 1690 mm recorded in Ela-
lab, surpassing that of the Oio region. Temperatures in the Northern 
region ranged from a maximum of 37 ◦C to a minimum of 16.6 ◦C in 
January.

Fig. 1. Location of the eight soil profiles in mangrove swamp rice production areas (A) across the northern (B), central (C and D), and southern (E) regions of 
Guinea-Bissau.
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2.2. Soil sampling and laboratory methods

In the mentioned locations (Fig. 1, four villages), the soil profile 
sampling and description were systematically conducted following the 
methodology described in the Field Book for Describing and Sampling 
Soils (Schoeneberger et al. 2012). The profiles were excavated to a 
maximum depth of 2 m (beyond this depth, waterlogging prevented 
further excavation). For each horizon, three replicates were sampled for 
physical analysis (undisturbed cylinders), along with two additional 
samples (0.5 kg each) for chemical, texture, and mineralogical analyses. 
Nurseries in the upland soils surrounding the households are typical of 
Oio region (see Fig. 2 E-F), while in the south and north of the country, 
farmers establish most of their nurseries directly in the rice fields 
(Bolanhas in kriol). Thus, in the Oio villages, many nursery soils were 
identified as problematic (farmers reported poor seedlings growth), and 
issues such as yellowing and bronzing of rice leaves were observed. 
Therefore, after identifying some of the ̈ problematic̈ nurseries, com-
posite topsoil samples (five single samples in plots of approximately 100 
m2) from the first 20 cm (the rice root zone) were collected and analyzed 
from six seedbed soils in the Oio region, including villages Malafu, 
Enchugal, Uncur, and Blafchur (Table 2, Fig. 3B, 3C).The soil samples 
were meticulously packaged, labeled, and transported to the soil and 
water laboratory in Bissau, where they underwent drying, grinding, and 
preparation for subsequent shipment to other laboratories. Additionally, 
soil physical analyses were conducted at Bissau’s laboratory, recently 
rehabilitated by two of the authors.

Particle size distribution analyses were conducted using the 
Bouyoucos methodology, following the validated method by the Soil 

Survey Staff for the implantation of Hydrometers (Soil Survey Staff, 
2014; Day 1965; Bouyoucos, 1936). Furthermore, bulk density was 
determined using cylinders with known volumes, replicated three times 
in each horizon. Particle density was assessed using a water displace-
ment method, utilizing volumetrically calibrated flasks and soil–water 
masses calibrated for temperature. Both bulk and particle densities were 
evaluated following methodologies specific to tropical soils (Forsythe, 
1985) in Bissau’s laboratory. Additionally, to facilitate the analysis of 
soil–water retention, undisturbed samples were carefully sealed and 
transported to the soil laboratory at the School of Agriculture (ISA) of 
the University of Lisbon. Upon arrival, these samples underwent rehy-
dration until soil saturation and were subsequently placed on pressure 
plates to assess gravimetric moisture levels at pressures of 0.33 and 15 
bar (Klute, 1986; Forsythe, 1985; Richards and Fireman, 1943). Thus, 
volumetric moisture content was then estimated utilizing the respective 
cylinder volumes, while plant available water was determined through 
the subtraction of moisture levels between the two retention points 
(field capacity and permanent wilting point).

Chemical soil analyses were conducted following the methodologies 
outlined by the Soil Survey Staff for this soil characterization (Soil 
Survey Staff, 2014). To achieve this, soil extractions were performed 
using ammonium acetate (1 N, pH 7) for Na, Ca, Mg, K and cation ex-
change capacity (CEC). Also, ammonium oxalate (0.2 M, pH 3.5) was 
used for Al and Fe extractions. Subsequently, the extracted solution 
underwent analysis using inductively coupled plasma mass spectrom-
etry to quantify the concentration of elements in each soil sample. In 
addition, the pH-water (1:1 water:soil), pH-KCl (1 N), Electric Conduc-
tivity (EC1:2.5) and the soil exchangeable acidity (KCl 1 M) were 

Table 1 
Identification and coordinates of eight soil profiles characterized in mangrove swamp rice production areas spanning the North, Centre and South of Guinea-Bissau.

Region Villages Soil profile ID Map labels (Fig. 1) W N Holdridge’s life zones systemþ

South Tombali Cafine CA – TM* CA1 15◦10′35.5″ 11◦13′07.4″ Tropical moist forest
CA – AM CA2 15◦10′32.4″ 11◦13′00.6″

Central Oio Malafu MA − TM MA1 15◦01′04.6″ 12◦0′40.2″ Tropical dry forest
MA − AM MA2 15◦01′21.8″ 12◦0′10.9″

Enchugal EN – TM EN2 15◦27′03.6″ 12◦03′25.2″ Tropical dry forest
EN – AM EN1 15◦26′38.2″ 12◦03′01.8″

North Cacheu Elalab EL – TM EL1 16◦26′43.1″ 12◦14′31.6″ Tropical dry forest
EL – AM EL2 16◦26′39.8″ 12◦14′38.7″

*TM = Tidal Mangrove, AM = Associated Mangrove. Holdrigés life zones system as defined by Harris (1973).

Fig. 2. Cafine village profiles: A. CA-TM location during the production season August 2022; B. CA-TM location during the dry season February 2023; C. CA-AM 
during production season August 2022; CA-AM during dry season February 2023; E. Malafu village MA–Viv 1 during the nursery plowing July 2023; F. Uncur 
village UN–Viv 1 during the nursery preparation July 2023.
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determined. Subsequently, total nitrogen (TN) and total carbon (TC) 
contents were determined using an auto analyzer via dry combustion 
(Horneck and Miller, 1998). Finally, available phosphate was extracted 
with the extracted solution Mehlich 3 (HOAc 0.2 M, NH4NO3 0.25 M, 
NH4F 0.015 M, NHO3 0.013 M, EDTA 0.001 M, pH 2.5) (Mehlich, 1984). 
All chemical analyses were conducted at the Soil and Foliar Laboratory 
of the Agronomic Research Center.

Total mineralogy and the saturated clay fraction (<2mm) were 
separated by sedimentation and flocculation with MgCl2, washed out 
from Cl-, and then analyzed by X-ray diffractometer system XPERT-PRO, 

in a powdered soil samples instrument, using CuKa radiation (k =
1.5406 A0). The qualitative and semi-quantitative mineral abundance 
was made with the XPowder software (Martin, 2004).

2.3. Soil classification and soil suitability assessments (SSA)

The profiles ́ soil classification was conducted according to the 
“reference soil groups” and “qualifiers” outlined by the IUSS Working 
Group WRB (2022). For field description of morphological properties, 
we used the Soil Survey Staff 2012 (Schoenebergeret al., 2012). Soil 

Fig. 3. Monthly total rainfall and mean temperatures from the four meteorological stations Cafine, Entchugal, Malafu, and Elalab for 2021 and 2022 (A); Nurseries 
and topsoil sample for Enchugal, Uncur and Blafchur (B) and Malafu (C). A-.
Source: Malmon project meteorological stations network
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suitability assessments (SSA) for the studied profiles (eight) and nursery 
top-soil samples (six) were performed using the simple limitation 
methods as delineated by (Sys et al., 1991), utilizing suitability classes 
recommended by the FAO guideline (1985) and adapted for the rice crop 
requirement by Sys et al., (1993) (see Table 3). The suitability classes 
were adapted including S1 for ḧigh suitabilitÿ, S2 for m̈oderate suitabilitÿ, 
S3 for ̈marginal suitabilitÿ, and N being the ̈ not suitablë class. The SSA 
matrix considered 19 soil parameters evaluated across four primary 
qualifiers: climatic conditions (c), topography encompassing drainage 
and flooding conditions (t), soil physical properties (p), and soil chem-
ical properties indicative of fertility status (f) (Table 3). Finally, we 
categorized soils into three groups of increasing susceptibility: A- when 
limited classes (S3/N) ≤ 3, B- when (S3/N) = 4 to 6, and C- when (S3/N) 
≥ 7. If only one property is classified as N, the group is designed as not 
susceptible for correction. Rice production qualifiers and growing fac-
tors were not taken into account in this stage of the analyses.

3. Results

3.1. Soil morphological description

In general, the profiles of Cafine (south) and Malafu and Enchugal 
(centre) exhibit considerable similarity in their morphological charac-
teristics (Fig. 4). These soils typically display an angular (abk) or sub-
angular (sbk) blocky structure, transitioning at times to more massive 
(m) formations in deeper horizons (CA TM & CA AM; Table 4). In the 
case of the Enchugal profiles, a moderately granular (gr) topsoil 

structure is observed, accompanied by well-developed slicken sides 
starting in the B horizons (EN AM). Soil color tends to be predominantly 
reddish yellow, ranging from 10YR to 2.5 YR, occasionally shifting to 
yellowish 2.5Y to 5Y hues. Towards deeper horizons, indications of 
gleyic properties manifest in dark grey colors 1 4/N. These profiles 
demonstrate a predominantly moderately sticky (ss) to very sticky (vs) 
consistency, coupled with high (p) to very high plasticity (vp). Notably, 
yellow-orange to reddish mottles, largely comprising small to medium- 
sized Fe hydroxides, are prevalent in the upper horizons of Bw (Fig. 4).

In contrast, profiles from Elalab feature an angular blocky (abk) 
structure in the topsoil horizons but transition to a structureless single 
grain (sg) configuration in the subsoil horizons (Bw and C) owing to 
their sandy texture (Table 5). Soil color primarily consists of reddish 
yellow 10YR for the TM profile, while the AM profile displays an 
alternation between reddish yellow 10YR and yellow 2.5Y to 5Y. These 
profiles predominantly exhibit non-sticky (so) to slightly sticky (ss) 
consistency and lack plasticity (po). Furthermore, they do not exhibit 
gleyic color patterns or the formation of mottles or spots.

3.2. Soil physical and chemical characterization

Topsoil in CA, MA, and EN exhibit high clay content, which de-
creases towards the subsoil, resulting in silty loam and sandy loam 
textures (Table 5). The high clay content in the topsoil is likely attrib-
uted to the deposition of fine materials carried by runoff from erosive 
slopes, while increased sand content in deeper layers may result from 
heavy particle deposition. Particle size analysis, including 

Table 2 
Identification and coordinates of six nursery topsoil in the Oio region, central of Guinea-Bissau.

Region Villages Nursery Sample ID Map labels (Fig. 2) W N Holdridge’s life zones systemþ

Central Malafu   

Enchugal

MA–Viv 1 MA-V1 15◦01′16″ 12◦00′41″ Tropical dry forest

Oio  MA–Viv 2 MA-V2 15◦01′13″ 12◦00′53″ 
 Enchugal EN–Viv 1 EN-V1 15◦26′18″ 12◦02′48″ 
  EN–Viv 2 EN-V2 15◦25′53″ 12◦02′59″ Tropical dry forest
 Uncur UN–Viv 1 UN-V1 15◦29′11″ 12◦02′25″ 
 Blafchur BL–Viv 1 BL-V1 15◦28′20″ 12◦03′00″ 

Table 3 
Soil suitability assessment (SSA) climatic, topography, physical and chemical properties, ranges for S1, S2, S3 and N classes.

Environmental Factors Nr. Environmental and Soil Parameters S1 (85–100) S2 (60–85) S3 (40–60) N (0–40)

1. Climate (c) 1 Annual rainfall (mm) >1500 1500–1000 1000–800 <800
2 Nr. Dry Months 0–3 4–5 6–7 >7
3 Mean annual temp. (◦C) 35–22 22–20 20–16 <16; >35
4 Relative humidity (%) >70 70–65 65–60 <60

2.Topography (t) 5 Slope gradient (%) <4 4–8 9–16 >16
6 Drainage v.p.d p.d g.d v.g.d
7 Flooding F0 F1 F2 F3

3. Soil physical properties (p) 8 Soil depth (cm) >75 60–75 50–60 <50
9 Texture C, SiCL SiC, CL SiL, SC L, SCL;SL,LS, S
10 Gravel (%) <5 5–15 16–30 >30

4. Soil chemical properties (f) 11 pH 7.8–6.0 5.9–5.0, 8.4–7.8 4.9–4.0 <4.0; >8.4
12 TC (%) >2 2–1.5 1.4–0.8 <0.8
13 TN (%) >0.30 0.30–0.20 0.19–0.10 <0.10
14 Av. P (mg kg− 1) >6.0 6.0–4.1 4.0–2.0 <2.0
15 Exchange K (cmol kg− 1) >0.40 0.39–0.20 0.19–0.10 <0.10
16 CEC (cmol kg -1) >20 20–15 14–8 <8
17 BS (%) 100–75 74–50 49–30 <30
18 EC (dS m− 1) 0–2.0 2.1–4.0 4.1–6.0 >6.0
19 ESP (%) <15 15–20 21–30 >30

Notes: drainage − v.p.d (very poor drainage), p.d (poor drainage), g.d (good drainage), v.g.d (very good drainage); flooding – F0 (no flooding limitation- the ridges are 
higher than the highest water level), F1 (slight limitation − occasional high floods affecting no longer than 1–2 months), F2 (Moderate Limitation − 5 out of 10 years the 
soil is flooded 2–3 months), F3 (Severe limitation – ridges are flooded 20–30 cm for 2––4 months every year), F4 (very severe – ridges are flooded > 30 cm for > 4 
months every year); Surface texture – C (clay), SiCL (silty clay loam), CL(clay loam), SiC (silty clay), SiL (silty loam), SC (sandy clay), L (loam), SCL (sandy clay loam), 
SL (sandy loam), LS (loamy sand), S (sand); TC (Total Carbon), TN (Total Nitrogen), Av. P (available phosphorus), CEC (Cation Exchange Capacity), BS (Bases 
Saturation), EC (Electrical Conductivity), ESP (Exchangeable Sodium Percentage). All selected parameters are considered for the surface 0 to 20 cm soil layer.
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measurements of bulk density, porosity, and particle density, are 
fundamental soil properties that offer insights into soil compaction and 
root penetration. These parameters reveal minimal differences, with a 
slight increase observed in the upper Bw horizons followed by a subse-
quent decrease at greater depths. Surface soils within the mentioned 
profiles exhibit bulk densities ranging from 1.1 to 1.4 g cm− 3, indicating 
the absence of restrictive compaction in the topsoil. Subsoils generally 
show values below 1 g cm− 3 and porosity 62 to 80 %, except for the MA 
AM profile, where values resemble those of the topsoil.

Both EL profiles predominantly display sandy texture with consistent 
particle size distribution throughout the profiles. However, bulk density 
exceeds critical limits (> 1.6 g cm− 3) for sandy soils, particularly in the 
deeper horizons of profile EL AM, likely due to very low porosity, high 
sand content, and minimal organic matter, as suggested by Pravin et al. 
(2013).

Electrical Conductivity (EC) serves as an indicator of soil salinity and 
exhibits a consistent trend across all examined profiles, displaying a 
notable increase towards the subsoil (Table 6). Profiles located proxi-
mate to river branches heavily influenced by tidal fluctuations (TM 
profiles) manifest the most pronounced salinity issues. Subsoils in CA 
TM, MA TM, and EN TM profiles exhibit elevated EC values, peaking 57 
dS m− 1, 44 dS m− 1, and 47 dS m− 1, respectively. Additionally, CA AM 
and EN AM show saline sub-layers with EC levels reaching 37 dS m− 1 

and 28 dS m− 1 respectively. EL TM exhibits significant salt accumulation 
in the Ap horizon, with concentration reaching 30 dS m− 1, extending to 
the deeper layers. Remarkably, MA AM remains unaffected by salinity 
limitations.

Soil pH plays a critical role in assessing soil suitability for rice 
cultivation. Profiles from Cafine (both TM and AM) demonstrate acidity 

throughout the profile, except for Bg in CA AM (Table 6). Similarly, EL 
TM, MA TM, and EN AM profiles exhibit high acidity levels (pHH2O < 4), 
with markedly elevated exchangeable acidity observed in deeper hori-
zons, reaching 16.8 cmol(+) kg− 1 and 25.6 cmol(+) kg− 1 for MA TM 
Bg2 and EN AM Bg, respectively, while pHH2O was below 3. Across all 
profiles, the pH (H2O) exceeds that of pH (KCl) and notably falls below 
the observed field pH, a phenomenon attributed to pyrite oxidation 
resulting in sulfuric acid formation. Additional water samples collected 
from acidic soil creeks reveal even lower acidity levels, occasionally 
registering pH values below 3.

The total carbon (TC %) concentrations are also influenced by a 
displacement along the profile where, in all profiles, the surface layer Ap 
has high TC % that decrease in the first B horizons but then increase 
again in the deep horizons (Table 6). Elalab profiles are also the poorest 
in carbon concentrations, on average, while in the MA AM profile, the 
Ap horizon has a very high concentration compared to the last Bg (2.6 % 
versus 0.18 %). C accumulations in the depths of the EN AM reach 
remarkably high values, approaching 4.3 %. The elevated porosity, 
diminished bulk density, and substantial carbon deposits in the lower 
layers stem from the presence of deep-rooted ancient mangroves 
(Fig. 5).

The total nitrogen (TN %) content varies significantly across the 
profiles, with CF TM exhibiting consistently high concentrations 
(average 0.18 %), followed by CA AM with medium concentrations 
(0.12 %). EN TM, EN AM, MA TM, and MA AM display slightly lower but 
still moderate levels of nitrogen (0.10 %). Conversely, EL TM and EL AM 
profiles exhibit notably lower nitrogen concentrations, with values of 
0.07 % and 0.05 %, respectively.

Regarding the available P (Av. P), there is a clear increase trend 

Fig. 4. Morphology and profile depth of eight profiles sampled and studied in three coastal regions in Guinea-Bissau: CA TM & CA AM (southern, Cafine), EN TM & 
EN AM (central, Enchugal), MA TM & MA AM (central, Malafu), and EL TM & EL AM (northen, Elalab).
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going top-down the subsoils for all profiles (Table 6).
The soil profile analysis of Cafine in CA TM and CA AM, revealed no 

differences in concentration of Av. P (means respectively 22 and 30 mg/ 
l). In Enchugal profiles, it is evident that the P concentration in EN TM 
exceeds that of the AM profile by more than double across the entire 
profile (45 versus 17 mg L-1). MA AM and EL AM exhibit the lowest 
concentrations, averaging around 6 mg/l. However, there isn’t much 
improvement in concentrations for MA TM, averaging around 18 mg L-1, 
and EL TM, averaging 8.5 mg L-1.

The cation-exchange capacity (CEC) values are high for most of the 
profiles with mean values ranging between 22 and 28 cmol (+) kg− 1 

(Table 6). Soil profiles in Elalab showed low CEC in TM and AM (6.4 and 
4.3 cmol (+) kg− 1 respectively), being slightly higher in the first two 
topsoil horizons (6.4–12.9 cmol (+) kg− 1). The loamy, sandy and sandy 
loamy textures of Elalab soils, perfectly drained, facilitate rapid leach-
ing, resulting in the loss of basic cations (Ca2+, Mg2+, K+, Na+) being in 
very low disposition along these two profiles. Subsequent mineralogy 
analysis reveals that these soils predominantly consist of kaolinite, a clay 
known for its relatively low CEC.

However, high Mg2+ ions concentrations are observed in the deeper 

horizons of CA TM, MA TM and EN TM aligning with very high Na+

concentrations, saturating completely these horizons. The soil K+ supply 
capacity seems to be very low for Elalab profiles (EL TM & EL AM), as 
well for MA AM profile with K+ values that do not exceed 1 cmol (+) kg 
-1 along the profile.

3.3. Soil mineralogy and taxonomic classification

3.3.1. Mineralogy
Soil minerals serve as the primary repository for essential plant nu-

trients, gradually releasing them through biochemical weathering pro-
cesses and facilitating nutrient retention via cation and anion exchange 
mechanisms. Clay mineralogy analysis of the profiles unveiled a pre-
dominant composition primarily comprising quartz and kaolinite min-
erals, with few variations observed along the profiles. EL AM and EL TM 
profiles exhibit almost exclusive quartz composition (96 %) and trace in 
kaolinite and smectite all along the profile, indicative of poor clay 2:1 
mineral content. Both CA TM and CA AM display a higher quartz 
composition (≈83 %), with both profiles containing low amounts of 
smectite (2 to 3.5 %) and jarosite formations starting in the upper AB 

Table 4 
Soil profile morphological feature.

Profile Horizon Depth (cm) Color (dry) Mottles Color (dry) Structurea Consistenceb Boundaryc

CA TM Ap 0 – 39 10YR 7/8  Pr/ co/ 3 ss/ ps/ mh WD
 AB 39 – 63 10YR 6/2  Pr/ co/ 3 ss/ ps/ vh WD
 Bg1 63 – 85 7.5YR 6/0 7.5YR 6/2 Abk/ m/ 1 s/ p/ ha SG
 Bgj 85 – 134 2.5YR 5/0 5Y 8/4 Abk/ m/ 1 s/ p/ ha SG
 Bg2 134––180+ 2.5Y 5/0 5Y 8/3 m/ 0 s/ p/ fr SC
CA AM Ap 0 – 30 5YR 5/8 10YR 6/3 Abk/ co, vc/ 3 s/ vp/ h WG
 AB 30 – 48 10YR 6/2 7.5YR 5/6 Abk/ co, m / 3 s/ vp/ ha WG
 Bi 48 – 74 5Y 6/1 2.5Y 5/6 Abk/ m/ 2, 3 vs/ vp/ mh SG
 Bgj1 74 – 118 2.5Y 6/4 5Y 5/1 m/ 0 s/ vp/ mh SC
 Bgj2 118 – 153 7.5YR 6/0 2.5YR 3/6 m/ 0 vs/ vp/ fr SC
 Bg 153 – 190+ 10YR 6/1  m/ 0 vs/ vp/ fr SC
EL TM Ap 0 – 15 10 YR 5/8  Abk/ vf, f, m/ 1 ss/ sp/ fi SA
 Bw 15 – 28 10 YR 7/3  Abk/ m,co/2 ss/ sp/ fi SC
 C 28 – 73 10 YR 7/1  Sg/ Vf, f/ 0 so/ so/lo SG
 Cg 73 – 140+ 2.5 Y 6/2  Sg/ Vf, f/ 0 so/ so/ lo SG
EL AM Ap 0 – 13 10YR 6/4  Abk/ m,co/2 s/ p/ efi WG
 Bw 13 – 40 10YR 5/6  Abk/ m,co/2–3 s/ p/ efi WG
 C1 40 – 53 2.5Y 6/2  Sg/ vf, f/ 0 so/ po/lo SC
 C2 55 – 70 5Y 7/2  Sg/ vf, f/ 0 so/ po/lo SG
 C3 70 – 80 10YR 7/6  Sg/ vf, f/ 0 so/ po/ lo SG
 Cg1 80 – 100 5Y 7/2  Sg/ vf / 0 so/ po/ lo SG
 Cg2 100 – 165+ 5Y 7/1  Sg/ f/ 0 so/ po/ lo SG
MA TM Ap 0 – 20 10YR 3/3  Abk / m / 2 m s / p / fi SA
 AB 20 – 35 10YR 4/2  Abk / m –f / 2 m s / p / vfi SA
 Bw 35 – 85 10YR 5.5/2 5YR 5.5/8 Abk / m –f / 2mf s / p / fi → vfi WG
 Bj 85 – 110 10YR 6/1 5YR 6/8 Abk / m –f / 2 m vs/ ps /fi WG
 Bg1 110 –150 2.5Y 5/2 2.5Y 6/6 Abk / m –f / 2->1m vs / vp / fi WG
 Bg2 150 – 220 1 4.5/N  Abk / m –f / 2->1m vs / vp / vfr SA
MA AM Ap 0 – 45 10YR 3/1  Abk / f → vf / 3 s / vp / eh WA
 Bi1 45 – 80 10YR 4/2  Sbk / m → f/ 1 ss / vp / fr WA
 Bi2 80 – 115 10YR 6/2.5 10YR 7/8 Sbk / m → f / 1 s / vp / fr WA
 Bi3 115 –148 10YR 6/1  Sbk / m → f / 2 s / p / fi WA
 Bg 148 – 200+ 2.5Y 6/2 10YR 6/7 Abk / m → f / 1 s / p / fr WA
EN TM Ap 0 – 20 10YR 3.5/1  Gr / co, m → f / 2 s / p / eh SV
 Bw1 20 – 54 10YR 4/2  Sbk / m → f → vf / 1 ss / p /fi SV
 Bw2 54 – 100 10YR 6/2  Sbk / m → f → vf / 1 s / ps /fi SV
 Bj 100 – 138 10YR 6.5/2 2.5Y 8/7 Sbk / m → f / 1 vs / ps /fr SV
 Bg1 138 – 180 2.5Y 5/1 7.5YR 6/6 Sbk / m → f / 2 s / ps /fr SV
 Bg2 180 – 210+ 1 4/N  Sbk / m → f / 2 s / ps /fr SV
EN AM Ap 0 – 40 10YR 3/2  Gr/Sbk /co → m /2 s / p / vfi SV
 Bij1 40 – 65 10YR 5.5/2  Sbk / m → f / 1 s / vp / vfi SV
 Bij2 65 – 119 10YR 5/4 10YR 7/6 Sbk / m → f / 1 s / p / vfi SV
 Bi 119 – 172 10YR 5/1  Sbk / m → f / 1 vs / p / fr SV
 Bg 172 – 200+ 2.5Y 4/1 7.5YR 6/8 Sbk / m → f / 1 s/ p / fi SV

a Soil structure, type: massive (m); granular (Gr); subangular blocky (Sbk); angular blocky (Abk), single grain (Sg); size: very coarse (vc); coarse (c); medium (m); 
fine (f); very fine (vf); grade: strong (1); moderate (2); weak (3) (Schoeneberger et al., 2012). bConsistence, Stickiness and plasticity: nonsticky (so), sticky (s); 
slightly sticky (ss); very sticky (vs); nonplastic (po), plastic (p); slightly plastic (ps); very plastic (vp). Rupture resistance: loose (lo), soft (s), moderate hard (mh), hard 
(ha), very hard (vh), extremely hard (eh), firm (f), moderately firm (fi); very firm (vfi), moderately friable (fr), very rigid (efi) (Schoeneberger et al., 2012). cBoun-
daries: smooth (S); wavy (W); clear (C); gradual (G); diffuse (D) (Schoeneberger et al., 2012).
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horizons for CA TM and accumulating in the Bgj1 and Bgj2 horizons for 
CA AM (Fig. 6). Similarly, Enchugal profiles, also dominant by a quartz 
composition (around 70 %), showcase smectite (3,5 to 5 %), ilite (5 to 
3,5%) and jarosite formations in the subsurface horizons, originating 
from Bj in EN TM and Bi2 in EN AM with higher presence (7,5%). In the 
case of Malafu, sporadic occurrences of jarosite formations are observed, 
primarily in the Bj and Bg1 horizons of MA TM. Jarosite, an iron and 
sulfur-bearing mineral, serves as a strong indicator of acid sulfate soil 
oxidation and is typically formed in environments with excessively 
acidic soil conditions (pH less than 4, consistent with the very low pH 
values in Table 4). Additionally, halite compounds were identified in the 
profiles of EN TM, EN AM, and MA TM.

Furthermore, mineralogy for nurseries’ topsoil showed a composi-
tion dominated by quartz ranging from 90 % for MA-Viv1 to a maximum 
of 99 % for BL-Viv1 (Blafchur), followed by kaolinite which ranged from 
5 % for MA-Viv1 to 0.8 % for BL-Viv1 (Blafchur), while smectite and 
elite show very low (does not exceed 3 % in MA-Viv1) or even in trace 
quantities for BL-Viv1, indicating a very poor clay 2:1 content.

3.3.2. Soil profiles classification
Based on the field and laboratory analyses the classification of the 

eight soil profiles is presented in Table 7. In the southern region, the 

profiles in Cafine were both categorized as Thionic Gleysols, exhibiting 
pronounced gleyic properties, with vertic characteristics evident in the 
upper horizons. These soils frequently undergo severe acidification due 
to the presence of hydroxysulfates, indicating their thionic nature. 
Additionally, CA TM exhibits significant salic and sodic properties in the 
deeper layers. In the northern region, the profiles in Elalab were clas-
sified as Eutric Gleysols, characterized by substantial sodic influence 
throughout all horizons, with arenic properties prevalent in the subsoil 
horizons of EL AM. Similarly, both profiles in Enchugal were classified as 
Eutric Thionic Gleysols, displaying notable salic (EN TM) and sodic 
(both) influences, while EN AM exhibited vertic properties consistently 
throughout the profile. Likewise, the Malafu MA TM profile was iden-
tified as Eutric Thionic Gleysol, featuring high salic and sodic accumu-
lation in the deep layers. Notably, the MA AM profile stands out for its 
pronounced vertic properties across the profile, leading to its classifi-
cation as a Sodic Vertisol, with the deepest layers exhibiting gleyic 
redoximorphic features.

3.4. Upland nurseries topsoil physical and chemical characterization

The soil physical properties for the upland nursery exhibited highly 
sandy textures (falling within the sandy and sandy loamy classes), 

Table 5 
Soil physical and water retention properties.

Profile Horizon Sand 
(%)

Silt 
(%)

Clay 
(%)

Textural class Bulk density (g/ 
cm3)

Total Porosity 
(%)

Field capacity 
(%)

Permanent wilting 
(%)

Available water 
(%)

CA TM Ap 19 39 42 Clay 1.09 0.57 32.7 21.4 11.3
AB 36 24 40 Clay 1.16 0.56 25.4 21.0 4.4
Bg1 48 28 24 Loam 0.87 0.64 42.8 31.5 11.3
Bgj 57 30 13 Sandy Loam 0.69 0.73 51.1 33.0 18.1
Bg2 45 48 7 Loam 0.59 0.77 58.4 40.0 18.4

CA AM Ap 17 38 45 Clay 1.17 0.54 37.1 19.0 18.1
AB 12 31 57 Clay 1.15 0.56 45.4 30.1 15.3
Bi 31 32 37 Clay Loam 0.98 0.62 47.6 21.5 26.1
Bgj1 40 35 25 Loam 0.62 0.76 57.4 27.2 30.2
Bgj2 52 43 5 Sandy Loam 0.57 0.79 68.1 37.0 31.1
Bg 44 50 6 Silt Loam 0.74 0.73 54.4 22.3 32.1

EL TM Ap 54 37 9 Sandy Loam 1.47 0.45 32.6 20.0 12.6
Bw 46 32 22 Loam 1.49 0.44 41.6 25.5 16.1
C 88 7 5 Sand 1.47 0.45 32.3 14.4 17.9
Cg 90 6 4 Sand 1.40 0.46 28.7 15.7 13.0

EL AM Ap 68 13 19 Sandy Loam 1.53 0.42 21.1 10.0 11.0
Bw 44 21 35 Clay Loam 1.65 0.38 34.1 13.1 21.0
C1 94 2 4 Sand 1.52 0.42 13.6 6.3 7.3
C2 84 7 9 Loamy Sand 1.51 0.42 9.4 6.2 3.2
C3 94 2 4 Sand 1.60 0.39 7.8 7.6 0.2
Cg1 90 4 6 Sand 1.59 0.40 18.9 7.6 1.13
Cg2 92 4 4 Sand 1.73 0.35 30.0 13.0 17.0

MA TM Ap 5 28 67 Clay 1.2 0.52 38.9 31.7 7.2
AB 5 36 59 Clay 1.25 0.49 39.0 32.5 6.4
Bw 22 34 44 Clay 1.06 0.57 58.4 49.3 9.0
Bj 36 37 27 Clay Loam 0.86 0.65 73.0 57.0 16.0
Bg1 44 44 12 Loam 0.83 0.66 81.0 55.9 25.4
Bg2 44 51 5 Sandy Loam 0.96 NA NA NA NA

MA 
AM

Ap 18 32 50 Clay 1.17 0.52 34.1 23.0 11.2
Bi1 5 28 67 Clay 1.39 0.39 35.9 24.9 11.0
Bi2 3 28 69 Clay 1.33 0.46 41.9 29.0 12.9
Bi3 3 32 65 Clay 1.20 0.51 48.2 31.9 16.3
Bg 7 24 69 Clay 1.15 0.53 48.5 31.8 16.7

EN TM Ap 11 31 58 Clay 1.17 NA NA NA NA
Bw1 9 41 50 Clay Loam 1.36 NA NA NA NA
Bw2 30 34 36 Silty Clay 1.03 NA NA NA NA
Bj 55 25 20 Sandy Clay 

loam
0.85 NA NA NA NA

Bg1 47 46 7 Loam 0.80 NA NA NA NA
Bg2 53 40 7 Sandy Loam 0.72 NA NA NA NA

EN AM Ap 9 37 54 Clay 1.34 NA NA NA NA
Bij1 12 36 52 Clay 1.29 NA NA NA NA
Bij2 35 25 40 Clay 1.07 NA NA NA NA
Bi 38 28 34 Clay Loam 0.82 NA NA NA NA
Bg 64 18 18 Clay Loam 0.65 NA NA NA NA

Note: Not Analyzed (NA) properties due to equipment default.
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except for Malafu 1 nursery, which is less sandy (classified as loam, 
Table 8). Having a small interparticle cohesion, moderate to high bulk 
densities are also recorded 1.42 < Db < 1.79 g cm− 3 for all of them 
except for Malafu 1 nursery with 1.28 g cm− 3 coinciding with the 
highest organic matter and C accumulations.

In the nurseries’ topsoil, there is a recurring pH fluctuation charac-
terized by higher acidity accumulation during the dry season, followed 
by a subsequent normalization with the onset of the first rains. These 
soils exhibit shallow depth and a significant presence of gravel, 
contributing to minimal soil depth. Moreover, these soils are susceptible 
to consistent nutrient leaching and runoff due to their restricted depth 
and pronounced fluctuations between extended periods of drought and 
intense rainfalls. Carbon and nitrogen concentrations are notably low, 
particularly in the Uncur and Blafchur nurseries (Table 9), while cation 
exchange capacity (CEC) does not exceed 4 cmol (+)/kg, indicating very 
poor nutrient retention capacity. Comparatively, the Malafu nurseries 
exhibit relatively better topsoil conditions than others (Table 8 and 9).

3.5. Soil suitability assessment –SSA

According to the climatic and biophysical conditions delineated in 
Table 3, two profiles, MA TM and EN TM, are categorized as moderately 
suitable due to their limitations concerning flooding periods. These 
profiles experience annual flooding depths ranging from 20 to 40 cm, 
slightly exceeding the ideal range of 10–20 cm (Sys et al.,1993). This 
permits the cultivation of the most common rice varieties, as farmers 
typically employ tall varieties and engage in early plowing and sowing 
to mitigate prolonged flooding, which can hinder rice growth.

Elalab profiles (TM and AM) exhibit limitations in texture, charac-
terized by highly sandy and sandy loamy topsoils that are unfavorable 
for robust root growth. Displaying six out of nine chemical properties 
falling into the N − marginal not suitable class, indicating acidity issues, 
poor TC and TN, and significant salinization and sodicity problems, 
evidenced by high EC and ESP values. The CEC falls within the S3 −
marginal suitability class, indicating substantial leaching of bases. The EL 
AM profile exhibits less severe restrictive properties, except for acidity, 
which is not an issue in this profile, categorized as group C (Table 10).

For Enchugal, EN TM profile also falls to the group B, presenting 

Table 6 
Chemical parameters of the studied profiles.

Profile Horizon Al Fe TC TN EC (1:2.5) pH Exch. acidity Exchangeable cations and cations in solution CEC Av. P

Ca Mg K Na

% dS m− 1 H2O cmol(+) kg− 1 mg kg− 1

CA TM
Ap 0.09 1.03 1.37 0.17 2.4 4.0 1.6 2.4 9.7 1.4 5.0 26.6 16
AB 0.11 0.93 1.08 0.15 3.9 3.4 2.9 2.3 9.5 1.8 7.1 28.6 12
Bg1 0.10 0.18 1.53 0.16 16.1 3.3 2.8 2.4 10.1 1.7 24.5* 25.7 23
Bgj 0.16 0.12 1.51 0.17 26.1 3.0 7.4 3.0 13.6 1.0 39.2* 24.7 29
Bg2 0.10 0.47 2.53 0.19 57.7 3.0 6.0 7.1 31.2 3.3 104.6* 25.2 31

CA AM 
Ap 0.09 0.98 1.04 0.12 2.2 4.1 1.2 1.9 6.7 0.9 4.2 20.9 13
AB 0.11 0.63 0.58 0.11 1.7 3.8 2.8 2.5 7.5 1.4 4.9 25.4 11
Bi 0.10 0.48 0.70 0.11 3.1 3.5 3.9 2.3 6.4 0.9 6.0 23.5 20
Bgj1 0.08 0.27 0.91 0.13 14.4 3.4 2.1 3.5 9.8 1.0 20.9* 23.2 14
Bgj2 0.11 1.08 1.06 0.13 32.1 3.4 3.0 16.4 19.2 1.8 47.6* 24.8 62
Bg 0.09 0.35 1.54 0.12 33.7 7.5 0.1 24.3 19.3 2.9 67.0* 19.4 61

EL TM Ap 0.03 0.33 0.62 0.09 29.8 3.8 0.3 1.9 9.0 1.0 35.5* 6.5 6
Bw 0.03 0.19 0.41 0.08 10.4 3.8 0.4 1.3 4.8 0.8 13.2* 10.6 4
C 0.01 0.07 0.25 0.05 11.5 3.7 0.2 0.9 3.1 0.3 11.0* 3.1 4
Cg 0.03 0.06 0.42 0.07 18.0 3.0 4.3 1.2 4.9 0.4 17.0* 5.4 21

EL AM Ap 0.03 0.27 0.75 0.11 4.8 5.0 0.1 1.5 3.7 0.6 6.1 8.4 6
Bw 0.04 0.22 0.47 0.09 4.7 6.1 0.1 1.7 4.5 0.9 8.5 12.9 5
C1 0.01 0.02 0.09 0.03 3.4 5.0 0.1 0.5 0.9 0.1 2.5* 1.4 3
C2 0.01 0.03 0.08 0.04 8.7 5.1 0.1 0.8 1.9 0.2 6.8* 1.2 3
C3 0.01 0.08 0.15 0.04 11.0 4.7 0.1 1.0 2.4 0.3 7.4* 3.1 4
Cg1 0.01 0.04 0.12 0.04 10.6 6.1 0.1 1.0 2.5 0.2 9.0* 1.3 4
Cg2 0.02 0.04 0.14 0.03 11.1 3.5 2.2 1.0 2.9 0.1 9.4* 1.9 18

MA TM Ap 0.1 0.71 1.19 0.14 3.5 4.8 0.4 1.9 9.8 1.3 9.1 23.5 11
AB 0.09 0.48 0.73 0.11 6.4 4.7 0.3 2.0 10.9 1.5 15.9 23.5 12
Bw 0.06 0.41 0.33 0.08 21.7 3.8 0.4 2.6 16.6 1.9 48.0* 25.0 9
Bj 0.05 0.20 0.42 0.08 35.5 3.8 0.4 3.2 20.9 2.0 72.7* 23.4 15
Bg1 0.06 0.12 0.46 0.08 43.6 3.4 1.6 3.4 22.5 2.1 86.9* 23.1 28
Bg2 0.07 0.21 0.73 0.09 44.0 2.8 16.8 4.2 24.3 2.9 84.9* 24.7 20

MA AM Ap 0.26 0.55 2.64 0.23 1.5 4.6 1.5 2.5 9.00 0.3 3.3 27.2 8
Bi1 0.12 0.09 0.78 0.10 3.2 5.2 0.2 3.1 12.3 0.5 8.8 24.5 5
Bi2 0.06 0.12 0.36 0.08 4.3 6.0 0.1 3.1 13.9 0.8 13.0 25.0 4
Bi3 0.06 0.07 0.23 0.07 5.6 6.1 0.1 3.4 15.4 0.9 15.8 25.9 5
Bg 0.06 0.12 0.18 0.07 5.9 4.9 0.3 3.5 15.9 1.0 15.5 26.5 7

EN TM Ap 0.09 0.67 1.10 0.14 9.3 4.9 0.1 2.9 15.9 2.0 19.3 27.1 16
Bw1 0.09 0.59 0.64 0.09 11.9 5.1 0.1 2.8 16.0 2.1 25.9* 29.5 44
Bw2 0.08 0.25 0.32 0.09 21.3 5.4 0.1 3.2 19.7 2.4 50.9* 30.5 76
Bj 0.07 0.20 0.32 0.09 30.6 6.2 0.1 3.8 23.6 2.7 71.6* 28.5 35
Bg1 0.08 0,23 0.47 0.10 34.0 6.6 0.1 3.7 23.4 2.6 71.3* 27.3 68
Bg2 0.08 0.24 1.04 0.13 47.0 2.8 4.5 4.4 33.3 2.9 90.6* 27.6 33

EN AM Ap 0.11 0.53 0.97 0.13 4.5 5.1 0.2 2.8 11.9 1.5 9.7 25.9 7
Bij1 0.07 0.18 0.69 0.10 7.1 4.4 0.4 2.7 9.9 1.5 15.4 23.9 9
Bij2 0.04 0.10 0.61 0.08 8.3 4.1 0.4 2.6 9.9 1.3 19.4 21.7 9
Bi 0.06 0.01 0.98 0.09 13.5 4.3 0.3 3.1 11.1 1.4 29.4* 23.9 40
Bg 0.08 0.28 4.27 0.14 27.6 2.6 25.6 4.5 15.1 1.9 43.7* 29.4 21

Note: * indicate Na values that also comprise soluble salts; EC (Electrical Conductivity in extract soil: water 1:2.5), Exch. acidity (Exchangeable acidity), CEC (Cation 
Exchange Capacity), TC (Total Carbon), TN (Total Nitrogen), Av. P (available phosphorus).
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unsuitability (N) for EC, ESP, while pH and TC and N content fall within 
the S3 class. Meanwhile, the EN AM profile, even categorized in group B, 
has less restrictive properties, being sodicity the only N class, while 
salinity concentrations (EC) and TC and TN content are at marginally 
suitable levels (S3). Enhancing these soils through suitable amendments 
is feasible with effective management practices, albeit requiring signif-
icant time and effort from farmers especially for sodicity which is not 
easily corrected.

Both Malafu and Cafine, CF TM, CF AM, and MA AM are categorized 
in group A, having moderate acidity conditions and moderate limitations 

in TC and TN concentrations(S3). These soils are receptive to amend-
ments, and the addition of organic materials can enhance soil properties 
and mitigate soil acidification. As well, MA TM has limitations primarily 
related to acidity and sodicidy accumulations, alongside low levels of 
organic decomposition, categorized under group B.

Regarding the nursery’s topsoils, all of them are categorized under 
group C except for Malafu 1 which falls in group B. The primary limiting 
factors include topography (t) and physical properties (f), such as 
drainage, soil depth, and texture (see Table 11). These soils predomi-
nantly exhibit sandy and loamy sandy textures with coarse grain sizes, 

Fig. 5. (a) chunks found in Bg2 horizon of MA TM profile; (b) holes from root decomposition found in Bj and Bg1 horizons of EN TM profile; (c) chunks found in Bg 
horizon of EN AM profile. Note: chunks (a,c) and holes (b) indicate the deep-rooted ancient mangrove trees, confirming that these lands were once mangrove areas.

Fig. 6. Semi-quantitative average percentage of total mineral composition for each soil profile (average of all horizons), along with the average percentages of the 
topsoil nursery samples (2 for each point).
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resulting in high porosity and very low water retention capacities, 
leading to well-drained topsoils. Situated at higher elevations on slopes, 
these soils display significant gradients, which contribute to surface 
runoff and erosion, leading to the loss of weakly mineralized nutrients. 
This is reflected in their limited availability of nutrients such as N, C and 
P, as well as very low cation exchange capacities (CEC) and base satu-
ration (BS) levels (classified as S3 and N1). Generally, they are shallow, 
often not exceeding 50 cm in depth, although this is not particularly 
restrictive for rice growth during the seedling early stages when the root 
system typically does not extend beyond 20 cm.

4. Discussion

4.1. Soil constraints in the upland rice nurseries

The characterization and suitability assessment of the examined 
profiles revealed that especially the physical properties exhibit overall 
favorable conditions for rice cultivation in these areas. On the contrary, 
the ferralitic upland nursery soils display significant limitations in 
physical properties, particularly in texture and soil depth. Nonetheless, 
constraints are less severe regarding slope gradient, drainage, and the 
abundance of coarse elements. Influenced by the parental material, 
typically coarse and nutrient-deficient soils are formed from acidic 
parent materials such as sandstones or quartzites (Balasubramanian 
et al., 2007). Tropic sandy soils are characterized by a large range of 
porosity and bulk density (Db,) with porosity ranging from 33 % for Db 
1.7–1.8 g cm− 3 to 47 % for Db 1.4 g cm− 3 as reported for the sandy 

Table 7 
Soil profile classification according to IUSS Working Group WRB (2022).

Profile WRB Classification

CA TM Thionic Gleysol (clayic, salic, sodic, vertic)
CA AM Thionic Gleysol (clayic, vertic)
EL TM Eutric Gleysol (arenic, sodic)
EL AM Eutric Gleysol (arenic, sodic)
MA TM Thionic Eutric Gleysol (clayic, salic, sodic)
MA AM Sodic Vertisol (clayic, gleic)
EN TM Thionic Eutric Gleysol (clayic, salic, sodic)
EN AM Thionic Eutric Gleysol (clayic, sodic, vertic)

Table 8 
Mean values for physical properties for nursery topsoil.

Topsoil 
Sample

Sand 
(%)

Silt 
(%)

Clay 
(%)

Bulk 
Denisty 
(Db) 
(g/cm3)

Total 
Porosity 
(%)

Textural 
class

EN-Viv 1 60 10 30 1.44 55 Sandy 
loam

EN-Viv 2 79 8 13 1.79 68 Loamy 
sand

MA-Viv 1 31 22 47 1.56 59 Loam
MA-Viv 2 67 13 21 1.28 47 Sand clay 

loam
UN-Viv 1 72 12 16 1.54 66 Sand loam
BL-Viv 1 82 8 11 1.42 52 Loamy 

sand

Table 9 
Mean values for main chemical parameters of nursery topsoil.

TopsoilSample Horizon Al Fe TC TN pH EC CEC Ca Mg K Na BS Av.P

  % H2O (dS m− 1)cmol(+) kg− 1 % mg L-1

EN-Viv 1 Ap 0.138 0.176 1.64 0.18 6.51 0.26 0.25 0.11 0.08 0.04 0.02 100 64
EN-Viv 2 Ap 0.057 0.056 0.88 0.12 6.75 0.30 0.53 0.23 0.1 0.13 0.07 100 30
MA-Viv 1 Ap 0.187 0.406 2.04 0.16 5.97 0.14 3.92 1.81 1.1 0.09 0.09 79 7.7
MA-Viv 2 Ap 0.207 0.125 1.64 0.19 6.38 0.23 2.78 1.82 0.43 0.02 0.08 84 2.5
UN-Viv 1 Ap 0.119 0.090 0.88 0.12 6.33 0.21 1.43 0.32 0.0 0.06 0.08 31 5.1
BL-Viv 1 Ap 0.055 0.029 0.52 0.08 6.93 0.41 0.80 0.2 0.0 0.00 0.05 31 2.9

Note: EC (Electrical Conductivity), CEC (Cation Exchange Capacity), TC (Total Carbon), TN (Total Nitrogen), Av. P (available phosphorus).

Table 10 
SSA classes rating for soil profiles.

Nr. Soil Properties CF TM   CF AM MA TM MA AM EN TM EN AM EL TM EL AM

1 Annual rainfall (mm) S1 S1 S1 S1 S2 S2 S2 S2
2 Nr. Dry Months S2 S2 S2 S2 S2 S2 S2 S2
3 Mean annual temp. (◦C) S1 S1 S1 S1 S1 S1 S1 S1
4 Relative humidity (%) S1 S1 S1 S1 S1 S1 S1 S1
5 Slope gradient (%) S1 S1 S1 S1 S1 S1 S1 S1
6 Drainage S1 S1 S1 S1 S1 S2 S2 S2
7 Flooding S1 S1 S3 S2 S3 S2 S1 S1
8 Soil depth (cm) S1 S1 S1 S1 S1 S1 S1 S1
9 Texture S1 S1 S1 S1 S1 S1 N N
10 Gravel (%) S1 S1 S1 S1 S1 S1 S1 S1
11 pH S3 S3 S3 S3 S3 S2 N S2
12 TC (%) S3 S3 S3 S1 S3 S3 N N
13 TN (%) S3 S3 S3 S2 S3 S3 N S3
14 Av. P (mg kg− 1) S1 S1 S1 S1 S1 S1 S2 S2
15 Exchange K (cmol kg− 1) S1 S1 S1 S2 S1 S1 S1 S1
16 CEC (cmol kg− 1) S1 S1 S1 S1 S1 S1 S3 S3
17 BS (%) S2 S2 S1 S2 S1 S1 S1 S1
18 EC (dS m− 1) S2 S2 S2 S1 N S3 N S3
19 ESP (%) S2 S2 N S1 N N N N
Total SSA SSA Limited Groups S3x3 = A S3x3 = A Nx1 S3 x4 = B S3x1 = A Nx4 S3x2 = B Nx1 S3x3 = B Nx6 S3x1=C Nx3 S3x3 = B

Note: SSA classes: S1 = highly suitable/no limitation; S2 = Moderately Suitable or Slight Limitation; S3 = Marginally Suitable or Moderate Limitation; N= Permanently 
Not Suitable or Severe Limitation; A → (S3/N) ≤ 3, B → (S3/N) = 4 to 6, C → (S3/N) ≥ 7.
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tropical topsoils by Bruand et al. (2005). The authors also contend that 
increases in bulk density invariably increase the penetration resistance 
with significant consequences for root development. Rice seedlings in 
the early stage have a weak root system, and the increased soil bulk 
density with wetting and drying cycles over the seedling stage impor-
tantly determines the balance of axial and radial pressures on the root 
tips, and hence the root elongation response (Bengough, 2012). In some 
cases, farmers use available animal manure to improve the soil in the 
nurseries. However, this practice remains quite limited, highlighting an 
opportunity to work with farmers on creating soft soil beds that facilitate 
rice growth and then uprooting for transplantation, which at the same 
time can increase soil fertility (Merkohasanaj et al., forthcoming 
article).

4.2. Farmers battling climate change effects

Extreme weather events such as intense rainfall occurring within a 
short period, often coinciding with the transplantation phase, constitute 
a big risk to production. The flooding observed in these areas is attrib-
uted not only to intense rainfalls but also to the consistent soil saturation 
by tidal upwelling and surface runoffs is exacerbated by limited 
drainage capacity and insufficient traditional water management in-
frastructures. To mitigate these challenges, farmers implement strate-
gies, such as selecting and utilizing rice varieties tolerant to high water 
levels’ stress or performing early transplanting to preempt flooding. 
However, these efforts are not always successful, leading to inundation 
and subsequent production loss and, sometimes, to the abandonment of 
those areas when the main dike breaks and gullies are created in former 
plots. Farmers using collective initiatives often strive to implement last 
named techniques to enhance water management on their lands, but this 
is typically a challenging undertaking. Furthermore, both state and non- 
governmental interventions have been insufficient in the provision of 
water management infrastructures and dredging and cleaning of the 
country’s main rivers, which are heavily laden with sediments (ONU- 
Habitat, 2019), thus limiting their water evacuation capacity. This in-
volves not only the provision of PVC tubes to create a better water 
management infrastructure, but also cleaning and deepening existing 
channels, constructing new secondary channels, or expanding auxiliary 
storage embankments where possible.

Chemical characterization revealed distinct patterns among the 

profiles, particularly those heavily influenced by tidal effects (TM pro-
files), which exhibited significantly higher salinity and sodium issues 
compared to AM profiles, where concentrations only increased in the 
deeper layers. Since salinity and sodicity are frequently found in the 
same place (van Oort, 2018) high concentrations were particularly 
pronounced in the Elalab and Entchugal topsoils, possibly inducing se-
vere limitations for rice production. In response to these challenges and 
under the constraints of highly uncertain climatic conditions (see Gar-
banzo et al. 2024a; Mendes and Fragoso, 2023), farmers developed soil 
stabilization techniques, albeit with only partial success in maintaining 
production levels. Factors such as topographic variations and drainage 
limitations, coupled with limited freshwater availability for salt and 
sodium leaching, often led to soil chemical imbalances, and eventually 
to the abandonment of many of these rice fields. This phenomenon 
aligns with observations by D’Amico et al. (2023), who noted that fields 
nearest to tidal creeks, with higher salt content, were typically the first 
to be abandoned. However, this trend does not apply to tidal mangrove 
(TM) rice fields in the southern region, which are typically the most 
productive and that have been farmed for decades. Instead, abandon-
ment tends to occur in older rice fields located at higher gradients, closer 
to villages and away from tidal influences, due to factors such as fertility 
depletion, low organic matter content, acidification, and water drainage 
constraints (which farmers associate with a decrease in the number of 
months without rain). Similar trends have been observed in other vil-
lages of Oio region, such as Enchugal and Sugun. Farmers in this region 
traditionally allowed saltwater to enter the tidal marshes during the dry 
season ─ a technique they claim increases soil fertility while simulta-
neously controlling weed growth (van Gent and Ukkerman, 1989). 
However, this practice is becoming less common due to concerns about 
the availability of sufficient water to flush out the introduced salt.

4.3. Acid sulphate soils (ASS) challenges

The pH and acidity constraints can simultaneously happen in saline 
and/or sodic soils. Hydromorphic acid sulphate soils (ASS) suffer severe 
acidification even in the topsoil as pyrites at shallow depths may have 
resulted in subsurface materials being mixed with topsoils (Baggie et al., 
2018, van Gent and Ukkerman, 1989). In these conditions, pH decreases 
drastically, and Al and Fe toxicity increases only when ASS are drained 
(Balasubramanian et al., 2007). Sluggish water, extremely accelerates 

Table 11 
SSA classes rating for nursery topsoils.

Nr. Soil Properties Enchugal 1 Enchugal 2 Malafu 1 Malafu 2 Uncur Blafchur

1 Annual rainfall (mm) S2 S2 S1 S1 S2 S2
2 Nr. Dry Months S2 S2 S2 S2 S2 S2
3 Mean annual temp. (◦C) S1 S1 S1 S1 S1 S1
4 Relative humidity (%) S1 S1 S1 S1 S1 S1
5 Slope gradient (%) S3 S3 S2 S3 S2 S2
6 Drainage S3 S3 S3 S3 S3 S3
7 Flooding S1 S1 S1 S1 S1 S1
8 Soil depth (cm) S3 S3 S3 S3 S3 S3
9 Texture N N N N N N
10 Gravel (%) S2 S2 S2 S3 S3 S3
11 pH S1 S1 S2 S1 S1 S1
12 TC (%) S2 S3 S1 S2 S3 N
13 TN (%) S3 S3 S3 S3 S3 N
14 Av. P (mg kg− 1) S1 S1 S1 S3 S2 S3
15 Exchange K (cmol kg− 1) N S3 N N N N
16 CEC (cmol kg− 1) N N N N N N
17 BS (%) S1 S1 S1 S1 S3 S3
18 EC (dS m− 1) S1 S1 S1 S1 S1 S1
19 ESP (%) S1 S1 S1 S1 S1 S1
Total SSA Total SSA classes Nx3 S3x4=C Nx2 S3x6=C Nx3 S3x3 = B Nx3 S3x6=C Nx3 

S3x6=C
Nx5 S3x5=C

Note: SSA classes: S1 = highly suitable/no limitation; S2 = Moderately Suitable or Slight Limitation; S3 = Marginally Suitable or Moderate Limitation; N= Permanently 
Not Suitable or Severe Limitation; A → (S3/N) ≤ 3, B → (S3/N) = 4 to 6, C → (S3/N) ≥ 7.
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the kinetic bio-chemical activity (cases where stagnant water in the 
fields reached temperatures above 40 degrees), accelerating reduction 
conditions that are commonly observed in mangrove soils (Sahrawat, 
2004). Commonly, iron-reach upland soils generally do not exhibit iron 
toxicity since they are not subject to flooding. On the other hand, in the 
low flooded lands high parental iron and sulfur accumulations, in highly 
reduced conditions pared with poor drainage, mobilized and reduced 
from Fe3+ to Fe2+ which are toxic for the plants in high concentrations 
(Backer and Asch, 2005, Sahrawat, 2004).

The very high exchangeable acidity found in the deeper layers is 
related to the sulphide oxidation, producing jarosite (KFe3(SO4)2(OH)6) 
as a secondary mineral phase, evinced by yellow mottles formation, 
which is strong evidence of acid sulfate soil (Andretta et al., 2014; Zhu 
et al., 2008). Jarosite mottles after being oxidized, convert to orange and 
red goethite (FeO(OH)) and hematite mottles (Fe2O3) (Dent, 1986). As 
characterized in this study and described by Dent and Pones (1995), 
Acid Sulfate Soil (ASS) Gleysols typically exhibit highly waterlogged 
conditions at depth, characterized by a gray layer overlaid by a layer 
containing jarosite and goethite mottles. This layer is further overlain by 
a horizon with pronounced red hematite and goethite mottles, main-
taining high acidity with a pH of around 4 and containing elevated levels 
of exchangeable aluminum. Finally, a dark-colored topsoil with slightly 
higher organic content caps the profile. Likewise, consistent patterns 
were observed in most of the profiles under investigation, notable for the 
presence of jarosite mottles extending below the Ap horizons, demon-
strating that the high S and Fe concentrations can inhibit even in the rice 
root zone. Farmers identify the severe effects of acidity by the 
yellow–red coloration of the water and soil, which they refer to as 
’conra’ (meaning toxicity in the Balanta language), as well as through 
significant production losses. To address these issues, they typically add 
large quantities of rice straw to the affected areas over several years 
(which according to them, absorbs toxicity) and allow animals to graze 
in these areas.

4.4. Soil nutritional imbalances and peculiarities

Highly acid conditions and iron (Fe2+) concentrations in the first 
layer of soil solution can significantly impede the rice plant’s absorption 
of vital nutrients, particularly phosphorus (P) and potassium (K), posing 
a serious threat to its growth and development (Olaleye et al., 2001). 
Nevertheless, soil suitability assessment (SSA) indicates no limitation in 
P and K levels within the topsoil, or even in deeper horizons exhibiting 
increased P availability. This phenomenon is likely attributed to ferric 
iron-bound phosphorus serving as a source of P following iron reduction 
and subsequent release of H2PO4

− , which acts as a minor yet significant P 
source for rice cultivation, partially satisfying plant requirements 
(Rakotoson et al., 2022; Wang et al., 2022). Nonetheless, it is demon-
strated that nutritional disorders in rice plants due to potassium defi-
ciency are exacerbated only when symptoms of iron toxicity become 
severe (Panhwar et al., 2016; Tadano and Yoshida, 1978), leading to 
yield reductions associated with poor soil nutritional status.

Profound gleyic horizons (those of Cafine and Enchugal extensively 
waterlogged) showed low bulk density with very high porosity and 
carbon increase in the deep horizons, possibly attributed to the high 
pore water oxygen; this causes clay expansion and increase in organic 
matter content due to plant material burrowed or mangrove residues 
deposited in the past (Adame et al., 2018; Andretta et al., 2014; Donato 
et al., 2011). Similar studies in the region reported higher OC (Organic 
Carbon) concentrations and consequently soil organic carbon storage in 
the deeper rice fields’ layers (Andretta et al., 2016) and showed the 
strong relation between the OC, OM and bulk density (Adame et al., 
2018). These lands were previously covered by mangrove forests whose 
soils are characterized by high OC content also in the deepest horizons, 
which are subjected to prolonged hydromorphic conditions, slowing 
down and preventing organic carbon decomposition and mineralization. 
As suggested by a large body of research, mangrove paddy soils facilitate 

and promote long-term SOC storage by occlusion within micro-
aggregates and adsorption to the silt and clay outside microaggregates 
(Huang et al., 2014), or even resulting from larger stubble returns (Cui 
et al., 2014).

The low nitrogen levels found in almost all profiles may be attributed 
to the very low N mineralization, leaching and denitrification in 
anaerobic conditions, and the high and persistent extraction of nutrients 
due to plant demand (Yang et al., 2016; Kader et al., 2013; Ishii et al., 
2011). As also explained by Hesse (1961) in the comparative study be-
tween Rizophora sp. and Avicennia sp. soils of Sierra Leone, slowly dried 
fibrous paddies of Rhizophora reached strong acidity conditions which 
inhibit N mineralization. Among other reasons, this could be one of the 
factors why farmers also claim to prefer lands previously occupied by 
Avicennia. However, this remains uncertain, as farmers in the northern 
part of the country assert that the decomposition of Rhizophora enhances 
soil fertility in the long term.

4.5. Overcoming soil constraints and build opportunities for future rice 
production

The physical properties of clay soils are often significantly influenced 
by the exchange of ions occurring within the clay matrix. Specifically, 
the plastic properties of clay soils are determined by the type of 
exchangeable cation, depending on whether Na+ or Ca 2+ is the 
exchangeable cation, as documented by Grim (1968). Furthermore, 
knowing better soil plasticity limits will help farmers define the optimal 
moment to start tillage (Garbanzo, et al., 2024b) or even the possibility 
of mechanization in specific areas of the paddies. Mechanization in 
recent years has been introduced in various areas of the country, to help 
farmers deal with labor constraints. However, mechanization has 
various limitations in these clay-rich soils and must be tried with care to 
avoid soil compaction. This can affect soil water storage and moisture 
and change plant diversity and promote further infestation (Singh et al., 
2023), as was the case of an experiment conducted by a project in 
Cafine. Furthermore, the hydromorphy of the MSR fields makes it 
difficult for heavy machinery to operate properly, leading to frequent 
breakdowns and creating maintenance challenges for farmers. On the 
contrary, mechanization of plowing in the abandoned unfertile plots of 
the top of the catena, combined with the planting in alleys of native 
legume trees should be tried to reduce food insecurity.

The study highlights a critical gap in understanding and character-
izing the region’s soils and the extent of their coverage within the MSRP 
system. By employing transects across various regions, it provides an 
essential overview of the coastal MSRP system in Guinea-Bissau. The last 
comprehensive soil classification, conducted by Teixeira in 1962, esti-
mated that hydromorphic soils covered 20 % of the country (approxi-
mately 650,000 ha). More recent work by Adefurin and Zwart (2013), 
using satellite imagery, identified Guinea-Bissau as having the highest 
percentage of rice cultivation in mangrove ecosystems among West Af-
rican countries, with 3–5 % of the national area (approximately 
102,100 ha) under cultivation. Most of this area falls within the MSRP 
system, underscoring the importance of soil characterization studies to 
support sustainable practices and informed land management. Impor-
tantly, the developed approach of this study was based on the “farmer- 
back-to-farmer” model of agricultural development suggested by Crane 
(2014), which ürge to the scientific knowledge system use farmers ́ 
knowledge and practices as both the starting point and endpoint of the 
value of innovation̈, such approach is essential for addressing the chal-
lenges of agricultural productivity, environmental conservation, and 
resilience in these unique and sensitive ecosystems.

5. Conclusions

Coastal farmers of West Africa created a highly sophisticated pro-
duction system in a rather challenging environment, for which local 
knowledge of soil broad characteristics and changes under aerobic 
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conditions was mandatory. Their constant innovations were able to 
make MSR cultivation the most productive rice system without the use 
of chemical fertilizers, herbicides, and forced irrigation. However, the 
reduction in the number of months with rain, increased irregularity in 
the dates of the start and end of the rainy season, and more frequent and 
longer dry spells made farmers’ knowledge, skills, and strategies poorly 
equipped to face climate change impacts in terms of soil fertility and 
toxicity. A limited amount of rainfall stored in the plots during the rice 
growth cycle is responsible for nutrient imbalance, acidity, salinity and 
sodicity problems, therefore critically reducing crop yields. The fragility 
and complexity of this agroecosystem, compounded by the absence of 
enough scientific knowledge about these soils and their dynamics of 
change after polderization, makes any external intervention aimed at 
increasing MSR production and productivity through improving soil 
fertility or mechanization prone to failure. It is important to emphasize 
that certain limitations, such as sodicity, acidity and the depletion of 
carbon and nitrogen, require further in-depth study. This will help 
develop solutions that can be effectively applied across the different 
study areas, complementing farmers’ traditional practices.

This study makes an important contribution to the knowledge about 
soil characteristics and the spatial distribution of soil physicochemical 
properties within the MSRP system in GB, and West Africa in general. 
Additionally, the innovative approach of combining soil characteriza-
tion and suitability assessment with farmer’s local practices highlighted 
significant spatial variations across regions and agroecologies, demon-
strating that even over very short distances, the soil’s chemical prop-
erties can vary significantly, what makes it more difficult for farmers to 
innovate or adapt their practices. Furthermore, limitations identified in 
this characterization for suitability assessment will be further scruti-
nized concerning the productivity constraints associated with farmers’ 
preferred rice varieties in a companion article (Merkohasanaj et al., 
2025). Nonetheless, additional research is required to better understand 
how these variations affect farmers’ rice yields, followed by the co- 
production of technological innovations with farmers aiming at 
increasing production and productivity through agroecological tech-
niques. These can include: a) the introduction of compost, rotation with 
short cycle beans (a traditional technique now hampered by lack of 
appropriate seeds and unsupervised cattle roaming) and/or the planting 
of legume endogenous trees in alleys in the uplands where rice nurseries 
are made; b) the reintroduction of the traditional technique of allowing 
the entrance of brackish water to reduce soil acidity levels and increase 
fertility in TM plots, after the introduction of water management in-
frastructures by development projects (such the ones introduced by NGO 
Univers-Sel).

CRediT authorship contribution statement

Matilda Merkohasanaj: Writing – original draft, Visualization, 
Software, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Gabriel Garbanzo: Writing – review & editing, 
Visualization, Validation, Investigation, Data curation. Nuno Cortez: 
Writing – review & editing, Validation, Supervision, Methodology, 
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