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Abstract: Mangrove swamp rice production (MSRP) refers to rice cultivation in former mangrove
soils that have been anthropogenically modified for food production. The method utilizes the largest
possible storage of fresh water to desalinate the soils and make them productive. However, temporal
variability in rainfall patterns causes loss of efficiency in production, impacting crop growth and
reducing productivity. To improve MSRP, it is necessary to identify the primary constraints associated
with salinity, enhancing and maximizing freshwater storage efficiency and water productivity. This
study provides a general description of the MSRP system in both the northern and southern regions
of Guinea-Bissau, aiming at the identification of the main water management limitations. The descrip-
tion involves the use of typologies and the identification of zones with specific characteristics within
the paddies. Furthermore, this review includes an analysis of the physicochemical characteristics
of soils in relation to salinity issues, descriptions of agronomic management, rice varieties, and the
significance of managing dikes and bunds to improve mangrove swamp rice water management. This
study shows how the MSRPS is characterized by dynamism and complexity, involving a wide range
of constraints associated with salinity features, cultural influences, and microclimatic conditions that
are subject to temporal variations.

Keywords: soil salinity; West Africa; tropical polders; Oryza spp.; agronomic practices; water
management; typologies of paddies; associated mangrove; tidal mangrove

1. Introduction

Rice (Oryza sativa L. and O. glaberrima) is one of the most important staple foods on
the Asian, African, and American continents. Global rice production over the past decade
is estimated at approximately 540 million tons [1,2].

The rice crop grows primarily in the humid and seasonally dry tropics of the world,
in most cases with irrigation or freshwater harvesting systems [3]. Worldwide, flood
irrigation is the most widely used irrigation method for rice cultivation [4]. Rice paddy
fields are usually permanently flooded, but with the aim of reducing water use, several
flooding variants have been introduced such as dry seeding [5,6], anticipated cut-off, and
intermittent water application [7]. Due to the increase of water shortages and scarcity,
aerobic rice is being implemented using sprinklers or surface irrigation [8-11].

Most rice cultivars show remarkable adaptability to thrive in flooded agricultural
systems [12], especially in regions characterized by abundant sunlight and access to fresh-
water resources [3]. Recent plant breeding has led to the development of modern cultivars
adapted to aerobic conditions [13]. Rice productivity primarily depends on soil fertil-
ity, climatic factors, efficient water management, agronomic practices, weed control, and
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the adaptability of rice varieties [2,3,14]. It has been reported that rice productivity can
reach values of 10 Mg ha~! under optimal climatic and agronomic conditions and with
the support of agrochemical inputs [12,15], but climate change calls for the adoption of
agroecological pathways especially among smallholders living in marginal regions.

In the north-western regions of Africa, upland (slash-and-burn), inland lowland
swamp, and mangrove swamp rice production can be found, all of which are rainfed. It
is estimated that African rice production systems began 3000 to 2000 years ago [16-19].
Reports from overseas travelers during early colonization (between the years 1400-1600)
indicated that the populations of countries such as Senegal, Gambia, Guinea-Bissau, Guinea
Conakry, and Sierra Leone practiced rice cultivation [20-22]. This implies that the indige-
nous populations developed technological knowledge for rice production in different
agroecological conditions, domesticated wild ancestors (Oryza glaberrima), and adapted
exogenously introduced rice varieties (O. sativa) for these different conditions over many
centuries [16]. In a context of high agro-ecological and cultural diversity, limited labor avail-
ability and access to agrochemicals, and a strong tradition of self-sufficiency, farmers’ rice
varieties in West Africa are the result of a long breeding process shaped by both ecological
and social factors [23,24]. The yields of farmers’ varieties therefore vary greatly depending
on location, year, and production system, but as would be expected in the marginal regions
where rice is grown without external inputs and/or irrigation, they often outperform the
so-called high-yielding or “modern” varieties because they are well adapted to those harsh
conditions [21,25]. In addition, it was reported that local farmers selected rice varieties
based on several characteristics in addition to productivity, including fragrance, taste,
digestion time, swelling during cooking, and ease of harvesting and threshing [26,27].

Guinea-Bissau (GB) is a small West African country (Figure 1) with a population of
approximately two million people and an area of 37,500 square kilometers [28-30], having
borders with Senegal to the north and Guinea Conakry to the south. The country has
extensive mangrove forests that extend across the entire national territory from south to
north [28], and a total of 88 islands, 20 of which are inhabited [31,32]. In the mangrove
regions, there are large areas of deforested land that are used for rice production. There
are also upland areas where rainfed rice, vegetables, and fruit trees (namely cashews) are
grown [28,29,33].

Rice production is crucial to GB as it forms the basis of the population’s diet. There
are three rice production systems in the country: mangrove swamp rice, upland (slash-
and-burn) rice, and lowland swamp rice (rainfed and irrigated) [34]. The annual per capita
rice consumption is estimated to be around 91-136.9 kg [35-37]. Nevertheless, daily rice
consumption can vary significantly, ranging from 400 to 700 g depending on the location
(rural or urban), the time of the year (dry vs. rainy season; after harvest vs. hungry period),
and changing eating habits (one to three meals per day; inclusion or not in a diet of other
cereals and root crops) of different ethnic groups (e.g., Balanta, Manjaco, Felupe, Baiote,
Pepel, versus Fula and Mandinga) and households.

The mangrove swamp rice production system (MSRPS) is governed by soil salt con-
centration, and in some cases soil acidity, as well as the need for freshwater availability for
plants. The MSRPS belongs to a rainfed wetland rice ecosystem, specifically within the cate-
gory of sub-ecosystems that are prone to drought and flooding; thus, it is highly vulnerable
to rainfall patterns, needing water harvesting in the plots to ensure rice production [37,38].
Rice sowing coincides with the start of the rainy season, when plots typically have low salt
concentrations that favor the growth of salt-tolerant rice varieties [17,26]. The decision of
when to sow is related to the timing when salinity in the plots is low. Decision making is
based on traditional knowledge without the support of agronomic tools and has become
more difficult due to increased rainfall variability (distribution and quantity) [39]. The
timing of sowing has become unreliable, especially in the northern regions where rainfall
is already scarce. To date, no studies on the dynamics of salt and water movement in the
soil have been carried out for the MSRPS. The lack of sufficient knowledge about rainfall
timings and salt dynamics often leads to inadequate crop development due to problems
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such as water shortages, toxicity, and acidity, which in some cases leads to complete crop
loss [40]. Furthermore, MSRP is strongly influenced by spring tides, which often lead to
saltwater intrusion [41] and a partial or total loss of rice production.
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Figure 1. Location of Guinea-Bissau and main regions (Cacheu = A, Oio = B, Bafata = C, Quinara =D,
Tombali = E) where swamp rice is cropped.

The MSRPS is dynamic and constantly changing due to its vulnerability to rainfall
variability, which modifies freshwater storage and forces annual/seasonal adaptation
of agronomic practices [42,43] through active improvisation/innovation by farmers [44].
Consequently, appropriate water management is essential to support farmers in reducing
the high salinity of the soils in the plots on an annual basis.

Nowadays, temporal and spatial variability of rainfall in the country have become
increasingly uncertain due to climate change [24,45,46]. It is well documented that certain
regions of the world are more vulnerable to climate change, and GB is one such vulnerable
country [15,41,44,47]. This susceptibility arises from its location in a transition zone between
the African tropics and the Sahara Desert and its low-lying topography. The country’s
agricultural production is highly dependent on rainfall, accounting for approximately 90%
of its output [48,49]. Long-term average annual rainfall ranges from 1200 to 5000 mm
depending on the region; further information is provided in Section 5. The temporal
variability of rainfall has a potential influence on the food security of the population
producing rice for subsistence purposes. Currently, rainfall is concentrated within a shorter
period, limiting the production window for MSRP [41]. Additionally, heavy rainfall over a
short period can lead to the destruction of MSRP infrastructure (dams and bunds) resulting
in loss of production and further productivity of the rice fields. This issue is further
dealt with in Section 5. Another constraint to agricultural production in GB is the lack of
necessary infrastructure, such as deep wells and dams, to support irrigation [3,29,50].

The global aim of the present review article is to provide a conceptual framework for
understanding the hydric—saline balance constraints of the MSRPS in GB. A systematic
review could not be carried out, due to the small number of available articles on the
subject and the need to include old (since the 1950s) and grey literature (e.g., books,
governmental and project reports) that was not digitally accessible through the search
engines (Agris, Scopus, ScienceDirect, Springer, Google Scholar) used in this review. The
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meteorological information and rice yield datasets were accessed from the agricultural
and meteorological ministries of the country but have variable accuracy. The documents
used were in various languages (English, French, Portuguese, and Spanish) along with the
characterization of sites in the Kriol dialect. Additionally to the literature review, this article
also comprises some empirical research, which includes transects conducted with farmers
to provide on-site descriptions of the paddies” diverse agroecologies, on-farm trials, soil
sampling and analysis, biophysical characterization, and interviews with farmers about
endogenous knowledge and technological innovation. In sum, the comprehensive research
covers various essential aspects: (a) a biophysical description of the MSRPS; (b) agronomic
management of the MSRPS; (c) key constraints, such as salinity and rainfall variability, and
their impacts on water availability and rice yield; and (d) future research needs.

2. Rice Production in Guinea-Bissau
2.1. Rice Production Systems in GB

Rice in GB is produced in several ecologies with diverse techniques of cultivation. The
less productive rice system is located in the uplands in former forests or savanna woodlands
after slash-and-burn, and less frequently under palm oil groves (Figure 2). The degree
of crop association is quite variable, as are the lengths of the crop—fallow periods [51,52].
Upland rice is known in GB as “N’pam-pam” or “arroz de lugar” (in the Kriol language)
and is a rainfed production system. The sowing of N’pam-pam is usually carried out after
the first rains of the year, as the production period is limited by rainfall and soil water
availability [53]. Previously, within the total land area used for rice cultivation (14.7% of
the country’s agricultural area), upland rice accounted for only 37% [29,54], while MSRP
and lowland freshwater production (“Lalas” in Kriol) accounted for the remaining 63% [29].
However, the expansion of cash crop cultivation areas, particularly cashew, in recent years
has led to a drastic reduction in the area occupied by the upland rice system [51].

Mangrove
Swamp
Fields

Inland Valley
(Lowlands)

Figure 2. Rice production systems (RPSs) of Guinea-Bissau.

The other rice production systems, in contrast, are carried out in the lowlands and
include two different traditional systems of rice swamp cultivation, called in Kriol “bolanha
doce” (inland freshwater swamp fields) and “bolanha salgada” (mangrove swamp fields).
The local term “bolanha” refers to the fact that rice is cultivated with a permanent depth
of water (permanent flooded paddies) until or almost until the end of the rice cycle. The
freshwater swamps where rice is cultivated are located in inland valleys where there is
a shallow water table or an impermeable soil layer that allows water storage and thus
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assures freshwater harvest [55]. This system is characteristic of north-eastern GB and
is essentially performed by women belonging to the Fula and Mandinga ethnic groups,
who plow with a hoe after burning the grasslands and do not usually build dikes [26]. In
the other regions of the country (Cacheu, Oio, Quinara, and Tombali), men from other
ethnic groups (such as the Balanta, the Manjaco, the Felupe, the Nalu, and the Beafada)
can also produce freshwater swamp rice in wet savannah grasslands (”lalas” in Kriol), but
using a long plow (“radi” in Kriol) with which they build dikes, ridges, and furrows [56],
improving freshwater management. Freshwater rice production systems do not present
salinity constraints and fields are usually far from mangrove forests. This rice production
system accounts for approximately 10% of the 63% of the rice cultivation area that includes
lowlands and saltwater plots [29]. In some areas of the Bafata region of eastern GB,
supplementary irrigation is used, with water being pumped from the river or using gravity-
based drainage systems.

2.2. MSRP and Typologies of Fields

In the coastal areas near the mangrove forests, we can find the “bolanha salgada” rice
paddies (MSR fields) (Figures 3 and 4). This system is characterized by the former presence
of mangrove forests, which over the years have been invaded by the tides that now cover
part or the whole area of the rice fields. Farmers slash the mangroves, build a main dike
to prevent saltwater intrusion and create plots of land for freshwater storage by dividing
the area with bunds, which have been described in the previous literature as secondary
dikes [57]. Coastal ethnic groups use these locations due to their high rice productivity
compared with the uplands and inland swamp valleys. At the top of the weak slope
that links the villages to the mangroves, there may exist a grassland area (“lala” in Kriol)
where rainwater accumulates naturally due to the existence of a depression. As previously
mentioned, farmers can use their MSRPS techniques to create “bolanha doce” (freshwater
swamp rice fields) associated with the mangrove rice swamp fields, which have higher
fertility and fewer weeds, but also salinity issues.

Mangrove swamp rice system
(“Bolanha de iagu salgada”)

I

\

\

Tidal Mangrove Associated Mangrove Upland - Village
(“b. Salgada”) (“b. Doce™) (“n’tera”)
\ J b J \ J
N A L - \
: ; s s Old and not Rice nurseries
Fish production plot Mangrove Island New plot Plot with ridges Plot with ridges :
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Figure 3. Some characteristics of the “bolanhas” of the mangrove swamp rice system (MSRPS) of
Guinea-Bissau.

The rice fields which result from the destruction of the mangroves and that are peri-
odically invaded by the tides are called in the literature tidal mangrove fields (bolanha de
tarrafe in Kriol), while the upper fields where only the brackish groundwater induces soil
salinity during the dry season are called associated mangroves (bolanha de metadi in Kriol,
meaning ‘middle swamp fields’) (Figure 3). This part of the rice fields generally has weed
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species with low salinity tolerance and a wide diversity of grasses from the Poaceae family
during the rainy season [58].

At the upper end of the associated mangrove area are the old swamp fields (“bolanha
belhu”); these can be abandoned due to low fertility or cultivated with short-cycle upland
rice varieties for the hungry season when there is land scarcity (namely, in Oio among the
Balanta ethnic group). Farmers frequently abandon these plots because their productivity
is very low and they do not provide sufficient returns on labor investments. The creation
of new plots is triggered by decreasing fertility and, in the long-term, the occurrence of
a desertification process (i.e., degraded land resources) [59]. Evidence of desertification
problems has long been observed in the Casamance region of Senegal [57], which borders
GB’s Cacheu region (Figure 1), where areas of low fertility and high salinity predominate.
This highlights an inherent sustainability problem as producers fail to replenish nutrients
depleted by crop growth through the incorporation of weeds and rice stubs during plowing.
As farmers strive to sustainably meet their families’ rice production self-sufficiency needs,
they are compelled to create new plots where they can achieve higher rice yields. Then,
within each category, farmers from the northern, central, and southern regions divide the
plots based on specific characteristics that increase their fertility and rice yields.

A possible cause of desertification in the abandoned mangrove swamp rice fields
(“bolanha behlu”) is sodicity (Na* accumulation) and loss of soil organic carbon concentra-
tion [59]. Some authors have suggested that the osmotic effect observed in the plants is
due to a combination of salinity, iron toxicity, and soil acidification in the hydromorphic
soils of GB [29,31,34,40,60,61]. Nevertheless, this is not sufficiently proven, as the literature
does not provide data demonstrating concentrations of sulfur (S) and iron (Fe) in the first
horizon of the plots’ soil. Some studies conducted specifically in mangrove soils indicate
the presence of acidity caused by sulfuric acids, but this information refers specifically
to soils previously covered by mangroves [40,60,62—64]. On this basis, it is possible that
soils with significant concentrations of toxicity (such as Na and Fe) and acidity (5O3) occur
predominantly in new mangrove fields (bolanha novo in Kriol) and to a lesser extent in older
fields of the tidal mangrove area (bolanha de tarrafe in Kriol). This is due to their proximity
to soils still covered with mangroves and their status as newly created sites for MSRP.

The scientific categories of tidal mangrove and associated mangrove fields are linked to
the relative influence of the tides and of the brackish groundwater on rice production [61,64,65].
Likewise, Guinea-Bissau farmers categorize tidal mangrove fields within different sub-
classes based on their specific age, function, fertility level (empirically assessed), and
location in relation to the mangroves and the village (Figures 3 and 4). Although all tidal
mangrove fields could be called “bolanhas de tarrafe”, at present farmers apply this concept
to only the highly fertile lower fields near to the main dike and the mangroves where high
concentrations of salts can be found. The recently opened tidal fields of “bolanhas de tarrafe”
where mangrove roots and stubs can still be found and which thus cannot be plowed
are called new swamp fields (“bolanha novo” in Kriol). In these plots, there are generally
no concerns about soil acidity due to sulfuric acids in the first soil horizons [63]. This is
attributed to the extensive oxidation process in the soil profile, which leads to the formation
of pyrite, resulting in the release of sulfuric acid (S Oi_) and H* through the oxidation of
Fe?* (details are provided in Section 4.2). Additionally, over time, leaching of anions and
cations to deeper soil horizons occurs [61,66]. The new swamp fields (“bolanha novo”) are
the newest areas where farmers start planting (or directly sowing highly salt-tolerant rice
varieties) 3 to 5 years after slashing the mangroves and building a main dike; this period is
needed for rainfall to leach salts, thus naturally reducing salinity and toxicity caused by
seawater cations. These are the most fertile locations among all the plots of the paddies [58].
However, these are the only sites that suffer from acidity problems caused by sulfuric acid
due to their limited exposure to oxygen and leaching of cations and anions [63]. The start
of ploughing of the new bolanha also depends upon the dominant mangrove species, as
roots constitute physical barriers, mainly those of Aviccenia germinans and Languncularia sp.
that take longer to rot [39].
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There are two less common sub-categories of tidal mangroves, primarily used among
Felupe and Baiote ethnic groups in some northern islands of GB (Figures 3 and 4), known
as “Nhatabas”, and “Ouriques de pisca”. The “Nhatabas” (called “ilhas” by the Balanta) are
tidal mangrove fields (“bolanhas de tarrafe”) in terms of the soil physicochemical properties,
located on remote islands, requiring the use of canoes for the transport both of workers
and the rice harvest [67]. Finally, the fishing dikes (“ourigues de pisca” in Kriol) are ponds
surrounded by dikes, reserved exclusively for the reproduction and growth of fish [68]
(although they might have been former rice plots). Farmers facilitate the entry of salt-
water, shrimps, and fish into these ponds by opening drainage pipes made from palm
trunks [28,64].

o~ S

Figure 4. Plots of mangrove swamp rice production system in mangrove of Elalab, Guinea Bissau.
(A) Village (Tabanca), (B) fish production plot in the Felupe/Baiote system (Orike de pisca), (C) Associ-
ated mangrove (bolanha doce), (D) Tidal mangrove (bolanha salgada), (E) New mangrove plots (bolanha
novo), (F) Mangroves (tarrafe).

In some villages, there is also an “associated terrace” (cabega de bolanha in Kriol, mean-
ing ‘head of the rice swamp field”) covered by wet or dry grassland. In the upland savannah
woodlands/grasslands surrounding the households, where cattle, pigs, and goats roam,
some farmers sow their rice nurseries at the beginning of the rainy season. Farmers can
also use the mangrove fields to create nurseries, as in the south of GB, or more seldom
perform direct sowing, as in southern GB (the Balanta ethnic group of the Cafine region
and the Felupe/Baiote ethnic groups of the Cacheu region).

2.3. Areas and Yields

The official international statistics [69,70] show that in the past 60 years, total rice
production in GB has been on an upward trend (Figure 5). However, these statistics are
based upon rough estimates for the entire country. According to FAO and the World Bank
estimates [69,70], rice production was lower in the 1960s and 1970s than in the most recent
decade [71]. In the past 10 years, the average total area under rice cultivation in the country
was 112,564 ha, with an annual average production of 180,749 Mg of rice. This is in line with
the estimates of the African Union, which currently forecasts an approximate production of
182,544 Mg for the period 2010-2020 [72]. A similar increasing trend can be observed in
relation to the area of rice harvested [69,70]. This indicates an active and strong expansion
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of rice production areas, despite the continuing dependence on rice imports [69]. This is
likely to be due to a combination of factors, ranging from the active rebuilding of mangrove
swamp rice fields’ infrastructure after the liberation war (1963-1974) and the expansion of
new planting areas with higher soil fertility and water availability [73,74].

The rice yields in GB exhibit considerable temporal and spatial variability, the latter
depending on the region and the rice production system. Table 1 shows the rice yield
reported in several studies about rice cropped in upland locations and MSRP fields. The
results show that the MSRPS outperforms the upland rice in all studies, with differences
ranging from 15% to 60%. These differences indicate that the yield of the diverse rice
production systems in GB is extremely different, largely due to the strong differences in
agro-ecological characteristics between upland, inland valley, and MSRP fields.

Harvested area (ha)
= Total production (Mg)

1970 1980 1990 2000 2010 2020
Years

Figure 5. Smoothed conditional means plots of the harvested area (ha) and national production (Mg)
of rice from 1961 to 2022 [69].

Table 1. Rice yields in upland and mangrove swamp system (MSRPS) reported in the literature.

Yield Ranges (kg ha—1)

Year/System References
Upland MSRPS
1947 - 2060-3000 75
1948 - 1620-2680 75
1949 - 1040-1960 75
1953 300-600 1800-2000 54
1968 1098 1832 54
1970 600-800 1000-3000 19
1982 - 1900 76
1983 - 2700 76
1986 270-950 1020-3750 77
1987 - 1305-2700 78
1988 - 1714-3033 78
1990 400-600 - 79
1991 300-600 600-1500 18
1994 - 1960 76
1995 - 2800 80
1999 500 1500-4000 79
2001 1000 3000 12
2008 400-800 - 20
2008 400-800 - 20
2010 - 1584 72
2014 - 1700-2600 31
2015 - 1120-2870 81
2017 - 1000 12
2021 - 1600 30
2023 - 1180-1910 39
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2.4. Rice Crop Species and Varieties

Two species of rice plants have been identified in GB since colonial times, Oryza
glaberrima and O. sativa. The first is a species native to Africa, where farmers have been
domesticating and selecting varieties for 2000 and 3000 years [16,18,19,79]. In contrast,
O. sativa is a species native to Asia and was introduced by the Portuguese and/or the
Arabs during the colonial period in the 17th century [16,21]. These species have significant
advantages and disadvantages in terms of their adaptability to the MSRPS (Table 2). The
main reasons for their adoption are their productivity (sensu lato), their adaptation to social
and cultural factors, and their tolerance to biotic and abiotic factors [20,25]. Over the years,
farmers in GB have selected varieties from both species with the most suitable organoleptic
and agronomic characteristics.

A significant number of rice varieties have been reported in GB over the past 70 years
(Table 3). These varieties possess genetic characteristics of the O. sativa and O. glaberrima
species, and even of interspecific hybrids [82]. The literature reports a total of 54 varieties
(both farmers’ varieties and “improved” ones) identified in MSRP (Table 3) over the past
12 years [21,25,81]. There is a wealth of information that still needs to be thoroughly
explored to accurately determine whether different names correspond to the same rice
varieties and whether the same name can correspond to different varieties. This is a
challenge the country faces due to its wide diversity of ethnic groups with completely
different languages, making it difficult to properly identify varieties.

Table 2. Characteristics of Oryza glaberrima and Oryza sativa reportedly used for rice production
systems in mangroves in West Africa.

Species History and Adaptability Phenotypic Characteristics Genotypic Characteristics
Indigenous African rice e  Small grain
Wild ancestor e  Dark seed color .
. . Short and medium cycle
O. Brevilugata e  Pear-shaped grains Tol to di
Domesticated 2000-3000 e  Grain with red, olive to olerance to ciseases
and pests
years ago black seedcoat Tol to iron toxicit
. Dryland and wetland e  Straight panicles Tolerance to 1rqg.tox1c1 Y
Oryza glaberrima rice cultivation e  Panicles with simple o erance to acidity
. e Tolerance to low
High adaptability in branches . .
. . fertility soils
water depth fluctuations e  Short rounded ligules
. . . Salt or drought tolerance
Some varieties have high e  Wide leaves A
. . Good acclimatization
salinity tolerance e Seed scatters easily
Some varieties have high e  The grain is brittle
draught tolerance e  Difficult to mill
Asiatic origins
Two strains (O. japonica,
O. indica)
Introduced early 1600s e Bioger erains
by Portuguese &eT gram Short, medium, and
e General white seed color
and/or Arabs . long cycles
e  Pear-shaped grains .
‘ Dryland and wetland e Danicles are not upright More susceptible to
Oryza sativa rice cultivation . - PHs diseases and pests
e  Pointed ligules
Lower tolerance of ) Less seeds are scattered
e  Panicles bend after

fluctuations in

water depth

Competes slowly

with weeds

Some varieties have high
or low salinity tolerance

flowering and have
more ramifications

on the ground

References

[16,19,21,57,79,80]
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The wide diversity of rice varieties in GB (Table 3) is the result of continually being
selected based on farmers’ changing needs over time. The vast majority of farmers do
not carry out mass selection before harvesting the grain to be used as seed for the next
cropping season, and farmers permanently access and adopt seeds of new varieties through
informal channels. Furthermore, natural interspecific hybrids as a result of spontaneous
cross pollination have been found in smallholders’ fields [23]. Varieties are usually adopted
by farmers based on agroclimatic conditions (soil physicochemical conditions, climate),
post-harvest quality, and nutritional considerations [25,26,83]. Various local criteria are
used when selecting rice varieties, including (a) nutritional quality and post-harvest char-
acteristics (duration of digestion time, swelling capacity during cooking, taste, difficulty in
threshing, processing characteristics (de-husking), time required for a given volume of rice
to be fully consumed) and (b) both phenotypic and genotypic traits of the variety (growth
cycle, yields, salt tolerance, plant height, tillering capacity, flood tolerance, drought toler-
ance, susceptibility to lodging and shedding, susceptibility to pests and diseases) [25,26].
In most villages, these two main sets of criteria are used, with the first category having
more weight than the second. Furthermore, these criteria may vary depending on the
topographical characteristics of the plots and the cultural practices in different villages
across the country.

Table 3. Rice varieties’ common names reported in the literature for Guinea-Bissau from 1948 to 2023.

Years 1948-1973 1974-1990 1991-2010 2011-2023
. Tacai
. Alaia vermelho
° Abgla1 L4 Malu-raga . Aninha : Egctﬁf:
° Aninha i Mamussu . Arica 06 . Malan-dan
. Toncuba ° Atanham ® Murungo * Arica 07 . Malmon
. Italica . BG 400 SLR ° Bandeira ° N;O nto e Atanha . Malubrasa
. Adusta . Jambaram . BG-380-2 ® Béhdma N Nhiue R ® Baga-male . Malu-dingo
. Amaura . Jambaram . BG400-2 ° Bentana . N%mque . * Bakungabu . Malu-
. Americano branco . BG400-SRI ° Berendugo e N’thanthé . Balenabu N’daure
. Atanha . Landjau . Cablack ® Bimbirim ° N‘uerlf]ge . . Bamakabu . Malu-sauho
. Atrobrun- . Malanotr- . laca . Cataco . Péra n’djubi . Barnonte o Mamusso
nea ix . IR15-19 . Catanha . Kissidugo . Batumpaiabo e N’conto
. Bandjuld . Malicoié . IR2035-120-3 . Cau . Quissampe- o Brasil o N'conto
. Cunciibéle e Méne . Rd15 . Caublac na/Sampena Bucar/Buré branco
. Cycliana . Mohobe b RD15 simples * Rd15 . Cablak/ . N’conto
Varieties Cristal . Mutica . RG380-2 . Cablak . Rok5 Caubla preto
(Angola) e  Ruio : Egg?}glg e  Caublac e  Santi e  Cataco e N’dolo-cpoc
. Dichroa (Angola) Rok5 xau ° sila . Catio . N'gel
e Dinqueri e  Opené IS e  Jdcdpepel o = Sili e  Djambaram/ ®  Nerica
e  Eloneata e Poupa ° e [laca e Socubi e N'thanthé
& . Santi e  WAR77 tomaso Jambaran
e Feluge o Selho o WAR77552- o  licapami °  Some/Thom ¢ = Dielele s RDIS
. Gambiel . Senco 2 . Lébsim . Spinola . Dus-cascas/ . Rok25
. Gilanica . Sepica . WAR-81-2-1- o Mafanhi . Thom-dam 4 cascas/ ] Rokb
o Tlaci e  Some 1 e Malmala e  Thom-som Aferenqué e  Sampena/
(Thome) . WARS81-2-12 . Malmom . Thorno . Edjur Quissamp-
. Tanha ) . Yaca-keba . Etelé ena
(N’conton) . . . Seli/Sili
. Malu- . Yacuncola . Tacai Adi o Thom
malu . Yaka . Tacai branco . Yaca
. Tacai Tomor
° Yaca branco
. Yaca-saw /
Xau
References [16,54,75,82,34] [25,71,76,80,83,85] [19,25,26,65,79,86] [21,25,39,81]

Rice varieties may be classified based on the crop cycle duration: short-cycle varieties
(>90 days after sowing (das)), medium-cycle varieties (115-125 das), and long-cycle varieties
(>135 das) [16,21,25,65,79,81,85]. This depends primarily on the rice species, as O. glaberrima
varieties tend to have a shorter growth cycle compared with O. sativa varieties [19,80,87].
Nevertheless, comprehensive data on phenological stages, the temporal intervals between
these stages, the quantification of phenological stages based on cumulative growing degree
days, and other pertinent factors are still missing. Understanding the phenological stages
of these rice varieties and growth cycles is crucial for developing more precise agronomic
recommendations. Therefore, rice varieties in GB lack comprehensive life-cycle characteri-
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zation, particularly because there is limited evidence for defined phenological stages and
growth durations.

As shown in the analysis above, rice varieties cultivated in GB have significant genetic
variability. Therefore, genetic and agronomic studies are both essential to identify and fully
characterize the local varieties used specifically in the MSRP agroecosystem. This informa-
tion will support adequate agronomic recommendations in times of socio-environmental
changes, particularly in terms of water scarcity and salinity issues.

3. Salinity and Salt Management in the MSRPS in GB
3.1. Base Concepts

Soil salinity is an excessive accumulation of soluble salts (K*, Ca?*, Mg2+, Cl—, and
S0427) and/or exchangeable sodium (Na*) in the rhizosphere or root zone [88]. Salinity
in agricultural waters and soils is ascribed to both hydro-geological and anthropogenic
mechanisms. Soil salinity problems occur in a variety of climatic conditions but are most
evident in arid and semi-arid climates where rainfall is insufficient to leach accumulated
salts in the root zone of crops [89].

Secondary salinity became an adjunct of irrigated agriculture since it charted an almost
similar path to the commissioning of several irrigation schemes [89,90]. Major types of soil
salinization include shallow groundwater-associated salinity, transient dryland salinity,
irrigation-induced salinity [89,91], and the intrusion of saltwater from the sea [89].

High levels of soluble salts in the soil affect its physicochemical properties, causing
osmotic changes in soil water, namely, increasing the osmotic potential, which leads to a re-
duction in plants’ water uptake, directly decreasing the plant growth rate and consequently
leading to a decrease in crop production [89,91-96]. High sodium or low calcium levels in
the soil or water affect the soil permeability and may cause crusting hazards. This reduces
the rate of water infiltration into the soil to such an extent that not enough water is able to
infiltrate and to refill the rootzone, thereby failing to provide the plant with an adequate
water supply [92,93,95,96].

In sodic soils, clay dispersion occurs when the electrolyte concentration falls below
the clay flocculation value. Sodium-affected soils that have low salinity have low structural
stability, low hydraulic conductivities, and low infiltration rates. These poor physical
properties result in reduced crop yield caused by the combined effect of poor aeration and
reduced water supply. Low infiltration rates can also lead to severe soil erosion, particularly
under heavy rain conditions [97].

The accumulation of salts in the soil leads to chemical imbalances within the soil matrix,
subsequently giving rise to nutritional deficiencies in plants [98]. When the concentration
of salts in the soil solution reaches a critical salinity level, called threshold salinity [99],
it causes severe water deficits in plants, restricts plant growth, and can result in plant
death [50]. Specific toxicity effects may occur in plants, mainly in woody perennials, in the
presence of certain levels of chloride, sodium, and boron [89,92-94].

In saline soils, pH and acidity can also adversely affect plant growth. Soil acidity is
primarily caused by an increase in the concentration of H* ions [97,100]. In tropical soils, the
primary cause of acidity is the hydrolysis of AI**, whereas in soils with anoxic conditions
and high organic matter content, acidity is directly caused by the release of H* [100,101].
In general, saline soils tend to have alkaline pH values (pH > 7), and this may lead to
issues with nutrient solubility in the soil solution. However, this condition can change
if other chemical compounds are present that can significantly reduce the pH, such as
sulfates [40]. Extremes in soil pH (whether high or low) directly impact nutrients” solubility,
consequently diminishing essential nutrient uptake by plants [102]. Both conditions exist
in mangrove soils, mainly in soil with good oxygenation and active redox changes (bolanha
novo). All these issues impact rice growth and yield.

The salinity quantification in the soil solution is easily determined via the electrical
conductivity (EC) measurements evaluated in 1:2 or 1:5 (soil:water extract), and in soil
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saturated paste extract. Soil sodicity is based on the determinations of the exchangeable
sodium percentage (ESP) or the sodium adsorption ratio (SAR) [50,103].

Salinity-affected soils are classified into saline, alkali, and saline alkali, based on ESP
and EC [88]. Saline soils are those having an EC in saturated paste extract above 4 dSm~!
and an ESP < 5% [103,104]. Sodic soils present a high concentration of sodium, as indicated
by an ESP > 15% and EC < 4 dS m~!. Saline sodic soils exhibit both high EPS (>15%) and
high EC (>4 dS m~1) [104,105]. If the system has high sodium concentration (ESP > 15%)
and low EC (<4 dS m™1), there is a high probability of soil structure loss due to clay particle
dispersion [98].

Salinity management strategies usually aim to prevent accumulation of salts in the
root zone to levels that limit root water uptake, controlling salt balances in the soil-water
system by preventing continuous accumulation in the root zone and minimizing the
hazardous effects of salinity on crop transpiration and consequently on crop growth and
yield. Under saline conditions, irrigation should aim at maintenance of sufficiently high
soil water potential and cause salt leaching in the soil profile [96,99]. However, under
rainfed conditions, salt leaching occurs through precipitation, the timing of which may
limit the suitability of the soil for crop production and/or sowing [96].

Nowadays, remote sensing instruments and aerial photography are used to map
salinity because it is impractical to directly measure root zone EC over large areas. The FAO
has provided a world map of soil salinization, the GSASmap, derived from a harmonized
world soil database [106]. Unfortunately, this information is not available for GB, as no
studies have been conducted in the country that could provide such information, and this
is therefore a research gap that needs to be closed.

3.2. Salinity in the Bolanhas of the MSRPS

The impact of salinity represents one of the challenges to MSRP across West Africa.
Studies have indicated that drought (33%), iron toxicity (12%), cold (7%), and salin-
ity /sodicity (2%) are the most prevalent and significant stresses affecting rice crops in
Africa [37,87,107]. Plants exhibit a significant adaptive response to cope with water loss by
enhancing stomatal closure, thereby reducing CO, exchange, impeding photosynthesis,
and, thus, reducing yield [108,109]. Furthermore, evapotranspiration exacerbates the salin-
ity effect, because water can mobilize cations from deeper soil layers into the upper layer
near the rhizosphere.

Abiotic stress caused by salinity inhibits rice growth. The soils where MSR is cultivated
are alluvial, formed by the deposition of sediments by seawater flows that naturally
introduce salts into the system [66,110,111]. These areas are highly saline and support rice
growth only during the rainy season when a period of lower toxicity occurs [12]. Maximum
concentrations in some plots in GB were found to be between 195.8 and 5599 cmol(+)
Na per kg soil and had an electrical conductivity (EC) of 53.75 mS cm™~! [63]. During
the rainy season, salt concentration can drop to levels below 5 mS cm ™!, allowing weeds
and rice to grow [17,112]. This period represents a strategic phase for farmers to take
advantage of these specific moments to grow rice. During the dry season, certain plots
adjacent to mangroves and saltwater are used for extracting salt, especially intended for
culinary purposes.

Due to the specificity of the MSRPS conditions, a different classification for soils
affected by salinity was proposed [61]; the classification is based on EC (measured in 1:5
soil water suspension) and on the suitability of the soil for rice production, as depicted in
Figure 6. These systems are defined by their status at the end of the dry season, particularly
at the beginning of the rainy season [61]. It has been found that rice cultivation can thrive
in Class 1 (non-saline) and Class 4 (very saline) soils. This can be achieved by using salt-
tolerant rice varieties and ensuring adequate rainfall to facilitate leaching and reduce soil
cation levels.



Agronomy 2024, 14, 468

13 of 29

Class 5:

Hypersaline

e EC=>10mS/cm (1:5) -
¢ Rice can not survive.

Class 4: * EC=5-10mS/cm (1:5)

> ) * Rice cultivation is possible only in wet season, highly
Very Saline tolerant rice varieties and very good leaching.

Class 3:
> e Rice can be cultivated only with

e EC=2-5mS/cm (1:5)

Saline tolerance variety and efficient leaching.
Class 2: e« EC=2-1mS/cm (1:5)
—_:> Slightly Saline | * Rice growth without problems

—_:> Class 1: e EC=<1mS/cm (1:5)
e Freshwater N

Non-saline

8uiyoea // uonnjip yes // |jejuiey

Figure 6. Salinity classes according to electrical conductivity (EC) in water suspension (1:5) for
final dry conditions (before the beginning of the rainfall season) based on the salinity tolerance of
rice. Downward arrow illustrates decrease in class as a result of rainfall, salt dilution, or leaching.
(Adapted from [61]).

As previously stated, the MSRP in GB is determined by initial and final conditions and
their effects on soil salinity concentrations. Due to the different initial salt concentrations
in different plots, these conditions are not uniform everywhere [63,113] and depend on
the amount of retained fresh water, resulting in additional dilution of salts as the MSRPS
typically lacks proper drainage. Some reports have found that in mangrove systems in
Nigeria, the spatial distribution of salinity is related to nutrient relationships and textural
gradients [110]. The initial rainfall, depending on the amount of water, may also favor the
leaching of some salts to deeper horizons, possibly leading to their accumulation in the
groundwater. Assessment of the initial salt concentration is performed by farmers when
they start planting the rice. Due to the lack of appropriate tools, farmers use biological (such
as the presence of certain weeds) and physical (such as water temperature and the taste of
the water) indicators. Comparable indicators have been documented in rice production in
India [114].

The final state of the rainy season has a direct impact on crop yield since salinity can
influence the critical phenological stages of rice plants. The final phenological stages of
rice (R5-R7) are crucial for productivity, as stress during this period can directly affect the
yield [29,40,60,115]. This happens every year when the plots revert to their original condi-
tions. This typically occurs within two months after the last rainfall. At this time, water
evaporation and crop transpiration increase the salt concentration in the plot, resulting in
stress for non-tolerant rice varieties [12,116,117]. Some authors have reported that salinity
is the most limiting factor in rice production in GB [77]. For this reason, farmers in the
northern region of the country strive to store and maintain the maximum amount of water
in the plots. There are currently no regional studies on water—salt balance, osmotic effect
on rice plants, and evapotranspiration corresponding to the varieties of MSRP found in GB.
For this reason, some authors recommend conducting regional studies on soil salinity in
MSRPS [61,115].

Only a few studies have reported on soil water balance and salt movement [61,115]
and only one of these focused on GB [61,115]. Therefore, there is a research gap regarding
the adequate characterization of the MSRPS in terms of the dynamics of salts during both
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the rice season and the offseason, which is essential for establishing an appropriate schedule
for the timely commencement of rice production in each region/type of field.

3.3. Salinity and Water Productivity in the MSRPS

According to the recent review by Minhas et al. [96], the relationship between plant
growth and heterogeneous salinity in the root zone is complex. Thus, plant growth responds
to the weighted-mean salinity of the root zone, as well as to the site-specific response of the
roots and their ability to uptake water from the soil. Plants expend more energy to extract
water from saline soils due to the high affinity of salts for water, and therefore, growth and
yield are reduced.

Several studies have shown that crop yield and transpiration are less sensitive to low
osmotic potential than to low matric potential (e.g., [118]). Under saline conditions, many
plants can partially compensate for the low osmotic potential of soil water by building
up higher levels of internal solute. This occurs through the absorption of ions from the
soil solution and through the synthesis of organic osmolytes. However, the synthesis of
organic osmolytes requires the expenditure of metabolic energy, which affects plant growth
by reducing it under saline conditions. Reduced plant growth affects transpiration through
the reduction in ground cover.

Aiming at assessing the reduction impacts of both soil and water salinity on crop evap-
otranspiration and yield, empirical salt-tolerance response functions have been developed
for several crops, including rice [99]. These functions allow yield reduction to be defined
as a function of total soil solution salinity, based on EC. The derived functions combine
yield—salinity equations [92] with yield—ET equations [119]. The resulting equation pro-
vides a first approximation of the reduction in evapotranspiration expected under various
salinity conditions and has been widely used in field conditions (e.g., [120-122]). Crop
yields remain at potential levels until a specific threshold of electrical conductivity of the
saturated soil water extract (ECe threshold) is reached [99,118]. Once the average EC, of the
root zone exceeds this critical threshold, yield is assumed to decrease linearly in proportion
to the increase in salinity [118,123]. The rate of yield decline with increasing salinity is
usually expressed as a slope, b, with units of % yield decrease per dS m~! increase in ECe.
This is because not all plants respond similarly to salinity, as some crops are better able to
make the necessary osmotic adjustments that allow them to extract water from a saline soil,
or because they may be more tolerant to some of the toxic effects of salinity. According to
the salt tolerance scale, rice is a sensitive plant and therefore does not tolerate high ECe. The
ECe threshold for rice is 3 dS m~11[99,118]. As discussed by [124], this EC threshold Presents
errors and further research is needed to reduce the uncertainty, particularly when using
salt-tolerant varieties. In addition to this piecewise linear function, various non-linear mod-
els have been proposed to relate crop yield to salinity [125]. Several authors (e.g., [118,123])
have stated that the effects of soil salinity and water stress are generally additive in their
impacts on crop evapotranspiration and, therefore, in terms of crop growth and yield.

On the one hand, there are steady-state models which assume that salt concentrations
in soil water are almost constant for a given location and time period, allowing a simple
representation of soil salinity and plant growth conditions. For example, the SIMDualKc
model, which applies the FAO dual-crop coefficient approach to partition crop evapotran-
spiration into crop transpiration and soil evaporation, uses a steady-state salinity approach
and computes the soil water balance daily using transient information [120,123,126], al-
lowing appropriate water management and irrigation in saline/sodic environments. The
SALTMED model [127] constitutes another example this precise approach [99] for comput-
ing the soil water balance under salinity conditions.

On the other hand, there are transient state models that simulate changes in soil water
content and salinity in the root zone caused by irrigation, rainfall, soil heterogeneity, and
management options. These changes may refer to the timing and amount of irrigation,
variable soil salinity conditions, variable crops and crop salinity tolerances, and variable
irrigation water quality, including rainfall. This group of models includes, among others,
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UNSATCHEM [128], SWIM [129], SALTMOD [130], SALTMED [127], SWAP [131,132], and
HYDRUS [133]. Unfortunately, we have not found any salt modelling study related to
rainfed rice, mangrove swamp rice, or any rice—salt modelling studies for GB or on the
African continent.

As previously discussed, the MSRPS system in GB has a high concentration of soluble
salts in the soil. In addition, there are no irrigation systems or other freshwater sources
available [29]. Therefore, rice production is limited by the amount of rainfall, which is
responsible for leaching salts to deeper layers [134]. Effective freshwater collection and
management ensure rice production and, consequently, the high productivity of collected
rainwater. However, there is no information about the water and salt balance in the system
to improve farmers’ harvesting schedules. Therefore, such information is required to
adequately design strategies and practices that enable better control of salinity and thus
improve farmers’ livelihoods.

To evaluate the performance of different rice farming systems, such as the MSRPS,
and develop practices that result in higher yields and/or water savings, it is important to
use indicators such as water productivity. This type of indicator allows different cropping
systems to be compared. The physical water productivity (WP, kg m~3) is defined as
the ratio of crop yield to the total water use (TWU) required to achieve the harvestable
yield, expressed as kg m > [135-137]. The TWU is specified by the sum of four factors that
quantify an approach to the water consumed; thus, water productivity is computed as:

- Ya
WP_P+ASW+CR+I M

where:

Ya: total harvested grain (kg)

P: seasonal rainfall amount (m?)

ASW: variation in soil water storage in the root zone from planting to harvest (m?)

CR: capillary rise or groundwater contribution from a shallow water table (m?)

I: total seasonal irrigation amount (m?)

As already mentioned, in saline soils, despite good agronomic management, the
potential crop yield is not achieved and therefore the WP is reduced. Frequently, the WP
denominator (Equation (1)) in MSRP does not take irrigation into account because it is
not used. The reduction in water input is expected to be less than the reduction in yield,
resulting in low WP [138-140].

Under salinity conditions, an additional fraction of water is required to make the soil
productive. Normally, irrigation water is increased by the leaching fraction [96,99]. Thus,
the term TWU in Equation (1) quantifies additional terms associated with salinity-induced
stress on the crop [135,137]. First, ET 4 is the seasonal actual evapotranspiration (when
cropped under salinity and other stresses such as water). Second, LF quantifies the volume
of water used to leach the salts from the rhizosphere. Third, N — BWU is the water not
beneficial for the crop, meaning the excess water that flows beyond the root zone (deep
percolation or drainage), runoff from fields, water losses due to evaporation, and wind
drift from sprinkling in irrigated systems. Therefore, WP quantifies the total production
achieved based on the sum of three main factors, as follows:

Ya
WPs = 1 T TF+ N_BWU @
where:
WP,,: water productivity in saline sites (kg m~3)
Ya: total harvested grain (kg)
ETcact: seasonal actual crop evapotranspiration (m?)
LF: water used for leaching salts from the root zone (m?)
N — BWU: non-beneficial water use (m3)
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In GB, this WPg,); concept is most applicable to the MSRPS due to the presence of salt.
However, no information is available to account for the losses in non-beneficial water use
(N-BWU); these are mainly due to evaporation of paddy water and in very few cases due
to system drainage [140]. Runoff is commonly null unless precipitation events are high
and in extreme cases may lead to the destruction of the dikes. Rice yield under salinity
conditions may be improved through the implementation of breeding strategies which will
increase WPg;.

As discussed by Zwart [141], comparison of different rainfed cropping systems based
on water productivity indicators must be performed with caution and non-manageable
factors should be excluded. High WP values obtained from non-saline soils or a saline
shallow water table cannot be set as a benchmark value for a rainfed rice system; this means
that regional or local optimized WP values should be used.

Essentially, constraints on rice yield within the MSRPS, and consequently on rice
WP, are mainly related to challenges in efficient water management practices that enable
soil salinity control. Every farmer must work closely with his neighbors to produce rice
and gain a good understanding of water dynamics (through endogenous knowledge and
informal networks of kin and kith) to ensure a successful rice harvest every year [142].

Due to the lack of information regarding local mangrove swamp rice yield, salt balance,
and seasonal rainfall amounts, there are, to our knowledge, no studies available about WP
estimates in GB. Furthermore, we did not find any study on water productivity associated
with mangrove swamp rice affected by salinity on the African continent.

4. General Soil Properties, Taxonomy, and Topography in MSR Fields

MSR fields have different physicochemical soil properties and levels of anoxia com-
pared with former mangrove soils. The latter are considered to be high-sulfur environments
with a notable presence of clays and salts [40]. However, despite having the same pedogenic
formation, bolanhas’ soils are distinguished by high oxidation levels that allow the growth
of plants susceptible to salinity [63]. This allows the development of new soil horizons
characterized by different chronologically deposited materials [38].

4.1. Soil Taxonomy in Associated Tidal Mangrove Fields and Tidal Mangrove Terraces

In general, GB presents three main soil categories in terms of soil physicochemical
properties. The ferrallitic and ferruginous (non-hydromorphic) soils, in which a high
concentration of iron predominates, are red in color and occur in upland areas. The
hydromorphic soils, which include both marine alluvial (halo-hydromorphic, as those of
the bolanhas salgadas) and continental (grey, alluvial and terrace, gley, humic—gley) soils,
characterized by long periods of anoxia and the presence of gley horizons [64,110,111].
Finally, the lithic soils are characterized by the presence of rocks and consolidated materials
in their horizons [111]. A clear toposequence is observed in many villages (Table 4), with
hydromorphic soils (bolanha soils) occurring alongside ferrallitic soils (villages” upland
soils). These ferrallitic soils are used for growing cash crops such as cashew, vegetables,
and for rice nurseries.

Gleization soil conditions are prevalent in mangroves and plots soils, along with
high concentration of sulfites and sulfates and a significant variability in soil organic
carbon (SOC) concentration. Reduction conditions are commonly observed in mangrove
soils [111]. This extends across the entire soil profile, particularly within the first 150 cm of
soil depth. In contrast, bolanha soils are predominantly characterized by annual fluctuation
in groundwater, with depths ranging from 30 to 150 cm below the soil surface [63]. Soil
taxonomic classifications reported for mangrove and bolanha soils are categorized based
on the presence of sulfates and sulfites, horizon development, and organic matter content
(Table 4). Thus, this variation is observed across the entire toposequence (tidal mangroves,
associated mangroves, and old bolanha fields), including mangrove areas and villages. In
addition, certain locations have been reported to have low concentrations of SOC derived
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from marine carbon [59]. In this context, the deserted plots showed a significant decline
across the soil profile compared with mangrove soils and new plots [59,63,117].

Table 4. Soil taxonomy and physicochemical characteristics in mangrove terraces, tidal mangrove,

and associated mangrove fields in Guinea-Bissau.

Characteristics

Tidal Mangrove Terrace

Tidal Mangrove Fields

Associated Mangrove Fields

Soil taxonomy
(USDA)

Haplic sulfaquents, typic
sulfaquents, sulfic
fluvaquents, sulfic,
hydraquents, sulfohimists,
hemists, fibrists.

Histic sulfaquents, hapic
sulfaquents, yypic
sulfaquepts, sulfic
hydragqiuents, tropofibrits,
psammaquents, sulfic
tropaquepts, typic
tropaquepts, aeric
tropaquepts, psammaquents.

Pisoplinthic, hypothionic,
tidalic, oxygleyic, tropoquepts,
endoaquents.

Soil taxonomy
(WRB-FAO)

Tidalic, oxygleyic,

gleysol (clayic, hyposulfidic).

Hypothionic,
pisoplintic, oxygleyic, tidalic,
gleysol (vertic, drainic,

Pisoplintic, hypothionic,
gleysol (abruptic, loamy,

: . drainic, salic, clayic, vertic).
salic, clayic). ’ s CayIc, )

Geochemical conditions Anoxic Sub-oxidation Oxidation
Solgbﬂlty of sulfates and High High-medium Low
sulfites
Al-Fe?* toxicity High High-medium Medium-low
Na* High High Medium-low
Soil organic carbon High High-medium Low
Iron monosulfide (FeS)
Pyrite (2FeSy) .
Reduced iron (FeZ*) Eyrézz(zelr?g +
Reduced iron (FeZ*) Oxidized iron (Fe3*) Al}; mirglum (APH)
Possible chemical formations  Iron monosulfide (FeS) Hydrogen (H") Oxidized iron (Fe3*)
Iron disulfide (FeS,) Hydrogen sulfite (H;S) Sodium (Na*)
Aluminum (AI?*) Sulfate (30,27
Sulfate (SO427) 4
Sulfites (SO327)
References [59,63,111,117]

The design of Guinea-Bissau’s MSR plots varies depending on agroecological differ-
ences and the cultural practices of each ethnic group for water management, resulting in
changes in the physicochemical properties of the soils. Differences in plot designs exist
between the southern and northern regions of the country, with ethnic groups determining
the sizes of plots based on the amount of stored fresh water they want to harvest (Figure 7).
In the southern and central parts of GB, farmers construct dikes with significantly larger
dimensions than those in the north. This is due to the soil texture potentially facilitating the
construction of larger dikes and deeper primary drainage channels (Figure 7A), attributed
to the clay deposits from alluvial sediments in the soil profile [63,111]. In addition, the
high rainfall levels lead farmers to modify internal drainage systems at the plot level to
remove salts and increase leaching during the first rains [28,82]. For example, southern
farmers design internal drainage systems (without outlets) within plots, while farmers in
the north do not implement drainage systems to maintain a consistent water level within
the plot [64]. This has a significant impact on the salt concentration in the plots, as farmers
in the south manage to flush out the salt present in the upper soil layers with the first rain-
falls. Through the dilution of salts and their transport to small drainage systems without
outlets (Figure 7A), farmers have a convenient method to open the plot and discharge the
saline solution before soil tillage.
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Figure 7. Characteristic of southern Balanta (A), northern Felupe and Baiote (B), and an example of
new bolanhas (C) in Guinea-Bissau. 1 = Main dike in the south (Orike grande); 2 = verandah (Varanda);
3 = main drainage (Valeta); 4 = plot bunds (Orike pekno); 5 = small drainage without outlets in the
south (Valeta do prike); 6 = main dike without verandah in the north (Orike grande); 7 = plot without
internal drainage in the north (Prike); 8 = ridges (Réguas); 9 = new plot without ridges (Bolanha novo).
Adapted from [28,58,79].

Soil fertility is significantly influenced by proximity to tidal mangrove areas, as these
soils have higher accumulation of SOC. This is related to the quantity of organic materials
present, which mineralize over time and release a significant amount of nutrients that
benefit the crop [58]. Due to the decline in SOC occurring in old plots [59,63], farmers in
GB frequently tend to develop new mangrove swamp fields (Figure 7C), with the aim of
finding more fertile and highly productive areas for growing rice. However, as previously
mentioned, the new plots (bolanha novo) are the only areas with high concentrations of salts
and sulfuric acids in the first surface layers of the soil. Due to their active oxidation state,
this can potentially cause serious problems for rice growth. This is different from bolanha
de tarrafe and bolanha de metade fields (plots located in the middle part of the paddies far
from the mangroves), as these have undergone prolonged oxidation. Many of those salts,
sulfites, and sulfates were leached by rainfall and settled in deeper horizons, where they
do not affect rice growth [63].

4.2. Acidity Formation in Tidal Mangrove Soils

Sulfuric acids in the soils of MSR fields start affecting the crop in the early stages of
the new plots (the first 3-5 years). New plots are the most vulnerable sites because they
initiate the desalination process and exhibit active pedochemical acidification (Table 4,
Figure 8). These chemical processes depend on the amount of rainfall in the system, as fresh
water catalyzes chemical processes and toxic compounds such as sulfuric acid (250,427),
hydrogen sulfite (H,S), pyrite (2FeS,), reduced iron (Fe?"), and iron monosulfite (FeS) are
leached into deeper soil layers [40,60,77]. Within the dynamic systems of oxidation and
reduction, pyrite and sulfuric acid are formed and organic materials decompose (Figure 8).
These processes can increase soil acidity, resulting in extremely low pH values (<3.5),
reducing the availability of various nutrients to plants (N, K, Ca, Mg, P, Zn) and causing
toxicity (AI’*, Fe?*) in the soil [40,87]. However, in some tidal mangroves (bolanha de tarrafe)
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Decomposition of Organic
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Formation of Pyrite

Formation of Pyrite to
Sulfuric Acid
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Soil acidification by Fe-II

and associated mangroves (bolanha metadi) these processes only occur at deeper horizons
where they do not affect the plant’s root system [59,61,63,111]. In summary, villages in
the northern and southern regions face problems of sulfuric acid toxicity especially in
“bolanha novo”, with some “bolanha de tarrafe” occasionally affected by a strong influence of
groundwater levels and tides [117].
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Figure 8. Chemical process in acid sulfate soils within mangrove swamp rice production systems.
Adapted from [40,111].

5. Rainfall Patterns and Farmers’ Agronomic Practices Related to Water Management in
the MSRPS

The rice production cycle in GB is constrained by the rainy season (onset and duration
and length of dry spells) and the accumulated rainfall. Fresh water availability is the
limiting factor for rice production across the country, especially in the MSRPS. The system
relies on salt leaching and substantial water accumulation to ensure a complete crop cycle.
Recent rainfall reports have shown that rainfall patterns are heterogeneous [41,143]. In the
period from 1961 to 1985, there was a significant decrease in rainfall in the country (Figure 9).
However, it is estimated that there has been a slight increase in annual rainfall of around
350 mm over the last 40 years (Figure 9). It is evident that the Bolama region consistently
receives higher rainfall (1953 mm) than the Bafata (1276 mm) and Bissau (1524 mm) regions
(Figure 9). For the other MSRPS regions, Tombali, Oio, and Cacheu, there is currently a
lack of meteorological data. Some reports from the 1980s from Casamance/Senegal, close
to the Cacheu Region, estimated that the average annual rainfall ranged from 1200 and
5000 mm [57], which is sufficient to support MSR growth.

Although most regions of the country receive sufficient rainfall for rice production, the
main challenge lies in the uneven distribution of rainfall, which occurs within a relatively
short timeframe [41]. This condition has a significant impact on rice growth. Rainfall is the
most important factor in soil management, agronomic practices for rice cultivation, and
the overall sustainability of the MSRPS. This creates significant challenges in managing the
water and salt balance for rice production [144].
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Figure 9. Smoothed conditional means plots of rainfall (mm) in Bolama, Bafata, and Bissau, Guinea-
Bissau, for the period 1961-2022. Data source: World Bank information [70] and National Institute of
Meteorology of Guinea Bissau.

The manual preparation of the plots’ ridges depends on ensuring adequate soil mois-
ture for tillage and, therefore, on the beginning of the rainy season [19,77]. Nevertheless,
sufficient soil moisture is required to avoid problems with soil plasticity during plowing.
There is no information available on the plasticity limits associated with soil tillage, al-
though there are old reports of the use of mechanization for soil tillage in GB [145]. However,
not all farmers have the necessary resources for mechanized operations, further exacerbated
by limited access to large machinery on the plots [48]. Furthermore, heavy machines not
only can compact the clay soils, but also create/increase weed infestations. In contrast, the
manual plow is an affordable and sustainable tool that is accessible to all farmers in the
villages [26,44,146], with which they can better control soil and weed conditions.

After soil tillage, farmers use two rice planting techniques: transplanting and direct
seeding [26,39]. Transplanting is the most used technique as it ensures more uniform
distribution of the plants and usually a higher productivity [23]. There is no exact date
for planting in nursery, but generally it depends on the first rains, the individual farmer’s
experience, soil moisture, and salinity levels at the sites. Direct seeding is most frequently
used in bolanha de tarrafe, where the farmer identifies sites with good fertility and low
salinity [26,30,77]. In this technique, some sites are plowed while others are simply planted
or broadcasted with pre-germinated rice seeds [26,39].

The rice harvest usually begins in November and lasts until January, but it depends
mainly on the schedule set by farmers, which depends mainly on each year’s rainfall
distribution pattern in each village. There are agronomic and social problems in the villages
preventing them from using short-cycle varieties. When rice is mature in only a few plots
of a bolanha, it is very likely that the birds will concentrate their feeding there, destroying
completely the potential harvest [16,27]. However, if all farmers harvest their rice at the
same time, this problem is distributed among all plots [26]. Additionally, farmers must
plan their harvests based on the water availability and salinity levels associated with their
plots [19,55]. At the end of the crop cycle, the dilution of salts has a reverse effect (decreases
again due to the end of the rains), leading to water and salt stress in rice plants [77,87].
In addition, evapotranspiration increases the salt concentration in the plots, leading to
productivity problems [114,147].
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The Use of Dikes, Bunds and Rigdes for Water Management in the Paddies

The main dikes are structures used to prevent tidal water from entering the paddies
(Figure 10), while the bunds are used by farmers to collect and store fresh water inside
the plots. At the topographic scale of the system, the slopes toward the mangroves are in
general minimal and serve only to channel water from one plot to another. In addition, soil
texture, the level of the groundwater, and the location of the plots within the paddies can
either favor or hamper rapid accumulation of fresh water in the plots. Consequently, dikes
play a central role in rice cultivation due to their control over leaching, oxygenation, and
water storage in the plots, distinguishing them from the mangrove forests’ soils [29].

Figure 10. Plots of a rice production system in mangrove, Elalab, Guinea-Bissau. Identification of
(a) dikes, (b) drainage channels, (c) plots, (d) bunds, and (e) ridges.

Bunds or secondary dikes surrounding the plots are the primary structure responsible
for managing water levels in the MSRPS (Figure 7A4). These play an important role in
ensuring an appropriate water depth during rice growth. However, when heavy rainfalls
occur for several consecutive days simultaneously with spring tides, farmers may be unable
to divert the excess water to other plots and then to the sea branch. This kind of situation
led to the loss of a significant portion of rice nurseries in mangrove fields during 2022.
There is no information about the distribution, quantity, and potential cumulative water
content within the plots according to rain distribution, especially in relation to high tides
(when it becomes impossible to drain excess fresh water through the drainage pipes to the
river or sea branch).

Ridges play a critical role in the MSRPS by increasing soil fertility and reducing soil
resistance to root penetration. Soil tillage in MSR plots promotes the incorporation of
existing weeds, increasing the amount of SOC and triggering the mineralization process.
Mineralization gradually releases nutrients, promoting the growth of rice plants and
generating satisfactory yields. Additionally, ridges facilitate better rice transplanting by
reducing soil compaction. Some studies have shown that ridges also promote the leaching
of salts and toxic concentrations of soil acids [29,82]. The use of ridges is specifically aimed
at improving the management of the soil physicochemical properties in rice production
systems. In only a few cases, such as new plots, farmers do not use ridges (Figure 7C),
because the soil is already high in fertility and lacks compaction [29]. They usually use
these plots for rice nurseries or direct planting without tillage.

The bunds (Figure 10d) are the main base for rice harvesting, agronomic management,
and water conservation in the plots. Proper management of fresh water in plots can
ensure good harvests [19,82], effective pest control, and prevent salinization problems at
critical phenological stages (R3-R6). The potential of the plots for storing fresh water is
determined by the height of the bunds and the topography of the plot floor. After rice
transplantation, farmers control the level of stored fresh water according to the plants’
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height. They open the bunds to ensure that the water level does not submerge the seedlings,
which could lead to their death. When the rice plants reach a size beyond the limit of
the bund, it is closed completely to maximize water storage. Since fresh water is present
within the bund, only rice and other Poaceae species with aerenchyma tissue can thrive
in the waterlogging conditions. This prevents the growth of weeds that could affect rice
cultivation. The ruptures in the main dikes are related to maintenance work, heavy rainfall,
soil texture, and high tides. Soils with a high clay content offer increased rigidity to
the dikes, enhancing their stability. Conversely, in regions characterized by sandy soils,
dike maintenance requires substantial manual labor and constant attention [26,146]. In
northern GB, there have been reports of dike maintenance problems due to labor shortages,
resulting in saltwater intrusion into the polders and complete loss of rice production
areas [67,148]. Dike maintenance is a collaborative task that requires strong cooperation
and communication among farmers to prevent ruptures and facilitate quick repair during
the rainy season.

In 2020, high rainfall over a short period combined with high and strong tides resulted
in significant damage to many main dikes in several villages of GB [41]. This damage
led to the intrusion of saltwater into the paddies, causing significant problems in rice
production as farmers lost their harvests and substantial areas of rice fields and crops.
Nevertheless, there is evidence from other countries that saline water intrusion can help
eliminate weeds and increase soil fertility [116]; this practice was also used by GB farmers
during colonial times. However, allowing the invasion of the brackish water during the
dry season requires high rainfalls for salt leaching, as it could lead to hypersaline problems
at planting sites [12,29,82,116].

6. Key Issues Overview and Future Research

With this review article, we aimed to characterize the mangrove swamp rice production
system of Guinea-Bissau in relation to soil salinity, water use, and water productivity.

The biophysical description serves as the initial approach to comprehending the intri-
cate dynamics of MSRP in GB. These dynamics are based on over 2000 years of agricultural
experience and acclimatization, during which farmers have learned to manage this complex
system to render it productive for growing rice. Through observations and experimenta-
tions over time, farmers have learned to manage the physicochemical characteristics of
sites by using efficient water harvesting techniques and selecting appropriate rice varieties.
This has enabled them to create specific swamp rice production areas (named bolanhas in
Kriol), where they conceptualize the working methods, suitable varieties for growth, and
the agronomic care required for each location (“Bolanha Belju”, “B. metadi”, “B. tarrafe”,
“B. nobu”, and “Nhatabas—TIarrafe novo”). This information is characteristic to each village,
as each region presents vastly different and highly complex biosystems in terms of climatic
conditions, soils, and crop management needs. Several questions remain to be answered,
such as: Why do farmers use drains on the swamp fields in the south, while these are not
present in the north? Does salinity decrease if drains are used within the swamp fields? Can
these drains help store a greater amount of fresh water? How are the initial salt conditions
distributed in a MSRP field? When is the appropriate time for plants to grow without salt
affecting their growth and productivity? There is a need to perform biophysical charac-
terization of the plots and create maps of certain physicochemical soil properties. Due to
the specificity of the system at each location, there is therefore a research gap that needs to
be overcome. With this in mind, studies were developed in Cafine-Cafal in the south and
Elalab in the north of GB and presented in the companion article by Garbanzo et al. [149].

The agronomic practices developed in the MSRPS in GB are tailored exclusively for
rice cultivation, aiming for optimizing rice yield and water conservation in the “bolanhas”.
A greater availability of fresh water in the plots would ensure rice production in the villages,
as the crop would not face issues of saline stress within the system. These practices have
been refined through generations of farmers, benefiting from their specialized experiences.
However, under the current and future climate change scenario, particularly in terms
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of variability and reduced rainfall, these already vulnerable systems will become more
fragile. This fragility results mainly from the increase in soil salinity due to reduced salt
leaching by rainfall. It is fundamental to adapt crop management to the variable rainfall
calendar, labor efficiency, and the soil hydro—salt dynamics. This set of constraints affects
rice production, exposing communities in the villages to food insecurity and malnutrition.
Therefore, further information to characterize the biosystems and rice varieties is essential
to develop tailored practices that meet the specific needs of each village. This information
is crucial for supporting decision making when planning sustainable management of grain
production in the near future.

The main constraints to agricultural performance and rice productivity in GB have
been identified and are related to insufficient and irregular distribution of rainfall, declin-
ing soil fertility, and poor water management. The information collected indicated the
existence of:

e A wide range of rice varieties with different names found in the MSRPS. Understand-
ing the characteristics of each variety, particularly in terms of salt tolerance, could
improve agronomic recommendations at the national level.

e A lack of understanding of water dynamics in the MSRPS. This knowledge, obtained
from field measurements and modelling, could facilitate the efficient planning of rice
production cycles while minimizing problems related to toxicity and salinity.

e  Alack of knowledge about the salt balance, especially regarding the initial and final
salinity conditions in different contexts. The development of a tool that allows to
assess the hydro—saline balance in the MSRP is crucial to optimize the cultivation
calendar for the timely start of each rice production season.

e Limited information on soil fertility, nutrient dynamics, and their relationship to
MSRPS productivity. Comprehensive chemical characterization of the soil and an
understanding of nutrient dynamics could improve on-site nutrient management.

e No information regarding the spatialization of physicochemical properties in swamp
fields (“bolanhas”). Spatial mapping of soil properties could help identify areas with
higher fertility, salinity, and the potential for improving rice productivity.

e Insufficient studies on plasticity related to adequate soil moisture at the beginning
of farming operations. Generating maps in this regard could provide farmers with
valuable tools, allowing them to prioritize sites with optimal conditions for soil tillage.
The companion article by Garbanzo et al. [149] developed soil consistency maps with
the aim of supporting farmers in decision making.

e A lack of studies on tidal dynamics, for the creation of an early warning system, and
on main dike management. Providing information about extreme climatic events,
monitoring and identifying vulnerable zones, and help with the dissemination of
recent endogenous innovations in dike building and maintenance could help prevent
saltwater intrusion and minimize losses in rice production.

e A lack of continuous regional climate monitoring programs. Characterization of
regional climatic variables could assist in agronomic calculation of rice water require-
ments in the MSRPS of GB. This would enable the development of early warning
systems to support decision making in rice production.

e  Local constraints on balancing ecosystem sustainability with the food needs of coastal
people, who feel urged to clear new mangrove areas to create rice fields even when
there is a need to restore deforested areas to prevent dike ruptures and harvest failures.
This implies that compensation mechanisms for poor coastal inhabitants must be
created to protect ecosystem services in GB’s blue carbon environments.

o  External interventions or development projects that do not usually align with the
local realities and the needs of farmers, leading to challenges in implementing
sustainable practices.

e Limited programs to restore desertified swamp fields. Initiating restoration efforts
for these plots could include planting trees through the introduction of agroforestry
practices and /or improving the conditions for reviving rice cultivation.
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Overall, there is still a lot of progress to be made in terms of research relative to MSRPS
conservation and management.
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