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PROPOSITIONS

1. In contrast with Vieillefon's views on climate zonality in mangrove soils (1977), spatial
variability of soil acidity in coastal lowlands results from a complex interaction of climate,
coastal morphology, river hydrology, vegetation, landform and tidal flooding.

This thesis.

Vieillefon, J. 1977. Les sols des mangroves et des tannes de Basse Casamance {Sénégal).
ORSTOM Paris.

2. Marius (1984) incorrectly claims that what distingnishes mangrove soils of Sénégal from
other mangrove soils worldwide is that the former all contain an appreciable amount of pyrite,
while elsewhere potential acid sulfate soils coexist with non-acid soils. In fact, potential acid
sulfate soils and non-acid soils coexist also in the mangrove ecosystem of Senegal.

Marius, C. 1984. Contribution @ I'étude des mangroves du Sénégal et de La Gambie:
écologie, pédologie, géochimie. Mise en valeur et aménagement. ORSTOM, FParis.

3. The high spatial variability of soil properties in acid sulfate soils requires a combination
of free surveys and probability sampling to characterize soils for agricultural purposes.
Andriesse, W. 1993 and Bregt et al. 1993. In: Dent and Mensvoort (ed). Selected Papers of
the Ho Chi Minh City Symposium on Acid Sulphate Soils. ILRI. Publ. No. 53, ILRI,
Wageningen.

4. Current agronomic research for limited resource farmers all too often comes face to face
with microvariability of soils that is not reflected by the usual methods of analysis.

RW. Arnold and L.P, Wilding, 1991. The need to quantify spatial variability. In: M.J.
Mausbach and L.P. Wilding. S55A Pub. 28.

5. Most of the development attempts in mangrove swamps of West Africa have been
disastrous, because of lack of clear notion of thetr fragile nature.
This Thesis.

6. Projects aimed to small farmers lead to the risk that insufficiently tested packages will be
recommended and imposed in highly variable soil conditions. This enhances the farmer’s
vulnerability, unless a new approach of ’site specific management’ is developed.

Aart van Laar. The World Bank and the poor.

7. Liming acid sulfate soils is only effective in rice when the molar ratio of Fe** to Ca® +
Mg* in the soil solution is high.
This Thesis.

8. Visual diagnosis of bronzing (iron toxicity in rice} is better related to the meolar ratio of
Fe* to Ca* + Mg* in the rice flag leaves at panicle initiation than the absolute amount of
Fe in the leaf.

This Thesis.
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9. The number of panicles per square meter is not an adequate parameter for the selection of
rice varieties in acid sulfate soil conditions.
This Thesis.

10. West African farmers are especially good i) at solving ecological problems of the kind
that arise when hurnan and "wilderness’ ecosystems intersect, and ii) at exploiting the risk-
spreading possibilities of ecological boundries and landscape sequences e.g. the possibilities
of integrating land use up and down soil catenas. Lack of attention to these points continues
to bedevil agricultural planning today.

Paul Richards (1985). Indigenous Agricultural Revolution. Ecology and food production in
West Africa. Westview Press, Boulder, Colorado.

11. As indigenous knowledge is 'the single largest knowledge resource not yet mobilized in
the agricultural development enterprise’, we must built a partnership between *formal’ science
and ‘community ecological knowledge’.

Chambers, R. (1983). Rural development: putting the last first, Harlow: Longman.

12. Land use planning as a process requires special attention to involve the users for whom
land is a primary source of livelihood. True interaction with the users throughout the process
of land use planning is still to come.

Fresco,L.O. Planning for the people and land of the future. In: Fresco et al {(eds) (1994). The
Future of the Land (in press).

13. Science undermines its own foundations if scientists fail to concern themselves with the
wider debates concerning human welfare.
Maxwell N. (1984}, From knowledge to wisdom. Oxford: Blackwell,

4. In 2 Balinese legend, the lord Vishnu, god of fertility and water, came to earth to provide
better food for the people who had only sugarcane juice as food. Vishnu make Mother Earth
give birth to rice and then fought /ndra, lord of the heavens, to force him to teach men to
grow rice. Thus rice, as a source of life and wealth and as a gift from gods, was born from
the union of the divine creative forces represented in earth and water.

Datta, SK. 1981, Principles and Practices of Rice Production. John Wiley & Sons. New York.

15. "The traveller may tell all he has seen on his journey, but he cannot explain all.”
Ashanti saying.

Mabeye Sylla 7 September 1994
SOIL SALINITY AND ACIDITY: SPATIAL VARIABILITY AND

EFFECTS ON RICE PRODUCTION IN WEST AFRICA’
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PhD Thesis, Wageningen
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CHAPTER 1

GENERAL INTRODUCTION AND BACKGROUND



GENERAL INTRODUCTION AND BACKGROUND

In the mangrove zones of West Africa, spatial and temporal variability of specific soil stresses
to rice production have always been a problem for technology transfer, land use planning and
soil water management. Such variability exists at macro scale, within river basin, but also
from point to point within a single soil unit along a catena (Dent, 1986).

In the past, National and International Agricultural Centers were not concerned with agro-
ecological characterization of the environments where their newly developed technologies had
to be applied. Their improvement programs were based mainly on selection of new varieties
and testing through international nurseries. Although some of the new cultivars were widely
adapted in homogenous environmenis, more heterogenous situation such as the mangrove
zones many problems arose, Hazel et al. (1986) indicate that failure to adopt new varieties
was mainly due to specific environmental stresses such as those related to soils and climate
imposed by the variability and distribution of rainfall, soil acidity, excess of exchangeable Al,
Fe?*, high salinity, and low nutrient status of soils.

Recently, environmental characterization and classification has become increasingly important
in planning agricultural research and technology transfer. So far however, little attention has
been paid to marginal environments such as the mangrove zones, especially in developing
countries. Brinkman (1986) suggests that agro-ecological characterization should be used to
guide the practical application of research results.

Many research findings are applicable only within specific environmental limits. WARDA
(West African Rice Development Association) has divided its work among distinct rice-
growing environments with objectives generally geared towards the needs of the people
(farmers level). Its mandate within the mangrove rice environment in West Africa comprises
the development of methods that can serve as a base line for optimal adoption of improved
technologies by the farmers.

Mangrove sediments and related soils, including potential and actual acid sulfate soils, in
West Africa are found along the Atlantic coast from Senegal through Gabon. Their area is
estimated at around 2,800 million ha (LLangenhoff, 1986). The long tradition of rice cultivation
in these areas and the continuous population growth currently lead to increased clearing of
mangrove lands and of adjacent upland forest. The environmental problems caused by this are
obvious, in particular in the irreversible disturbance of the ecologically vulnerable mangrove
habitat, in soil acidification and in increased salinization. There is a clear need, therfore, to
counter this degradation by defining options for improved land use and management methods,
aiming at increased but sustainable productivity of existing cultivated lands, while
safeguarding the natural mangrove ecosystems. To target research and management more
effectively, a characterization of the West African mangrove environments is undertaken, with
a special emphasis on the physical and chemical aspects of potential and actual acid sulfate
soils associated with mangroves.

In West Africa various attempts have been undertaken to characterize rice growing
environments (Kilian and Teissier, 1973; Buddenhagen, 1978; WARDA, 1980; IRRI, 1984;
Raunet, 1985; Bunting, 1986; Andriesse and Fresco, 1991). These systems give only broad
classifications for mangrove rice. However, the approach of Andriesse and Fresco (1991), for
the upland-lowland continuum included sufficient agronomic and landscape factors for a more
detailed classification, In the mangrove environments, the approach requires complex targeting
in terms of physical and agronomic factors because of the high spatial variability of soil
conditions. Research in process-oriented studies of acid sulfate soils have greatly enhanced
our knowledge on the cavses and effects of acidification (van Breemen, 1973, 1976, 1993;
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Pons et al. 1982 and Pent, 1986, 1992). However, this knowledge has not yet been utilized
to characterize the mangrove environment.

The method adopted in this thesis to characterize mangrove rice environments is based on
central concepts derived from the necessary pre-conditions for acid sulfate soil formation (van
Breemen, 1976 and Pons et al., 1982). The sclected central concepts are:

- Climate: climate plays a decisive role as soil forming factor and physiological driver
of crop growth. It is interrelated with the river hydrology and largely determines the degree
and the extent of salinity, and is one of the most important factors in water management. The
factor climate is used at the macro-level.

- Hydrology and tidal regime: the most important constraints considered are the
distribution and dynamics of soil salinity along the river and actual acidification of naturally
drained area. Within the same climatic zone the balance between fresh water river discharge
and tidal propagation during the rainy season governs the process of natural desalinization.

- Physiography and pioneer vegetation: organic matter plays an important role on
pyrite formation (van Breemen, 1976). Its origin and distribution can be a clue to segregate
zones of high and low potential acidity. As indicated in many studies Rhizophora sp. tends
to be associated to high soil organic mater and Avicennia sp. with much less soil organic
mater, reflecting differences in their root configuration and density. Also, vegetation
distribution in these ecosystems generally follows salinity levels. Highly saline areas are
generally occupied by Avicennia, while at lower salinity Rhizophora predominates. Therefor
their distribution along and across the river basin can help detect sub-zones.

-The rate of coastal sedimentation may affect pyrite formation (Pons et al.,1982). Low
pyrite content is associated with fast sedimentation rate in accreting coasts.

- Landscape and catena: Both salinity and acidity can be strongly influenced by
topography across the river basin due to differences in tidal flooding regime and vegetation
distribution along catenas.

These factors were organized to build a framework describing the distribution of acid sulfate
soil and of saline soils.

The main objectives of this thesis were: 1) to design a comprehensive characterization
framework for the West African mangrove environments with emphasis on the possibilities
of and constraints for rice cultivation; 2) to determine the significant causal factors of soil
salinization and acidification; 3) to test whether the temporal variability of soil chemical
composition will allow a sufficient time window of minimum stresses for rice growth; 4) to
relate the response of rice to improvement techniques to specific environments and to provide
means to characterize rice growing environments; 5) to test rice varietal responses to saline
and acid seils under different improved agronomic practices; and 6} to relate yields and yield
components to the nutrient contents in the leaves in order to diagnose physiological disorders.

BACKGROUND RESEARCH ON ACID SULFATE SOILS

Acid sulfate soils are generally found on marine and estuarine sediments rich in reduced
sulfur compounds. Upon drainage and aeration, they undergo a definite and severe
acidification due to the oxidation of mainly pyrite (FeS,) and production of sulfuric acid.
They are generally located in relatively flat areas that are frequently flooded and that are
potentially suitable for rice cultivation. But because of frequent high acidity and salinity, and
associated toxic elements, these soils generally gives low yields (about 1 t ha') and
limitations are sometimes so severe that crops fail completly ("sols ingrats”, Beye, 1974).
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1) Chemical processes in acid sulfate soils
1.1 Potential Acidity

The formation of pyrite in waterlogged marine environments and its following oxidation,
either naturally or by artificial drainage, yields the essential chemical processes involved in
acid sulfate soils. The topic has been reviewed by van Breemen (1976), Goldhaber and
Kaplan (1982), and Dent (1986). The processes are:

- Formation of pyrite which involves several steps:

i) the reduction of sulfate ions from sea water to sulfide via suifate-reducing-bacteria
through the decomposition of organic mater {O.M.) according to:

8042- +2 CH20 ———— HZS +2 Hcog-

ii) the partial oxidation of sulfide to S or polysulfide

i1} dissolved iron from iron-III oxides or silicates in the sediment is combined with
the dissolved sulfide to form iron monosulfide (FeS)

vi) iron monosulfide and elemental § will then form FeS, or ferrons Fe will precipitate
directly with polysulfide to form FeS,.
The following equation may summarize the process:

Fe,0; , + 450, + 8CH,0 + 1/2 O, --> 2FeS, ,, + 8HCO, ", + 41,0

So the pre-conditions for pyrite formation are:

1) a waterlogged environment to provide for the very slow supply of O, to reach a
strong reduction

1i) a source of sulfate ions

iii) organic matter as an energy source for sulfate-reducing bacteria

1v) a source of iron

v) time : the rate of pyrite formation is not yet clearly elucidated, but it is known that
solid-solid reaction between FeS and S is too slow whereas the precipitation of Fe?* and
polysulfate may be rapid. Also if the rate of sedimentation is rapid, as in the case of an
accreting coast, Pons et al. (1982) observed little pyrite formation.
These pre-conditions are met in mangrove areas best on slowly-accreting non-calcareous
sediments where sulfate is supplied from sea water, iron from sediments, organic matter from
the vegetation and tidal flooding removes bicarbonates and supplies a limited amount of O,
necessary for complete pyritization of sulfide.

1.2 Acid neutralizing capacity.

The waterlogged soil in a marine environment is a potential acid sulfate soil only if the
potential acidity represented by the amount of pyrite is greater than the soil acid neutralizing
capacity. Acid neutralizing capacity is provided by carbonates, exchangeable bases and
weatherable silicates, One percent (mass fraction) of pyrite-S is neutralized by 3% of CaCOy;
smectite can neutralize up to 0.5% pyrite-S; kaolonite has little neutralizing capacity at a pH
around 4. The most effective neutralizing substance in marine sediments is carbonate derived
from shells and coral. But the presence of CO, from the root respiration and the decay of
organic matter, of H,S and the oxidation process during low tide generally maintain slightly
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acid conditions in mangrove sediments, which limit the precipitation of CaCO,, and help to
remove allochtonous carbonates.

1.3 Actual Acid Sulfate Soil

Pyrite is stable under reduced conditions, e.g. at low redox potential. When a potential acid
sulfate soil is aerated, either naturally (reduced frequency of tidal cover) or by artificial
drainage (lowering of the water table by drainage or building of small scale dams), oxidation
of pyrite takes place in several stages, involving both chemical and microbial processes.
These stages of oxidation do not usually occur in the same place. Van Breemen (1976)
illustrated with a model the seasonal dynamics of the processes and the place within the soil
profile where each process takes place.

The solid products of the pyrite oxidation include iron oxides, jarosite, and gypsum:

- At pH above 4, Felll-oxide and hydroxides precipitates directly by oxidation of
dissolved iron II. Generally goethite is the most common iron oxide, while hematite may
occur in old acid sulfate soils.

- At pH below 3.7 and Eh > 400 mVolts, jarosite is likely to form.

In describing the effects of pyrite oxidation on soil chemistry, the following two stages are
important:
First, pyrite oxidizes to dissolved ions and sulfuric acid:

FeS, + 20, + H,0 ——> Fe* + 2 80, + 2 H*
Further oxidation of dissolved ferrous sulfate gives a ferric precipitate and more sulfuric acid;
e.g.

Fe** + SO + 1/4 O, + 3/2 H,O > FeOOH + 2 H" + 80,

Generally jarosite (KFe,(SO,),(OH),) is formed, but when K* is very scarce, natrojarosite or
hydronium jarosite can be formed.

At higher pH values they can hydrelyze to iron oxide.

When calcium carbonate is present to nevtralize the acidity, gypsum is often formed:

CaCO, + 2 H* + SO, + H,0 -—-> CaS0,. 2 H,0 + CO,

- At very severely acid conditions, rapid weathering of silicate minerals take place
yielding AP* and dissolved silica.

1.3 Reduction process under flooding of acid sulfate soils

Under flooded conditions, the dissolved O, is depleted by aerobic micro-organisms, and
organic matter is decomposed by anaerobic bacteria while nitrate, manganese oxides and iron-
I oxides and sulfate are reduced. The process induces an increase of CO,, HCO;', Fe* and
in some cases, exchangeable Ca is displaced by iron.

The flooding condition will increase the pH with the consumption of hydrogen ions in time
(Ponnamperuma, 1955):

Fe(OH), + 2 H* + 1/4 CH,0 > Fe** + 11/4 H,0 + 1/4 CO,




But the process of reduction in acid sulfate soils due to flooding can be slowed down by the
extreme acidity, the low nutrient status and the low content of easily decomposable organic
matter. Prolonged flooding, however, can eventually lower the acidity, but in many cases the
PH remains below 5 due to strong buffering at low pH.

The pH increase upon flooding causes a lowering of dissolved A
soils, high Fe®* concentrations usually develop upon flooding.

In arid zones with a pronounced dry season, the acidity generated at greater depths by pyrite
oxidation during the lowering of the water table, can migrate upwards to produce even acid
salts in the soil surface { NaAl(SO,),; MgAL(SO,),; FeSO,; AL(SO,), }. In the subsequent
rainy period, these acid salts are dissolved and produce acidity. Then Fe-1I is produced which
in its turn can oxidize at the soil-water interface to produce more acidity:

I**. In young acid sulfate

Fe* + 1/4 O, + 52 H,0 --—> Fe(OH), + 2 H*

2) Potential acid sulfate soils environments

The most representative potential acid sulfate soil environments in West Africa are
characterized by saline and brackish-water tidal swamps and marshes with dense vegetation
of Rhizophora sp., Avicennia sp., Phragmites, Paspalum vaginatum eltc..

This dense vegetation is the source of organic matter needed by bacteria in the process of
reduction of sulfate from the sea water. The tidal cycle brings sediments, renews the supply
of sulfate and removes the bicarbonate produced during pyrite formation.

Within a mangrove environment, imporiant differences may exist in potential acidity due to
i) the type of pioneer vegetation ii) the rate of sedimentation. The spatial variability of these
two factors will affect the amount of pyrite formed. Some authors (Tomlinson, 1957; Hesse,
1961; Jordan, 1964; Giglioli and Thornton, 1965 and Kalawec, 1977) have observed
differences in the amount of pyrite between soils having been influenced either by Rhizophora
or Avicennia or Phragmite vegetation during genesis, with decreasing potential acidity
respectively).

3) Soil related constraints for rice in acid sulfate soils environments

The constraints for rice growth in acid sulfate soils have been reviewed many times (Rorison,
1972; Bloomfield and Coulter, 1973; van Breemen, 1976; Sylla and Touré, 1988; Dent 1986).
The main constraints in acrated conditions are:

- severe acidity per se

- aluminum toxicity

- low available phosphorus

- low base status and nutrient deficiencies

- high salinity
Under flooded conditions, acidity and high Al tend to diminish, but other problems appear:

- ferrous iron toxicity (bronzing)

- hydrogen sulfide toxicity {(suffocation disease)

- excess carbon dioxide and organic acids
To improve rice production in mangrove environments, the chemistry and biochemistry behind
theses physiological stresses should be clearly understood.



3.1 Aluminum toxicity

Concurrent with a pH-decrease during pyrite oxidation, dissolved Al is released by
dissolution of clay minerals. Al hazards occur generally under low pH (pH values less than
3.5). Under such condition Al inhibits rice growth. Soluble Al accumulates in the root tissues
and prevents the division of cell tissues and elongation and possibly also inhibits enzymes
involved in synthesis of cell-wall material ( Rorison, 1972).

Over a wide range of acid sulfate soils and actual pH, van Breemen (1973) showed a high
correlation between Al*™ activity and pH. The relation found for Thailand soils over a wide
range of pH was :

[ Al*]{SO*] [OH ] =17.3

Apparently, a basic sulfate, AIOHSO,, controls the concentration of dissolved AlI*.
Groenenberg (1990) confirmed the relationship with soils from Indonesia where Jurbanite,
(AIOHS0,.5H20), was suggested to control the equilibrium. Yet, that particular mineral has
never been found in acid sulfate soils (van Breemen 1993). Nevertheless the relationship
describing the equilibrium with jurbanite is useful in predicting the concentration of Al** in
acid sulfate soils. Since SO, activity in most acid sulfate soils is roughly constant, a one unit
increase in pH corresponds approximately to a 10 folds decrease in the concentration of AI**
(Satwathananont, 1986; Hanhart and Ni, 1991 and van Breemen, 1993),

3.2 Iron toxicity {Bronzing) during flooding of acid sulfate soils.

Ferrous iron toxicity can limit rice growth on acid sulfate soils. In old acid sulfate soils where
most of the iron is in a form of well-crystallized goethite and hematite, very little soluble
iron is likely to be produced during floeding. In such soils with moderate acidity (pH 4-6),
flooding induces an increase in pH to values up to 6-7 after a few weeks (Ponnamperuma,
1972). The peak of Fe** is reached in a few weeks of waterlogging condition and then
decreases. The rate of the reaction and the amount of Fe’* produced can be quite variable
depending on the presence or absence of organic matter, the type of proton donors
(exchangeable Al, CQ, and adsorbed SO,} with and without formation of exchangeable Fe?'.
This is well illustrated in an hypothetical model developed by van Breemen (1988).

In young acid sulfate soils rich in colloidal iron, the concentration of Fe** produced after
flooding is likely to be high. Therefore bronzing is common in such young soils.

3.3 Hydrogen sulfide toxicity (" Akiochi")

During flooding, sulfate reduction produces H,S(g). Even at ¢oncentrations as low as 1 to
2 10° mol/m3, H,S can affect the plant-root system (suffocation) especially in young
seedlings. Plants affected by H,S toxicity can be very susceptible to disease.

H,S toxicity is generally associated with soils rich in organic matter and low in iron content.
If iron is present, H,S can react with Fe to form FeS and ultimately pyrite. Since the bacteria
responsible of the reaction operate only at pH greater than 5, H,S toxicity occurs enly in soils
that reach such a pH level upon flooding.




3.4 CO, and organic acids

During organic matter decomposition CO, is preduced and may accumulate in flooded soils.
At a partial pressure of 15 kpa, CO, can retard root development and reduce nutrient uptake.
The decomposition of organic matter produces also organic acids. Under acid conditions, they
may become toxic to plants.

3.5 Salinity problems within acid sulfate soils

When soluble salts are present, as often in tidal marshes and recently reclaimed sulfidic soils,
their osmotic effects can inhibit the uptake of water and nutrients. Toxicity of Na* and CI" are
also common. Within Senegal, the Gambia and Guinea Bissau, with a pronounced dry season
and a decrease of the annual rainfall over the last 20 years, salinity levels with ECe values
of 80 mS cm are not uncommon in the top soil. By comparison, sea water has an EC of
about 45 mS cm™,

When the soil is sufficiently permeable and sufficient fresh water is available, leaching of salt
by rain water and flooding with fresh water can occur and the EC may become low enough
(ECe < 8 mS cm’) for rice growth. But in many cases, if the soils have inadequate drainage
and insufficient fresh water supply is available, salinity hazards are the main limiting factor
for rice production.

3.6 Low fertility problems

Nutrient deficiencies are common in acid sulfate soils. In old acid sulfate soils, leached acid
sulfate soils, and highly organic soils, P-availability is low and P-fixation may be high due
to active Al and Fe. Strongly leached acid sulfate soils have low contents of Ca, Mg, X, Mn,
Zn, Cu, and Mo and deficiency symptoins may appear.

At low pH, symbiotic fixation of N is restricted, and mycorrhiza stimulating P-uptake can be
alffected.

3.7 Problems related to trace elements

Deer et al. (1965) report that trace elements such as Ni, Co, Cu, Zn, Pb, and As may
accumulate together with Fe in sedimentary pyrite. During oxidation these elements can be
released. Little work has been done on the release of trace elements during pyrite oxidation
in potential acid sulfate soils. However there is evidence that pyritic soils indeed release
higher armnount of trace elements than "normal” soils (Satawathananont, 1986).

4) Soil landscape and classification.

This section deals with soil variability, and with the relationships between soil characteristics
and other facets of the landscape where acid sulfate soils can be expected.

4.1 Landform
As explained earlier, pyrite accumulates only under certain conditions favorable for its

formation. These conditions are found along deltas, sheltered estuaries, and coastlines
protected by offshore islands and bars.



Generally the topographically low parts of inter-tidal zones are flooded frequently. The soil
is reduced most of the time and usually pyrite content are highest and potential acid sulfate
soils (Sulfaquents) are formed.

In the highest part of the tidal landscape, the top soil is generally acrated at low tide. The
tidal range and the effectiveness of the drainage influence the depth of the oxidized soil layer.
These areas, such as levee zones and some high backswamp areas, are generally occupied by
Aeric Sulfaquents .

Since time is important and several years are needed for pyrite accumulation in excess of the
soil’s neutralizing capacity, only stable systems with slow sedimentation rate can provide
potential acid sulfate soils. In general, rapidly depositional landforms such as levees have less
pyrite than the stable systems.

The drainage system within the landscape should be effective in order to remove the excess
bicarbonate formed during pyrite formation. Landscapes with a dense layout of creeks will
be ideal for optimum pyrite accumulation. If not the carbonates accumulate and little potential
acidity will be formed, therefore the type of soils expected is Fluvaquents or Hydraquents
with low TPA (total potential acidity).

The variability of these conditions along the landscape induces micro-variation on TPA as
well as the depth on which pyrite accumulates in the soil profile. Such factors are important
while reclaiming the soils in the mangrove zone. Mapping of such spatial variation is the clue
of the success of soil-water-management in mangrove zones.

4.2 Vegetation

In the ecology of tidal zones, both climate and salinity affect the contrast in vegetation types.
The type of vegetation varies along the river basin and within a transect. Rhizophora sp. is
generally located in marine environments with daily tidal flooding. Avicennia sp. is more
halemorphic and tend to occupy the areas of high salinity where tidal flooding is less frequent
and evaporation tends to accumulate salts. Reeds such as Phragmites are generally situated
at the limit of tidal influence with more fresh water flooding. Halophytic herbs such as
Sesevium and Paspalum follow the Avicennia in more saline environments.

Dead roots of such vegetation are the main source of energy for the bacteria responsibie for
pyrite formation. The correlation between vegetation and soil TPA is complex because the
actual vegetation may differ from the one responsible for pyrite accumulation. Table 1
illustrates some observed differences along a transect in the Garnbia.

The importance of these zones can vary along the river depending on the proximity to the
mouth. Climate can afso influence the extent of such zones. In the dryer area of Senegal and
Gambia, Avicennia and bare salina can be predominant. In wetter area Rhizophora seems to
be more dominant. Dent (1986) established a sequence in Gambia with Rhizophora racemosa
in tidal sites with best surface drainage along the river and creek channels with daily tidal
flooding, followed by Rhizophora mangle, succeeded by Avicennia africana above high-water
neap tidal level followed by Sesevium portulacastrum in saline areas and by Phragmites karka
in less saline areas.
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Table 1: Landscape positicn, vegetation, and seil type along the Gambia River.

Landscape position Soil type Vegetation and Pyrite
land use accumulation
A Sandy and coarse Savanna woodland ---
(Terraces) loamy soils
B Ripe clay soil Rice cultivation only --+
(low terraces/ with or without in the wet season

high backswamps) saline  sub-soil

C Half ripe to ripe Bare salina former -+ +
(high backswamps} | soil; extremely rice fields
saline underlying a
pyritic layer "Tanne"

D Half ripe soil saline | Avicennia partiaily -+ +
(low backswamps) with a pyritic layer flooded by tidal
at depth water
E Half ripe to unripe Phragmites. -+
(low backswamps soil slightly saline Echinochloa reed
with fresh water) with or without swamp

pyritic layer at depth

F Unripe mud Rhizophora ++ +
(near levee) pyritic
where - - - = no pyrite in the whole soil profile

- - + = pyrite may be present on greater depth
- + + = pyrite may be present except near the soil surface
+ + + = pyrite is present throughout the soil profile.

5) Reclamation and improvement of acid sulfate soils

Reclamation and improvement of acid sulfate soils has been reviewed recently (Dent, 1992
and van Breemen, 1993) in relation to the process regulating the concentrations and emissions
of the potentially harmful toxins such as H,S, H*, SO, *, Fe™, AF", trace elements and
salinity.

5.1 Measures to reduce pyrite oxidation.

Van Breemen (1993) suggested that the only sure way to curtail pyrite oxidation is to cut
down the supply of O, by waterlogging. Hampering oxidation using a bactericide or ligand
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that chelates Fe™* (Pulford et al., 1988) is certainly unfeasible in West African agriculture.
5.2 Decreasing soil salinity

Efficient salt leaching by shallow drainage is the most effective way to decrease salinity
levels to acceptable limits for rice cultivation. Leaching can also increase the pH, lower the
specific conductance and the concentration of Al and other sailts as well as the partial pressure
of CO, (Hesse, 1961 ; Pounamperuma, 1972). In Senegal, Beye (1973) observed beneficial
effect of shallow drainage in acid suifate soils. Sylla and Touré (1988) showed that ridging
by plowing as done in the Diola zone is efficient to control salinity as well as iron toxicity.
Detrimental acidity and salinity can be overcome by daily leaching with brackish to fresh
water tide in Sierra Leone (RRS Annual report, 1956 and Sylla et al, 1991). Rice straw
mulching experiments in Senegal proved to be an efficient practice to avoid salinity build-up
during the dry season (Beye, 1974).

3.3 Decreasing soil acidity

Two processes can decrease TAA (total actual acidity): leaching and neutralization. Excess
H,SO, formed as well as soluble Fe and Al salt crusts in the surface soil can be removed by
leaching. With brackish or salt water an exchangeable Al can be removed in exchange for Na,
Ca and Mg followed by leaching of Al*. This seems to be an efficient way to remove
exchangeable Al prior to amendments.

However, leaching efficiency, among other things, depends on soil structure. If water drains
through macro pores rapidly, it bypasses the interior soil aggregates and therefore removes
fewer salts. To increase the time of contact between water and the soil peds, puddling and
water ponding can be very effective. In many cases intermittent drainage can be an effective
leaching method (Sylla and Touré, 1988). However, while leaching of salt is a cheap way to
improve soils, it also removes soil nutrients.

5.4 Liming

Soil acidity can be overcome by liming (Dent 1992). But, under severely acid conditions, the
lime requirement for complete neutralization of acidity produced by the oxidation of
oxidizable sulfur is often prohibitive for normal agricultural usage. Dent, (1992) and van
Breemen (1993} both pointed out the huge amount of lime (30 t/ha) needed to neutralize the
acidity potentially present in 1% oxidizable sulfur.

In some cases, a small amount of lime (1 to 2 t/ha) can be effective on rice under flooding
condition {Sylla and Touré, 1988 and Sylla et al., 1993). Liming can supply Ca and remove
toxic effects of Al on rice fields. It can also counteract the poor physical conditions brought
about by leaching. Liming under flooded conditions increases soil nitrogen mineralization and
available P. Liming stimulates the rate of organic matter decomposition by micro-organism.
Liming can increase the availability of most plant nutrients (Truog, 1948), and can decrease
the content of ferrous iron (Ponnamperuma, 1958; 1964; Subramoney and Balakrishmakurup,
1961; and Tanaka and Navasero, 1966). Combined leaching and liming has been effective in
acid soils of Senegal (Beye, 1973; and Sylla and Toure, 1988). Sylla et al., 1993, and Moore
et al., 1993, indicated the negative interaction of Ca and Fe in reducing iron toxicity in rice.
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5.5 Self-liming or pre-flooding

During flooding Fe-1II is reduced to Fe-II, a reaction which consumes acidity. The soil pH
then increases. The trade-off is the high production of Fell and H,S (Van Breemen, 1993).
However, exchangeable acidity is effectively neutralized by the reduction of Felll oxide
without an increase in dissolved Fe**. This is not true in ali cases. The soil pH can remain
low after flooding in the case of insufficient reduction or a low Felll content. Van Bieemen
{1988) observed a beneficial side effect of flooding at the soil-water interface caused by a
transfer of acidity from the soil to the surface water due to the oxjdation of Fell SO, ,,
followed by the precipitation of Felll oxide on the soil and the release of H,S0, in the surface
water,

OUTLINE OF THE THESIS

This thesis is organized in a series of chapters to be separately submitted to scientific
journals. Therefore some repetitions will be found throughout.

CHAPTER 2 is a comprehensive characterization of the West African mangrove
environments, with emphasis on the possibilities of and constraints for rice cultivation. A
multiple scale approach was followed, ranging from macro- to micro-fevel based on the main
causal factors of saline acid sulfate soils formation.

In CHAPTERS 3 and 4 the spatial variability of soil salinity and acidity were studied by
means of nested models and geostatiscal methods to test the significance of the main causal
factors of soil salinization and acidification. In parallel, hierarchically structured frameworks
to account for the causal factors at different scales were designed and used to interprete soil
chemical data.

In CHAPTER 5 temporal and spatial variability of soil solution chemistry was studied to
determine a time window for minimom soil stresses on rice plant.

In CHAPTER 6 a series of network rice trials implemented in different mangrove
environments was used to determine rice response under different improved agronomic
practices in relation to the soil constraints.

In CHAPTER 7 differential responses of rice varieties to the main soil constraints in
mangrove environments are presented.

In CHAPTER 8 the main conclusions of this thesis are summarized and future challenges
outlined.
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ABSTRACT

A comprehensive characterization of the West African mangrove environments is undertaken, with emphasis an
the possibilities of and constraints for rice cultivation. A multiple-scale approach is followed, ranging from macro-
te micro-level. Central classificatory concepts are climate, hydrology, physiegraphy, vegetation and rice cropping
system, 6 different environments are distinguished. Their characteristics are summarized, by agro-ecologicat zone,
in tables 4 to 9. Constraints to rice production in these environments are discussed, and the potential for agricultural
development of these valuabie habitats are matched with envirommental conservation issues. The ensueing
classification mairix, provides an outline for detailed classification of mangrove environments outside the geographic
scope of this stady.

Keywords: mangrove agro-ecosysiems, agro-ecological characterization, acid sulphate soils, rice, West Africa,

INTRODUCTION AND BACKGROUND

Broadly, mangrove rice-growing environments have been grouped into one single category
(WARDA, 1988). Ecological conditions within mangrove ecosystems, however, are highly
variable, particularly with respect to climate, hydrology and soils. In West Africa, rice is
grown in these environments as a staple food and it is one of the most important commercial
land uses, particularly in The Gambia, in southern Senegal (the Casamance), Guinea Bissau,
Guinea and Sierra Leone. Rice is also grown in the mangrove ecosystems of Nigeria,
Cameroon and Gabon, bui to a much lesser extent,

Because of the apparent potential for development of mangrove ecosystems, many West
African governments have planned and implemented large-scale interventions in these
environments. The urge to develop coastal lands is also caused by the fact that, in West
Africa, population density and increase and, thus, land pressure are highest in this zone. It is
the area where most of the capitals and major cities are located (viz. Dakar, Bissao, Conakry,
Freectown, Abidjan, Lagos, Douala).

Most of the development atternpts have been disastrous, generally because of the lack of
a clear notion of the significance of, and the fragile conditions and processes in, mangrove
ecosystems. Mangrove lands, in West Africa as elsewhere, comprise acid sulphate soils. These
are alluvial soils derived from marine and estnarine sediments that are rich in pyrite (FeS,).
Upon drainage and subsequent aeration of the soil this pyrite oxidizes into sulphuric acid
(H,S0,), leading to severe acidification, associated deficiencies in plant nutrients (e.g.
phosphorus) and toxicities {iron and aluminium; Van Mensvoort et al, 1984; Dent, 1986).
Moreover, due to the prevailing and strong tidal and seasonal water movements in mangrove
ecosystems, the acidity formed is quickly spread over large areas, killing fish and other fauna
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in the process.

In West Africa, mangroves and related soils, including potential acid sulphate soils (i.e.
pyrite-containing soils that have not yet acidified) and actual acid sulphate soils (i.e. soils that
have acidified), are found along the Atlantic coast from Mauritania through Gabon. Their area
is estimated at approximately 3,350,000 ha (CEC, 1992; Diop et al., 1993).

Natural mangrove ecosystems are of great importance for many reasons: they act as flood
buffers; they promote nutrient enrichment near the shore by catching fresh sediment, thus
providing rich nurseries and breeding and feeding ground for fish, shellfish and other marine
life, as well as for birds and animals; they are genepools for a great diversity of floral and
faunal species; they act as stabilizers of the shoreline against longshore erosional currents;
they provide fuel (firewood and charcoal), timber, construction poles, thatch, salt, dyes and
tannines, etc. (Maltby, 1986).

Mangrove rice growing began in the middle of eighteenth century in Sierra Leone and
Guinea (CEC, 1992). Traditional cultivation systems are still the most widespread and they
are applied, for example in Senegal (the diola system), Guinea Bissau (the bolanha system),
Guinea and Sierra Leone. The diola and bolanha systems consist of small basins or strips of
land that are surrounded by small dikes. Within these *polders’ the rice is cultivated on ridges.
The tidal rice-cultivation system practiced in the Gambia, Guinea and Sierra Leone consists
of flooded rice cultivation during the seasonat period of fresh-water flows of the major rivers.
The systern is tied to the length of the salt-free period. In order to reduce production risks,
both the salt-free period and the rice variety should be appropriate.

The traditional systems of rice cultivaton have functioned well until persisting droughts
started in 1969. Paired with injudicous interventions these droughts have created hyper-
salinization and acidification of large areas with former potential acid sulphate soils to the
extent that both the mangrove vegetation and the cultivation of rice have been strongly
affected. The most affected zones are mainly in the northern, and drier, part of coastal West
Africa, including Senegal, The Gambia, Guinea Bissau and to some extent Guinea. In the
Casamance alone, Marins (1984) estimated that some 70% of the mangrove area has been
destroyed since 1975.

Interventions taken to alleviate the risks of salinization and acidification bave included
large-scale empoldering as well as the construction of reservoirs and anti-salt barriers, The
lack of knowledge, however, and the mismanagement of the structures te control the
watertable above the pyritic layer, increased the problems rather than solving them.
Consequently, farmers abandoned their rice fields, reclaimed new mangrove lands ouly to
suffer from similar problems, or they moved to adjacent uplands. The shift to the higher, and
steeper, parts of the landscape subsequently increased soil erosion on their fields, and
sedimentation in lower areas. All processes together have yiclded general ecolegical
degradation.

Van Breemen (1993), reviewed the dominant chemical processes involved in chemical
degradation and environmental problems related to acid sulphate soils. Success and failure on
managing such land have been reported by many authors (e.g. Beye, 1973; Vieillefon, 1577,
Marius, 1985, Maltby, 1986, Dent, 1986 and 1992 and CEC, 1992). In spite of this awareness
of the importance and the vulnerability of mangrove ecosystems, however, trial and error
approaches to their development continue to be applied.

Various steps have been taken by national and international institutes and organizations (e.g.
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ISRA, Senegal; OMVG, The Gambia, Senegal and Guinea Bissau; PEC, Guinea; WARDA;

UNESCO; UNEP; IUCN and the Ramsar Convention) to safeguard mangrove ecosystems,

partly under the umbrella of global actions for the preservation of ’wetlands’. The

programmes developed include:

- Conservation programmes focussing on genetic resources because of the importance of
preserving biodiversity, genepools and natural functions of (mangrove) ecosystems;

- Sustainable management of mangrove ecosystems for specified kinds of land use (in West
Africa mainly rice cultivation) in order to limit area expansion, increase yields per unit area,
and reduce shifting cultivation practices in the mangrove areas.

Whatever the strategy for conservation and management of mangrove resources, in order to
help provide a sustainable livelyhood for the coastal communities of West Africa, the
characterization of these ecosystemns forms an essential step. Such characterization can serve
as a baseline for research targetting (Andriesse and Bos, 1994), as well as for site selection
and development of conservation, reclamation and use packages, including, among others,
afforestation, agroforestry and sustainable mangrove rice production. Conversely, proper
characterization will enable the extrapolation of the technologies developed to similar areas
elsewhere. The high spatial and temporal variability of physical and biotic characteristics in
mangrove environments, however, form a real problem for technology transfer, land use
planning and land management. Therefore a multiple-scale approach is developed here, to
characterize the mangrove agro-ecosystems of West Africa. The objective of this chapter,
which focusses mainly on rice agro-ecosystems, is:
- To characterize the West African mangrove ecosystems into macro environments based on
climate and coastal morphology, and to subdivide them accordingly;
- To proceed, at meso level, the zoning according to the variability of hydrology,
motrphology, vegetation complexes and soils within the main coastal landforms; and
- To define micro environments, along the catena or toposequence, according to variations
in relevant soil properties, including (potential} acidity, salinity and drainage class.

Rice production and mangrove conservation are not incompatible objectives. Proper
characterization of the mangrove ecosystems with respect to rice cultivation is needed
however, at different levels of detail for the development of suitable technologies for their
sustainable use. Van Gent and Ukkerman (1993) characterized the different rice-growing
environments for the Balanta system in Guinea Bissau. Sylla et al. (1993) studied the spatial
and temporal variability of soil-related constraints in the tidal rice-cultivation system of Sierra
Leone. So far, however, a comprehensive across-scale characterization of the mangrove
environments is lacking.

CENTRAL CONCEPTS

The approach taken in this study is to combine the most important factors related to the
formation of mangrove ecosystems with those that are relevant for their sustainable
exploitation. Geographic emphasis is on the mangrove ecosystems of West Africa.

The different specific environmental conditions necessary for the formation of mangrove
ecosystems, including acid sulphate soils, have been widely reviewed (Bloomfield and
Coulter, 1973; Chapman, 1976 and 1977; Van Breemen, 1982; Pons, Van Breemen and
Driessen, 1982, Dent, 1986). From these, climate, hydrology, physiography, vegetation and
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soils emerge as the major environmental factors determining the conditions and processes in
mangrove ecosystems. They are discussed in the sections below.

Climate

Climate plays an important role in soil formation in general: the rate of weathering of rocks
is directly determined by the temperature; leaching processes are governed by the volume of
water passing through the soil, which is mainly a function of rainfali; and evaporation and
capillary rise of groundwater in dry climates may cause salinity to build up at, or near, the
soil surface. Also, high evaporation in dry climates causes stronger ripening (i.e. the
irreversible extraction of water from fresh, unripe sediment) and at a faster pace than in
humid zones,

Another effect of climate is through its influence on organisms, and particularly on
vegetation. Physiclogical processes are generally determined by temperature, radiation, rainfali
and evaporation. This applies to the synthesis of organisms (plant growth and crop
performance), as well as to decomposition and subsequent mineralization of organic matter.

Climate, or rather seasonality of precipitation, affects the discharge and, thus, the
sedimentation regimes of rivers. In turn, these have an effect on physiography: in per-humid
climates river discharges are generally continuously high, creating less pronounced
physiographic differentation than under alternatingly wet and dry seasons. Lastly, precipitation
co-determines the need for, and possibilities of, water management in agricultural systems.

At the macro-level of this agro-ecological characterization the concept of Length of
Growing Period as developed by FAO (1978) is adopted: it is defined as the continuous
period in which precipitation is more than half the potential evapotranspiration (P > %ET),
plus a number of days required to evaporate an assumed 100 mm of water stored in the soil
after the rains have ceased. The growing period must exihibit a distinct humid period during
which the precipitation exceeds the evapotranspiration (P > ET,).

In West Africa, the main agro-ecological zones can be broadly described by the length of
their growing period and related prevailing vegetation complexes: the Sahel, the South-Soudan
Savanna, the Guinea Savanna and the Equatorial Forest zones (Andriesse and Fresco, 1991;
Windmeijer and Andriesse, 1993; Table 1). These zones stretch from north to south, in more
or less parallel bands across the region. Figure 1 shows their distribution as well as the
occurrence of the major mangrove ecosystems within them. It should be noted that within
these agro-ecological zones, the coastal parts along the Atlantic Ocean {i.e. from Senegal

Senagal . e !
Gambia
Guinea Bissau

Guinea ———" S/
Sierra Leone ; o

Liberia

W//% Mangrove ecosystems

Fig. 1  Major agro-ecological zones and Jocation of mangrove ecosystems in West Africa.
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Table 1 Main characteristics and extent of the major agro-ecological zones in West Africa,

Agro- Growing period Annual rainfall No. of Rainfall Temperature ET, Area of

»
Ecological {doys) {mm) months patteria (°C) (mmfyr} Mangroves
Zove: P>200 mm {1000 ha)
Sabel <90 < 550 0 monemodal Tmax: 42 > 2000 50

Tmin: 12
South-Sudan 90-165 550-1000 -3 ‘mencmodal Tmax: 33 1500-2000 500
Savanna Tmin: 15
Guines 165-270 1000-1500 3-5 meao / Tmax: 33 1000-1500 750
Savanoa bimodal Tmin: 17
Equatorial > 270 > 1500 =5 {pseudo-) Tmax: 36 < 106G 20350
Forest ‘bimodal Tmin: 21

of the rains corresponds with that defined for the various agro-ecological regimes, the lengths
of the growing periods in these (wetter) parts of West Africa remain the same and, from an
agricultural point of view, no adjustments are necessary.

Hydrology and tidal regime

By nature of their origin, mangrove ecosystems occur exclusively in the intertidal zones of
coastal wetlands. Coastal wetlands comprise deltas, estuaries, littoral zones and lagoons.

Deltas are formed where rivers, carrying large volumes of suspended load, flow into the
oceans. Where the stream velocity suddenly drops the suspended material is deposited. This
sedimentation is enhanced by the saline sea water which breaks up the flocculent masses of
fine particles. In West Africa, a typical delta is formed by the Niger river, showing a
characteristic sequence of fresh-water swamps in the upstream part -which is subject to
seasonal flooding-, saline mangrove swamps in the lower part -subject to tidal flooding-, and
a complex of sandy beach ridges along the coastal fringe (Faniran and Jeje, 1983; Figure 2).

Estuaries are funnel-shaped river mouths, characterized by a tidal sedimentation regime.
Sediment supply relative to river discharge, is low. Salt marshes occur along the sides of the
estuary, and intertidal mudbanks and islands in the centre. The proportion of these banks and
islands increases headward in the estuary (Allen, 1970a; Figure 3). A good many West
African rivers have an estuarine mouth, e.g. the Gambia river, the Casamance (in Senegal},
the Geba and Cornbal rivers (Guinea Bissau), the Great and Little Scarcies rivers (Sierra
Leone) and the Cross river (Nigeria). Based on the salinity regime, two types of estuaries can
be distinguished: the normal estuary, characterized by a decrease of salinity gowing upstream
during the rainy season (e.g. the Gambia and Geba rivers), and the inverse estuary
characterized by increasing salinity from the mouth upward (e.g. the Saloum and Casamance
rivers). Within both these estuary types, further differentiation of mangrove ecosystems is
made according to the relative position along the river course; the littoral zone, and the lower,
middle and upper estuary zones respectively. In places where the estuarine mangrove
ecosystemn forms a relatively narrow belt along the cost only, the middle estuarine zone may
be absent. This is the case, for instance, along the coast of Guinea.
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The littoral zones consist of a coastal fringe of mangrove swamps of some 10 to 20 km wide,
which occurs mainly along the coast of Guinea. Locally, estuaries of major rivers cut through
this zone. The littoral zone comprises of tidal mud flats, located at the seaward side of a
complex of parallel, relatively small beach ridges, and a sequence of creek ridges,
backswamps and landward fringes.

Lagoons are longshore tidal sedimentation areas that are usually sheltered from wave action
by protective sand barriers at their outer fringes. Locally, inlet channels cut through these
barriers, to allow for tidal flooding (Figure 4). Typical lagoons occur along the

West African coastline, mainly between Cdte d’Ivoire and Nigeria.

In all these coastal environments, the most important aspects of hydrology in relation to
mangrove ecosystems are the distribution and temporal dynamics of the discharge and
flooding regime of the rivers, and the balance between the seasonal discharge of fresh water
and the tidal propagation of salt water, The latter, which varies strongly according to agro-
ecological zone, largely determines the occurrence of salinization and acidification, For
example, in the Gambia river the tidal amplitude varies from about 170 cm at its mouth, to
some 10 cm 350 km upstream. Even in the dry season, the rate of ebb outflow (0.9 m/s) is
generally faster than the tidal inflow (0.7 m/s), creating a net outflow. Similarly, in the
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Fig. 4 Hydrology and morphology of a coastal lagoon (Allen 1970)
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Casamance, the tidal range is 170 cm at its mouth to slightly over 50 cm at Ziguinchor, some
60 km upstream. Along the Geba river, in Guinea Bissau, the tidal range varies between some
560 c¢m near the coast to 250 cm about 100 km upstream,

In western West Africa, the size of the catchments of the major rivers, coincides largely with
the agro-ecological zones: river basins in the South-Sudan Savanna zone are mostly (very)
large relative to the catchments in the Guinea Savanna zone. The Gambia river, for example,
in the South-Sudan Savanna zone, has a catchment area of some 42,000 km?, whereas the
catchments of the Geba, Kogon, Fatala and Konkouré in the Guinea Savanna zone are
between 10,000 and 15,000 km®, Similarly, in the (western) Equatorial Forest zone the
catchments of the Little and Great Scarcies rivers are 7,000 and 10,000 km® respectively,
which is small in comparison to Sassandra, Bandama, Volta, Niger and Sanaga rivers, further
east.

This difference in catchment area, of course, affects total river discharges and discharge
patterns, but not proportionally: larger rivers cut across different agro-ecological zones,
catching different amounts of rainfall along their courses. The Niger river is perhaps the most
outstanding example of this phenomon, particularly as, in central Nigeria, it joins with another
giant, the Benue.

In Table 2, tidal flooding classes as applicable to the mangrove environments of West
Africa are described according to the intensity of the floods. Main vegetation complexes
occurring in the different flooding zones are also given.

Phystography and pioneer vegetation

In West Africa, as elswhere in the tropics, the characteristic vegetation of intertidal swamps
is mangrove forest. This characteristic vegetation complex extends over the tidal zone between
mean sea level and mean high-water springtide. Closest to the sea, in areas which are flooded
daily, Rhizophora racemosa and Languncularia racemosa occur and, particularly in the
Guinea Savanna and Equatorial Forest zones R, harrissonii. Tall rhizophora trees (R.
racemosa and R. harrisonii prevail along the creek ridges and levees. Landward, and mainly
in the backswamps Rhizophora mangle, Avicennia africana or, in the Guinea Savanna zone,
A, nitida' gradually take over. Rhizophora species are characterized by their downward-
poking stilt roots, avicennia trees by their pneumatophores sticking-up from the mud. Nypa
fruticans is a palm species typically occuring in the mangrove forests of Nigeria, Cameroon
and Gabon.

Higher still, on less-flooded parts of the landscape (higher backswamps and temraces)
herbaceous species take over, like Paspalum vaginatum, Sesuvium portulacastrum, Philoxerus
vermicularis, Heleocharis spp. and Acrostichum aureum. Phragmites and Echinochloa spp.
occur in positions where salinity is low or absent. In areas of high rainfall (i.e. Equatoriat
Forest zone) lowland rainforest or swamp forest may succeed in the highest parts of the tidal
zone and beyond, on the adjacent uplands. In the drier Guinea Savanna zone, vegetation
growth is restricted by salinity that develops on the higher tidal flats. This reaches extremes

! confusion exists ameng betanists whether Avicennia africana and A.

nitida are different species (Walsh, 1974). As in most studies of West
African mangrove systems these species are recognized to occupy
different habitats, this view is adhered to in the present paper.

26



particularly in the South-Sudan Savanna zone, where these flats (local, francophone name
*tannes’) are bare and hyper-saline (Chapman, 1977; Marius, 1985; Dent, 1986; Langenhoff,
1986; Sadio, 1991}. Table 2 shows the distribution of the vegetation complexes in relation to
tidal flooding classes.

The role of pioneer vegetation as a source of organic matter in the process of pyrite
formation has been studied extensively. Reviews have been given, among others by
Bloomfield and Coulter (1973), Van Breemen (1976 and 1982), Pons et al. (1982), Dent
{1986), and Langenhoff (1986). For West Africa such studies were carried out by Diop et al.
(1993) and by Tomlinson (1957), Hesse (1961}, Jordan (1964), all in Sierra Leone, by Giglioli
and Thomton (1963) in The Gambia, Kawalec (1977) in Guinée, and Vieillefon (1977) and
Marius (1985) in Senegal.

The type and distribution of the mangrove vegetation can be a clue to segregate zones of
high and low potential acidity. As indicated in many studies, Rhizophora species, having a
dense, fibrous root system, tend to be associated with high contents of soil organic matter
whereas Avicennia species, having a root system that is much less dense, produce less organic
matter. The presence of organic matter in waterlogged, saline sediments stimulates the
accumulation of pyrite (FeS,). The latter is the main source of sulphate acidification, if the
sediments are drained. Therefore, indirectly vegetation co-determines the levels of potential
acidity in coastal wetlands. The rate of sedimentation and accretion of the coast is an
important factor in pyrite accumulation. If the coastline advances slowly, the mangroves may
prevail over a long period, and conditions for pyrite formation are favourable (Pons et
al.,1982).

It is also known that vegetation distribution generally follows the salinity level of the soils.
Highly saline soils are generally occupied by Avicennia species which have a higher tolerance

Table 2 Tidal flooding classes and prevailing vegetation in West Africa

Tidal Number of consecutive  Main vegetation
flooding  days without tidal
class flooding
1 0-10 Rhizophora racemosa, R. harrissonii (in Guinea Savanna and Equatorial

forest zones mainly), Laguncularia racemosa

2 10-110 Rhizophora racemosa, R. Harrisonii (in Guinea Savanna and Equatorial
Forest zones mainly), R. mangle, Avicennia africana, A. nitida (in
South-Sudan Savanna zone), Languncularia racemosa, Conocarpus
erectus, Nypa fruticans (in Nigeria, Cameroon and Gabon only)

3 110-160 Avicennia africana, A. nitida (in South-Sudan Savanna zone),
Conacarpus erectus, Nypa fruticans (in Nigeria, Cameroon and Gabon
only), Raphia spp., Sesuvium portulacastrum, Philoxerus vermicularis,
Heleocharis spp., Paspalum vaginatum, Acrostichum aureum

4 160-360 Sesuvium portulucastrum, Philoxerus vermicularis, Heleocharis spp.,
Paspalum vaginatum, Acrostichum aurenm; or bare hyper-saline flats
(particularly in South-Sudan Savanna zone, and in *dry comridor’ of
Ghana-Benin)

5 > 360 (Open) woodland savamna, derived savanna, lowland rainforest, swamp
forest, depending on agro-ecological zone and setting

Tevel iup 10 75 m§7cmi than rﬁlzopﬁora mangroves iup o 40 mS/cry, ﬁ_ﬁ, fﬁﬁﬁ; Mitsch and
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Gosselink, 1993). Thus, the distribution of the various vegetation complexes in coastal
wetlands river basin can help detect sub-zones of different salinity.

Catenary sequences of land elements

All along the course of the main rivers, soil salinity and acidity are strongly determined by
the topographic position along the catena. This topography in itself, is a derivative of climatic
conditions, and of flooding and sedimentation sequences: during periods of high river
discharges and at high tides, riverbank overflow causes sedimentation. The coarsest particles
are deposited first, at relatively high velocities of the flood water, and they form the levees
and creek ridges nearest to the river and creek beds. Finer particles are transported beyond
the levees and deposited, at low strearn velocities, in the basins or backswamps further inland.
The low topographical position of these backswamps may be enhanced by subsequent
subsidence once the floods recede. Quite commonly within the backswamps, lower and higher
parts may be distinguished, having height differences of some 50-100 cm. Further away from
the riverbed, higher river terraces may occur as remains of former sedimentation periods.
Such terraces have been described to occur along the Gambia, Casamance and Corubal rivers,
where height differences may be up to 150-200 cm (Thomas et al, 1979; Marius, 1985;
DREI, 1988).

Soils

The soils in mangrove environments are relatively young, alluvial soils with little profile
development. They are formed in marine (tidal sea deposits) or fluviatile sediments (tidally-
influenced river deposits). Locally, soils have developed from organic materials (peats and
mucks), or from eolian deposits (dunes). Both, marine and fluviatile sedimentation processes,
which are still active over most of the mangrove environments, cause soil differentiation in
lateral as well as in vertical direction. Lateral differentiation results, for example, in the
formation of generally lighter-textured soils on creek ridges and levees where, at the time of
sedimentation, water velocities were relatively high. Finer-textured sediments are deposited
in calmer environments, farther away from the main rivers or creeks, such as the backswamps,
Coarse sands may occupy point bars of river systems and beach ridges, where deposition took
place from fast-flowing water or under influence of strong waves. Dunes that have formed
locally on the beach ridges are generally fine-sandy.

Vertical textural differentiation, or stratification, is caused by periodic changes in water
movement like seasonal and tidal floods or changes in the river course. Naturally, with an
increasing height of deposition, floods become shorter and the flows slower. If such a system
is not disturbed, the particle size of the deposits decreases gradually in upward direction in
the profile.

Soils in mangrove ecosystems are obviously Iow-lying and they are subject to tidal and
seasonal flooding by the sea and by river bank overflow, Soil drainage is generally restricted.
Even though they occupy higher positions in the landscape, soils of the levees and creek
ridges are mostly moderately-well drained at best. Soil drainage in the backswamps is poor
to very poor. Under saturated conditions reduced iron compounds, which are easily soluble,
prevail in the soil. They give rise to the bluish and greenish grey colours characteristic of the
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{very) poorly drained soils in the backswamps. In soils with better drainage (e.g. on the levees
and creek ridges), ferric iron compounds are formed. These are non-soluble and they cause
yellowish brown and reddish soil colours. Alternating conditions for oxidation and reduction
cause both, grey and brown/red colours which are usually mottled. In poorly and imperfectly
drained soils in arid and semi-arid conditions salinity can build up at or near the soil surface
due to evaporation and the capillary rise of saline groundwater.

Profile development in soils of mangrove environments is mainly confined to physical
processes like soil ripening and subsequent structure formation, shrinkage and subsidence, and
desalinization, and chemical processes like oxidation (change of colour and acidification),
and decalcification.

Physical ripening is the process of water extraction from newly deposited sediments. This
dehydration can be due to drainage, evaporation, or water uptake by plant roots. Fresh, soft
sediment is unripe. If, eventually, it has developed into firm material, the soil is called ripe.

A specific chemical process that may occur in marine sediments, is the oxidation of pyrite
(FeS,) to sulphates and sulphuric acid (H,SO,). This may cause extreme acidification in what
is referred to as acid sulphate soils. Pyrite can be formed microbiologically in sediments,
under conditions of flooding with saline or brackish water, and in the presence of large
amounts of organic matter. The latter are associated particularly with Rhizophora spp. and,
to a lesser extent, with Avicennia spp. and reeds (Phragmites spp.). Under strongly oxidizing,
severely acid conditions, jarosite (KFe4(S0,),(0OH),) is formed from oxidizing pyrite. Jarosite
precipitates as straw-yellow mottles, pore fillings and coatings, characteristic of young acid
sulphate soils. Soils containing pytite, and which have not yet acidified, are called potential
acid sulphate soils.

{Potential) acid sulphate soils are problem soils, If oxidized, toxic amounts of aluminium,
hydrogen, manganese and ferric-iron prevail at low soil pH. This, together with the resulting
low availability of phosphorous, restricts and inhibits plant growth, Root development may
also be affected if acid layers occur at shallow depths in the soil. This may not only cause
water stress to crops but also restricts further ripening of the soil. Under flooded conditions
(e.g. in rice fields or in fishponds), toxic levels of ferrous-iren, hydrogen sulphide and carbon
dioxide prevail.

Table 3 provides a simplified and schematic overview of the main soils of mangrove
ecosystems according to the classification system of the USDA Soil Taxonomy (SSS, 1992).
The classification names shown in this table are used in the descriptions of the mangrove
ecosystems in the subsequent sections. Wherever relevant further distinction has been made
upto the subgroup level of classification. In a few cases, use has been made of proposals by
Pons et al. (1986) for the improvement of Soil Taxonomy as for better classification of acid
sulphate soils.

CLASSIFICATION MATRIX FOR MANGROVE AGRO-ECOSYSTEMS

All the factors discussed in the previous sections are included in the classification matrix
for mangrove environments of West Africa as shown in Figure 6. The matrix takes the format
of a hierarchical framework. Rainfall and evapotranspiration (length of the growing period)
figure at the highest level of distinction, followed by coastal morphology, being the resultant
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of the combined effect of saline or brackish tidal-water movement and seasonal fresh-water
river discharge. Together these exert a profound effect on the microtopography and on the
composition of the vegetation complexes, and, therefore, on the formation of pyrite and the
flushing of dissolved alkalinity formed during pyrite formation,

All the above factors are interrelated and the plethora of their possible combinations
accounts for the characteristic extreme spatial heterogeneity of mangrove ecosystems. Such
a variability can not be absorbed in any practical classification system. Therefore the present
attempt can only be used as a broad outline which, at the same time, allows flexibility for the
identification of individual mangrove environments.

Rice can be grown in a limited number only of the mangrove agro-ecosystems shown in
Figure 6. A practical classification of rice-growing environments should consider only those
environments where conditions for sustainable rice cultivation are feasible and compatible
with the objectives of environmental protection. The matching between the potential for, and
the confraints to rice cultivation with envirgnmental conservation issues is discussed in the
next section,

MAIN MANGROVE RICE-GROWING ENVIRONMENTS
The South-Sudan Savanna zone

The South-Sudan Savanna zone has a growing period of 90-165 days, which occurs from
May/July through September. Along the western coast of West Africa, where this agro-
ecological zone occurs, total annual rainfall increases from some 600 mm in Les Niayes,
north of Dakar, to 1100 mm in The Gambia, and 1500 mm in the Casamance. Total potential
evaporation varies between 1500 and 2000 mm/yr.

This zone comprises the estuaries of Siné-Saloum and of the Gambia and Casamance rivers.

Estuarine environments
The estuaries in the South-Sudan Savanna zone can be subdivided into three agro-ecological
units, the lower, middle and upper estuary, according to the distance from the sea:

The lower estuary occurs near the river mouth and has dominant marine influence, which is
characterized by strong tidal action, and by high salinity levels throughout the year. The
vegetation in the backswamps is predominantly Avicennia africana and some Rhizophora
mangle. Narrow fringes of Rhizophora racemosa, Laguncularia racemosa and some R. mangle
border the rivers and creeks. Levees and creek ridges may be bare and hyper-saline (tannes).
Halophytic herbs including Sesuvium portulacastrum, Paspalum vaginatum and Heliocharis
spp., and the fern Acrostichum avrewm occupy higher places in the landscape, i.e. the higher
backswamps and the terraces. Locally both the latter are bare and hyper-saline (tannes).
The soils of the creek ridges and the levees are generally Sulfaquents and Fluvaquents.
They may have surface layers consisting of newly-deposited sediment of variable depth, with
low contents of pyrite. Where these layers exceed 50 cm in depth, the soils are classified
Sulfic Hydraquents (Pons et al., 1986). For instance at the mouth of the Casamance these
layers can be important in terms of their thickness, which may be more than 80 cm. Soils in
the lower backswamps are Sulfaquents, Hemists and Fibrists (peats) and Hydraquents. The
soils of the backswamps have clayey textures, except in the Siné-Saloum, where surface
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layers are generally sandy (Marius, 19835; Sadio, 1991). On the higher backswamps and the
terraces, where drainage is better and soils may have acidified, Sulfaquepts and Tropaquepts
occur in intricate patterns. In the Casamance, Typic Tropaquepts prevail on the higher
backswamps and the terraces, as opposed to the situation along the Gambia river where most
of the soils are acidic (Sulfaquepts and Sulfic Tropaquepts; Marius, 1985). The main soil
limitations are salinity and soil acidity in the levees and backswamps. Desalinization of the
soils occurs during the rainy season but only at topographically-higher ground: the higher
backswamps and the river terraces. Generally the creek ridges and levees as well as the lower
backswamps, which are flooded daily to monthly by tidal action, remain saline throughout the
year.

Rice is cultivated mainly on the saline and potentially acid sulphate soils in the lower
backswamps, and at slightly elevated parts of the landscape, if the lenght of the ’salt-free
period’ is greater than the rice varietal duration and if the transplanting date is adequate. The
salt-free period is defined as the period in which soil salinity levels are relatively low
(ECe < 8 mS/cm). The rice is grown under rainfed conditions in polders. This system is
known as the diola system’ in the Casamance, and as the "bolanha system’ in Guinea Bissau.
Average rice yields are between 80( and 1200 kg/ha. Water management is required in terms
of timely drainage to flush the salts and acids that have accumulated in the polders during the
dry scason. Naturally, proper maintenance of the polder dikes is required.

The middle estuary has marked, seasonal salinity levels. The mangrove vegetation in this
unit is generally more luxuriant with a wider fringe of rhizophora along the levees followed,
landward, by bands of avicennia and halophytic herbs. On the higher parts the vegetation
gives way to bare tannes.

Soils on the levees have a relatively high potential acidity (Sulfaquents). In the backswamps
however, potential acidity is less, either because of the lower content of pytite-S, or because
the pyritic layers appear deeper in the soil profile {Sulfaguents, Sulfic Tropaquents, Sulfic
Fluvaquents and Hydraquents}. Sulfic Tropaquepts prevail in the higher backswamps, whereas,
similar to the conditions in the lower estuary, soils on the terraces are generally Typic and
Sulfic Tropaquepts.

Rice is cultivated on all parts of the toposequence. Soil salinity is a minor limitation when
late transplanting is practiced. Acidity of the soils, as well as that of the surface water, can
affect rice production. Two systems of rice cultivation are found in this area: the rainfed
polder system, as described above, and tidal swamp rice. The latter makes use of fresh-water
flooding caused by the tides during the rainy season. With the tides, the water is allowed into,
and drained from, small basins which may be surrounded by small dykes (e.g. in the
Casamance). In The Gambia this system is practised without such small protective dykes. The
rice is transplanted late (i.e. end of August) so as to allow sufficient leaching of salts and
acids prior to transplanting. Yields vary from 800 to 2200 kg/ha.

The upper estuary is characterized by low salinity levels in the case of normal estuaries, and
by hyper-salinity in inverse estuaries. In normal estuaries, rhizophora is bordering the river
levees, whereas reeds are dominant in the lower backswamps (Phragmites spp.) and in the
higher backswamps (Phragmites spp. and Echinochloa spp.). On the terraces, where salinity
and acidity are less prevalent, (open) woodland savanna forms the main vegetation. The
extreme salinity occurring in inverse estuaries has killed most of the rhizophora along the
levees. Locally the rhizophora is now being succeeded by avicennia and halophytic grasses.
Bare tannes are abundant.
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Soils are generally less acid than in the mid-estuary. In the levees and low backswamps
pyritic layers may occur deeper in the soil profile (Sulfic Hydraquents and Sulfic
Fluvaquents). In the higher backswamps soils are partly acidified (Sulfaquepts and Sulfic
Tropaguepts). Aeric and Typic Tropaquepts, not having potential or actual acidity, prevail on
the terraces.

In normal upper esmaries, tidal swamp rice is cultivated from the high backswamps upto
the fringe of rhizophora bordering the levees. In inverse estuaries, dykes are built along the
river to minimize saline water intrusion, and rice is transplanted on ridges. Generally, yields
are high in normal estuaries (2500-3000 kg/ha), and low in inverse estuaries (500-800 kg/ha).

The characteristics, limitations and potentials of the mangrove ecosystems in the estuarine
environments of the South-Sudan Savanna Zone are summarized in Table 4.

The Guinea Savanna zone

In the Guinea Savanna zone the growing period extends over 165-270 days. In the western
coastal part of this zone, total annual rainfall is high, ranging from 2000 mm at Bissao, to
over 3500 mm at Conakry. Along the southern coast, rainfall is relatively low, ranging
between 1000 and 1500 mm/yr in the so-called *dry corridor’ of Ghana, Togo and Benin (see
Figure 1). In the west, rainfall distribution is monomodal: rains fall from May through
October/Novemnber mainly. In the dry corridor the pattern is bimodal: rainy perieds occur
from April through July and from September through October. The total potential evaporation
is between 1000 and 1500 mm per year.

This agro-ecological zone comprises the estuaries of major rivers in Guinea Bissau and
Guinea, the littoral mangrove zone of Guinea and the lagoons of Ghana, Togo and Benin.

Estuarine environments

The estuarine environment in the Guinea Savanna zone can be divided into two agro-
ecological units: lower and upper estuaries. As opposed to the estuaries in the South-Sudan
Savanna zone, a middle estuary is lacking in the Guinea Savanna zone. This is mainly
because the estuaries in this zone are relatively short (some 40 to 80 ki) compared to those
in the South-Sudan Savanna zone (100-250 km).

Because of the relatively high tidal amplitudes prevailing in this environment {e.g. up to 250
cm at Conakry), saline water intrusion during the dry season is widespread. In the rainy
season, however, river discharges are high, causing a rapid decline of salinity levels in the
rivers and creeks. In the Melakorée river for example, the water in the mouth of the estuary
contains approximately 35 g/l of salts, and the salt content decreases to values below 10 g/l
within 50 to 70 km upstream (Diop, 1991).

The lower estvary is predominantly a marine environment where river salinity levels are
comparable to sea water. Along the creek ridges and levees the vegetation is mainly
Rhizophora harrisonii with some Laguncularia racemosa, R. racemosa and Avicernia nitida.
In the lower backswamps R. harrisonii is dominant. In the higher backswamps the latter is
gradually replaced by A. nitida, followed by Paspalum vaginatum, Philoxerus vermicularis
and Sesevium portulacastrum.

The soils are generally Sulfaquents on the levees and in the lower backswamps, which are
flooded daily. Potential acidity levels, however, are generally low. Sulfaquepts prevail in the
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slightly elevated, and better drained, higher backswamps. Soils on the terraces are mainly
Tropaquepts. Actual acidity, if formed, seems to create less problems than in the South-Sudan
Savanna zone. Higher rainfall in the Guinea Savanna zone may contribute to this (CEC,
1992).

Tidal rice cropping is practiced in the rainy season on cleared mangrove land that is flooded
daily with fresh water. In the 1980°s, several anti-salt barriers have been constructed in the
tidal creeks of Guinea Bissau, to minimize the intrusion of saline tidal water. As stated before,
so far these have not shown to be succesful.

In the upper estuary, soil salinity is not a major limiting factor for rice production.
Rhizophora harrisonii is dominant along the levees and in the lower backswamps, whereas
Avicennia nitida prevails in the higher backswamps, followed by reeds (Phragmites spp.
mainly) on still higher ground (i.c. the higher levees and terraces). Locally, the terraces as
well as the higher backswamps may be bare and hyper-saline in the dry season. Where
salinity is absent, gradually (woodland) savanna vegetation becomes dominant. The soils of
the levees are Sulfaquents, Hydraquents and Fluvaquents mainly. Sulfaquents, Hydraquents,
Sulfihemiists and Tropfibrists prevail in the lower backswamps, whereas Tropaquepts and
Sulfaguepts occur in the higher backswamps. Main soils on the terraces are Tropaquepts.

Tidal swamp rice is practiced exceptionally, mainly because of labour shortage in this area
of low population density. Nevertheless, potential rainfed paddy adjacent to the mangrove is
suitable for rice production.

Table 5 summarizes the characteristics, limitations and potentials of the mangrove ecosystems
in the estuarine environments of the Guinea Savanna zone.

Littoral environments :

The litteral environment consists of a zone of mangrove swamps of some 10 to 20 km wide,
mainly along the coast of Guinea. Locally, estuaries of major rivers (e.g. the Xandiafara,
Konkouré and Forécariah rivers) cut through this zone.

The littoral zone is under the direct influence of the sea. It comprises of tidal mud flats,
which occur mainly on the seaward side of a complex of parallel, relatively small beach
ridges, and a sequence of creck ridges, backswamps and landward fringes, bordering the
coastal uplands, The main vegetation on the mud flats is Avicennia nitida, with some
Laguncularia racemosa, but large parts are bare. Mixed forest, including coconut trees, thrives
on the beach ridges, whereas Rhizophora harrisonii, Laguncularia racemosa and R. racemosa
together with A, nitida form bands of dense vegetation along the creek ridges. Towards the
backswamps Avicennia nitida remains dominant, though in complexes with halophytic herbs
such as Paspalum vaginatum, Sesuvium portulacastrum and Philoxerus vermicularis. The
latter also colonize the landward fringes, together with Heliocharis and Cyperus spp..

The soils of the mudflats show only little accumulation of organic matter and pyrite, mainly
because they have been formed under conditions of quick sedimentation. As a consequence,
they do note pose serious acidification problems upon drainage (Hydraquents and some
Sulfaquents; Kawalec, 1977). Locally, peat soils occur in the mud flats (Sulfihemists,
Tropofibrists, Histic Sulfaquents; HARZA, 1969), The mudflats are flooded daily, with the
tides. The beach ridges, emerging some 1-3 m from the mudflats up till above mean high-tide
levels, mainly comprise fine-sandy soils (Tropopsamments and Psammaquents). Soils of the
creck ridges contain pyritic layers, but generally at greater depths in the profile (Sulfic
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Hydraquents, Sulfic, Aeric Tropic and Typic Sulfaquents). Soils in the backswamps have high
potential acidity, although not as high as in the South-Sudai Savanna zone (Typic and Haplic
Sulfaquents, Sulfic Hydraquents}). The backswamps also include peats and peaty clays
(Sulfohemists, Tropofibrists and Histic Sulfaquents). The landward fringes comprise soils that
have formed from quickly deposited sediments which are generally low in pyrite contents
(Tropaquepts and Endoaquents, some Sulfaquepts and Suifaquents)., The littoral zone is
affected by severe coastal erosion. This is caused by strong long-shore currents which pass
much closer to the coast than in the South-Sudan Savanna zone, due to a much narrower
continental shelf oft the Guinean coast.

In the mudflats, rice is cultivated, in the rainy season in small polder-like bunded fields,
from which the heavy rains have flushed the salts. Rice yields are relatively high, up to
2500 kg/ha, but the cultivation is labourious. Rice cultivation is much easier, and much more
common, on the landward fringes where salinity and (potential) acidity are less. Here, rice
is cultivated in free draining-fields, from which any salts are flushed by rainwater or by fresh-
water tidal floods, at the start of the cropping season. As the soils in this part of the littoral
zone are older and, therefore, less fertile than in the mudflats, rice yields are somewhat lower
(1500-2000 kg/ha).

Table 6 summarizes the characteristics, limitations and potentials of the mangrove ecosystems
in the littoral environments of the Guinea Savanna zone.

Lagoon environmenis

The lagoons in the Guinea Savanna zone form narrow discontinous coastal strips along the
coast of Ghana, Togo and Benin. These are protected from the sea by sandy beach ridges. In
general, the connections to the sea, in between the beach ridges, are narrow. The *Bouche du
Roi’ for example, in Benin, forms such a connection which is only 500 m wide. These narrow
connections reduce the effect of tidal flushing on the formation of pyrite. This may be the
reason why, in general, potential acidity of the soils in the tidat flats of the lagoons is low.
Distinction is made, mainly according to the prevailing vegetation complexes, into lower and
higher tidal flats. Soils in the lower tidal flats, which are daily flooded, are mainly (Sulfic)
Hydraquents and Sulfaguents. Locally, peats may occur (Hemists and Fibrists). The higher
tidal flats are flooded only during spring tides. Soils, therefore, are better drained and slightly
acidified (Sulfaquepts, Tropaquepts and Sulfaquents).

The vegetation sequence landward from the beach ridges (which are mostly bare), shows
a band of Rhizophora racemosa followed by R, harrisonii and Avicennia nitida in the lower
tidal flats, whereas the higher tidal flats are colonized by halophitic grasses (e.g. Paspalum
vaginatum, Sesuviumn portulacastrum, Acrostichum aureum), or it is turned into tannes.
(Potential) acidity being relatively low, soil salinity is the most limiting factor for rice
production. Only a few large tracts of rice fields occur in Ghana, mainly in association with
salt extraction plans.

Table 7 summarizes the characteristics, limitations and potentials of the mangrove ecosystems
in the lagoon environments of the Equatorial Forest zone.

The Equatorial Forest zone

The length of the growing period in the Equatorial Forest zone is more than 270 days. Total
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annual rainfall is high, particularly along the western coast of West Africa (Sierra Leone:
2500-3000 mm/yr, mainly failing between May and November) and along the Gulf of Guinea
(Nigeria, Cameroon: 3000-4500 mm/yr). In the latter zone rainfall distribution is bimodal: the
rains occur from March through July and from September through October/December. In
between these blocks of very high rainfall, climatic conditions are drier. Total annual rainfall
is about 2000 mm in Abidjan, and 1500 mm in Lagos. The distribution is (pseudo) birodal,
as the rains fall from March through November, with a slight dip between July and
September, Due to higher cloudiness in the Equatorial Forest zone, total evaporation is less
than in the South Sudan and Guinea Savanna zones: it ranges between 800 and 1000 mm/yr.
As rainfall exceeds the evaporation by far, salinity beyond that of the sea water is a minor
problem only at the beginning of the rainy season.

This agro-ecological zone comprises a number of mangrove ecosystems, including the
estuaries of Sierra Leone, Cameroon and Gabon, the lagoons of Cdte d’Ivoire and the Niger
delta.

Estuarine environments
Estuarine environments in Sierra Leone include those of the Great and Little Scarcies rivers,
the Rokel and Sewa. As the tidal amplitude along the coast of Sierra Leone is high, (e.g. up
to 3 m at Freetown) saline water intrudes far upstream during the dry season. In the rainy
season, a net fresh-water outflow pushes this saline water beyond the river mouth, thus
allowing rice cultivation on the estuarine lands. The Cameroon estuaries comprise thase of
the rivers Akpra, Yafe Ndian, Lokele and Meme, the Cameroon estuary and at the mouth of
Nyong, Lokoundje and Nitem. As, due to the convergence of oceanic currents in the Gulf of
Guinea, sedimentation rates along the coast are high, sediments near the mouth of the
estuaries tend to contain relatively little pyrite. The tidal amplitude is up to 3 m. In Gabon,
estuaries occur near the mouths of the Muni, Mondah and Komo rivers. The tidal amplitude
near Libreville is up to0 2 m.

The estuaries of the Equatorial Forest zone can be subdivided into two ccologies, similar
to those in the Guinca Savanna zone: the lower and upper estuaries.

In the lower estuaries, Rhizophora harrisonii and R. racemose occupy relatively narrow
fringes along the levees and creek ridges, whereas Avicennia africana occurs landward in
wide bands in the backswamps. Small tannes develop locally on higher backswamps in the
dry season. Further upstream Rhizophora harvisonii occupies much wider bands in the
backswamps while Aviceania gfricana is less important. Towards the higher positions in the
estuary (higher backswamps and terraces) Paspalum vaginatim and other halophytic herbs
take over. Phragmites spp. prevail on terraces in the upper estuaries,

Soils in both the lower and upper estuaries are generally potential acid sulphate soils
(Sulfaquents). Pyrite contents, however, are much higher in the upper estnaries than in the
lower stretches. Also, in the levees and creek ridges, potential acidity is less than in the
backswamps. Peats occur in the lower backswamps (Hemists, Fibrists). Acidification has taken
place in the soils of the higher backswamps and some of the terraces, particularly in the upper
estuaries. These soils are classified as Sulfaquepts and (Sulfic) Tropaquepts.

Tidal swamp rice cultivation is widespread in Sierra Leone. It is rare however in Cameroon
and Gabon. This may be attributed to lower land pressure and different food preference in
these countries. As stated before, salinity at the beginning of the rainy season may be a
limitation to rice cultivation. Soil acidity, however, forms the main limitation, and more so
in the upper estuaries than downstream. Both, salinity and acidity are more severe in the
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higher backswamps than in the levees. Due to the prevailing high rainfall in this area,
however, the length of the salt-free period matches short- to medium-duration rice varieties.
Yields generally vary between 1200 and 3500 kg/ha.

Table 8 summarizes the characteristics, limitations and potentials of the mangrove ecosystems
in the estuarine environment of the Equatorial forest zone.

The Niger Delia

The Niger delta (20,000 km?, Figure 2} comprises the largest mangrove ecosystem of West
Africa (appr. 10.000 km2). It has three major zones, i.e. the fresh-water swamp zone, the
brackish-water or mangrove zone and the beach ridge complex (Allen, 1970b). Near the
coastline the tidal amplitude ranges from some 300 cm at Calabar in the eastern part of the
delta, to 90 cm at Escravos in the west,

The fresh-water swamp zone does not comprise mangrove ecosystems. It consists of an
extensive and intricate system of river floodplains, including levees and backswamps, and
terraces along rivers that radiate from Onita at the apex of the delta, into the mangrove zone
lower down. It is hxxuriantly colonized by dense swamp forest comprising raphia palms
(Raphia vinifera and R. hookert) and diverse tree species, including mahoganies (Khaya spp.).
Organic debris from this vegetation forms an important part of the sediment accumulating in
the lower deltaic zones.

The brackish-water or mangrove zone comprises an association of estuary-like intertidal
flats including creek ridges and backswamps. Rhizophora racemosa is the dominant vegetation
along the creek ridges. In the lower backswamps Avicennia africana and R. karrisonii take
over, together with nipa palm (Nypa fruticans). On the higher terraces nipa palm and raphia
(R. hookeri), are present as well as herbaceous species like Sesuvium, Philoxerus, Heleocharis
and Paspalum. The soils in this tidal zone are generally influenced by fast sedimentation
rates, in places leading to litfle pyrite having been formed.

Soils of the creek ridges are slightly potentially acid (Hydraquents, Sulfaquents and
Fluvaquents). Potential acidity is somewhat higher in the lower backswamps. Here, soils are
mainly Sulfaquents, or, if they are peats, Sulfohemists. On the higher terraces, acidification
has taken place (Sulfaquepts and Sulfic Tropaguepts).

The beach ridges on the seaward side of the brackish-water zone comprise of a number of
huge beach ridges (up to 10 m high) parallel to the coastline. Locally dunes have formed on
these beach ridges. The vegetation is mixed forest, mainly. Locally coconuts are grown. The
beach ridges are, of coarse, not subject to tidal flooding and they do not present any potential
acidity or salinity danger. The sandy soils, however, are very poor in nutrients
{Quartzipsamments and Tropopsamments).

Rice was introduced in the delta around 1960 in the zone of fresh-water swamps. Potential
and actual acidity levels in the brackish-water zone being relatively low, and rainfall being
high, litle soil constraints to rice cultivation exist. Flooding, however, can be limiting and
flood protection and drainage will be required in order to attain reasonable rice yields.

Table 3 summarizes the characteristics, limitations and potentials of the mangrove ecosystems
of the Niger delta, in the Equatorial Forest zone.
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DISCUSSION
Mangrove ecosystems; heterogeneity and dynamics

Mangrove ecosystermns, occumring in a wide range of climatic and hydrological conditions,
consisting of highly variable soils in topographically different positions, and comprising of
a range of different vegetation species, are very heterogeneous and complex environments,

The system of agro-ecological characterization presented here, deals with this heterogeneity
by means of a multiple-scale approach which characterizes the environments at macro-, meso-
and micro-levels respectively. This is in recognition of the fact that data and characterization
criteria are scale-dependent. Moreover, also the importance of certain variables for agro-
ecological characterization is scale-dependent (Andriesse et al,, 1994), This implies that
multiple-scale characterization involves aggregation of variables when going from large scales
up to smaller ones (i.e. from micro- to macro-level) and desaggregation when going down,
Aggregation is achieved by the replacement of detailed data by average values, class values,
or more general groupings, as for example, in the sequence of land elements (e.g. levees,
lower and higher backswamps and terraces) through parts of estuary systems (lower, middle
and upper estuaries) to the entire estuary, or by the exclusion of variables that are not
considered relevant at a higher level like, for instance, identification at species level of the
vegetation. Desaggregation is done on the basis of insight in the importance of the spatial
distribution of the variables at lower characterization levels. Here, the relationship between
specific types of vegetation and the formation of pyrite serves as an example: certain
mangrove species are known to produce large amounts of organic matter, an essential
component in the pyrite-accumulation process.

Temporal dynamics in mangrove ecosystems are multiple. They act at micro-level {e.g. daily
ttdal flooding), at meso-level {seasonal river flooding and cropping systems) and at macro-
level (periodic changes in rainfall and increasing land pressure). With increasing level of
detail, characterization data refer to increasingly-limited tite frames, as they are collected in
shorter periods of time. As in the case of spatial heterogeneity, this change in time frames is
accommodated in the characterization system by means of aggregation, while going up the
scale ladder, and by desaggregation, while going down. Examples are in the averaging of
rainfall data at macro-level, and that of the general flooding regimes for individual land sub-
elements (e.g. levees, backswamps, terraces) towards broad mangrove zones (e.g. lower,
middle and upper estuaries) and major mangrove ecosystems (e.g. estuaries, deltas, littoral
zones and lagoons).

The value of the characterization

Mangrove environments in West Africa are highly variable. This variability occurs in the
physical as well as in the biotic component of the mangrove ecosystems. Also, the
heterogeneity of both these components is extremely scale-dependent. Even at the lowest unit
of characterization, i.e. the catena, soil properties relevant to aspects of environmental
conservation, land reclamation or rice production, vary greatly.

Dent (1986 and 1992) points out that sustainable development of coastal lands with acid
sulphate soils is possible only by means of integrated approaches of soil, water and crop
management over whole landscapes. Such approaches require comprehensive and structured
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information on the basic natural resources. The combined use, in the present characterization,
of climate, coastal morphology, hydrology, vegetation sequences and the catena concept,
matched, at three levels of detail, with the different environmental conditions necessary for
the formation of acid sulphate soils, provides a logical framework to describe the mangrove
environments of West Africa. In turn, these multiple-scale descriptions provide the
information required to cater for the needs of the various decision-makers and land use
planners to develop scenarios and to implement projects for the reclamation or conservation
of mangrove ecosystems. Also, possible mitigating measures can be drawn from the
characterization, for both the conservation of the ecosystem as well as for their sustainable
agricultural use.

This characterization system also provides a key to the selection of representative sites to
design monitoring and control systems for environmental protection and to develop
technology packages for intensified and sustainable use. Conversely, the stepped
characterization can also be used for the extrapolation of site-specific information to
geagraphically different areas, with similar characteristics. This will greatly contribute to the
optimum use of both natural and financial resources.

Potentials of mangrove ecosystems for rice cultivation

With the danger of acidification lurking, it will be no surprise that many acid sulphate soils
have been wasted by thoughtless drainage or, as is the case locally in West Africa, as a result
of the lowering of the groundwater table, due to extended periods of drought. Broadly, there
are three options for the use of acid sulphate soils:

- Leave as is, especially if alternative land is available for development: mangroves swarmps,
salt marshes and rmud flats have essential ecological functions for example as natural coastal
defense barriers, as breeding grounds for fish and wintering grounds for migratory birds and
for the gathering of natural products;

- Reclaim, but with minimum disturbance in order to prevent, as much as possible, the
oxidation of pyrite: flooded rice cultivation, shallow fishponds (shrimps if tidal water is
available), dryland cropping under (controlled} high water table, forestry and grazing are
possible options;

- Total reclamation aiming at complete drainage and ripening of the land and flushing or
neutralization of the acidity formed.

Because of the overall effect of water management on the behaviour of acid sulphate soils,
any attempt to reclaim them must take into account the interaction between soil, groundwater
and floodwater (Dent, 1992). In this respect, seasonality of rainfall and availability of
irrigation/leaching water largely determine the use possibilities of these soils. If a large water
surplus exists, the main management problem is drainage. Maintenance of a high watertable
(i.e. above the pyritic layer) will prevent, or at least limit, soil acidification. Dry periods, even
as short as some 2-3 weeks, create increasingly severe acid conditions. In such conditions,
water availability for crop growth depends on the thickness of the non-acid/non-pyritic topsoil.
In even drier climates, salinity is an additional, if not the sole, constraint. Here, the situation
is aggreviated by the fact that water for leaching of the salts and acids is scarce,
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Further research

As stated before, elaboration and validation of this system for agro-ecological characterization
of mangrove environments is still needed. After all, the final objective of the system is the
complete and comprehensive characterization and accurate zoning of the mangrove systems
in West Africa. As a first step in validation, queries to respond to questions organized in a
knowledge-based decision-support system as proposed by Dent (1993), can be undertaken
within our framework, to guide coarse land evaluation at different scales. If more information
becomes available, and if questions related to the use of the land, including environmental
conservation and protection of biodiversty, become more specific, this land evaluation can be
increasingly of a quantitative nature. Eventually, fully-quantitative land evaluation, using
detailed characterization and inventory data, linked with model-based studies and geographic
information systems can lead to realistic land use planning, including the analysis of many,
and contrasting, use alternatives.
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Abstract

Spatial variability of soil salinity in coastal low lands results from a complex interaction of climate, river hydrology,
topography and tidal flooding. This study was aiming to determine the significant effects of these causal factors at
different scales in the West African mangrove environment, The driving forces are the penetration of tidal saline
waters and subsequent water evaporation in the flood plain, of which the magnitude is controlled by the causal factors.
A hierarchical framework of the different factors was designed. Four river basins were selected: The Gambia, The
Casamance (Senegal), The Geba (Guinea Bissau) and The Great Scarcies (Sierra Leone), Within each river basin,
three sirips of land (80 m wide, 500 to 1800 m long) perpendicular to the river at different distances from the mouth
were selected. In the dry season of 1991, soil samples were taken from the strips using a 40 by 20 m grid at five soil
depths to be analyzed for salinity. The contribution of the different source of salinity spatial variability was analyzed
with a nested ANOVA. Geostatistics were used to model spatial variability at micro scale. As a result, main
environments at macro scale (between river basins), sub-environments at mese scale (within river basing) and salinity
classes at micro scale (within catena} were defined. Nested regression and geostatistics were found complementary
to disentangle the complexity of the factors influencing salinity spatial variability,

Introduction

Rice (Oryza sativa L.) production in the West African Mangrove zone is limited mainly
by high soil salinity. Many attempts by national and international research institutes to
introduce improved rice production technology failed, partly because of the highly variable
soil salinity. An assessment of this major factor affecting rice production is strongly needed.
The first task in studying soil salinity within this wide region is to understand the major
factors controlling its spatial variability, both over large regions and within the individual rice
field.

Different attempts have been made to classify rivers and soils in West African mangroves
and elsewhere according to their salinity spatial distribution (Por, 1972; Le Reste, 1984;
Wolansky, 1986; Pages and Debenay, 1987; Debenay et al., 1989; and Diop, 1990). Diop
(1990) concludes that after the onset of the drought persisting in the Sahel since 1968, most
of the West African rivers north of the Mellacorée River in Guinea, up to the Saloum River
in Senegal, became more saline than sea water (hypersaline) in the dry season over a
considerable distance upstreamn. Diop (1990} refers to this reverse trend in river water salinity
in confined estuaries as "inverse estuary". Hypersalinity upstream has led to excessive safinity
in about one million ha of land in West Africa (41.9 % of the total area of mangrove soil
in the region) (Diop, 1990). Farmers abandon the most saline rice fields and move to higher,
often sloping, land for cash crops. The intensified use of uplands leads to more soil erosion,
Various local groups (individual farmers, village) and decision-makers (government agencies)
require information at different levels of detail ("site specific management"; regional planning)
which are not provided by a single conventional soil survey.
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Traditionally, pedologists have used climatic zones or soil-landscape units for geographic
differentiation of soil attributes at different scales (Rozov and Ivanova, 1967; French C.P.C.S.
taxonomy, 1967; Hugget, 1975). Micro-variability of soil properties at the scale of individual
fields have been stdied by geostatistical methods (Webster, 1985; Stein, 1991). Stochasticity
in the variability of seil properties is generally recognized and can be used to estimate a
property at a non-visited place, as well as to improve sampling efficiency and aid in decision
making on soil management (Webster, 1985; Stein, 1991; Yates et al., 1993). Yet,
applications of geostatistics to soil salinity are scarce even though saline soils are notoriocusly
variable (Gallichand et al., 1992; Hoogerwerf et al., 1992; and Yates et al. 1993).

The primary goal of this paper was to identify the factors causing soil salinization at
different scales in the West African mangrove zone area, by applying both classical statistics
and geostatistics. We assume that the following two main actions drive soil salinization i) the
penetration of sea water in the estuaries during high tides with subsequent submersion of the
river floodplain and ii) the evaporation of water during low tides. The magnitude of these
processes is controlled by climate, river hydrology, and toposequence. Therefare we consider
the following factors at different scales: i) at the macro-level: gradients in mean annual
rainfall and potential evaporation, ii} at meso-level within a river basin: the proximity of the
river mouth, and iii} at the detail or micro-level: the position along a catena perpendicular to
the river (Fig.1). The approach is illustrated by the hierarchical framework shown in Fig. 2.
To quantify these effects at different scales we applied different statistical methods on a data
set collected for this purpose from a large region in West Africa, comprising the countries
Senegal, Gambia, Guinee Bissau and Sierra Leone.

Material and methods
Study area and characteristics

The study area includes four river basins along the West African Atlantic coast, viz. from
north to south: The Gambia River (Gambia), The Casamance River (Senegal), The Geba River
(Guinea Bissau) and The Great Scarcies {Sierra Leone) (Fig.1). The total area of salt affected
soils in the region is approximately 214,000 ha.

Charcteristics of climate, hydrology, salinity regime, landscape, and soil types are
summarized in Table 1. The main land use in the low-lying alluvial areas was low-input rice
cultivation, Water management for controlling salinity involves hand-made small dikes or
anti-salt small dams; in some areas farmers plant on ridges to maximize salt leaching from
the root zone. The aquatic zone was used for fishing and for oyster harvesting.

Sampling at different scales and laboratory analyses

In each river basin, three strips perpendicular to the river were defined according to their
distance from the river mouth. Each strip comprised the levee, the adjacent backswamp area
and the transition to the low river terraces (Fig.1). The distances between the strips were
chosen in relation to the extent of salinity intrusion in the estuary, as reported elsewhere
(Brunet-Moret, 1969; Vieillefon, 1977; Marius, 1984; Diop, 1990). In all cases one strip was
at the river mouth, one close to the limit of high salinity in a normal year and one in the zone
with high seasonal salinity variation (Fig.1). Seasonal variation in salinity was not considered
here, and is discussed elsewhere { Sylia et al, 1993). To minimize effects of such seasonal
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Figure 1l: Location of the study area, the position of the four river basins
of the Gambia (Gambia), the Casamance (Sénégal), The Geba (Guinea Bissau) and the
Great Scarclies river (8ierra Leone).

variation, samples were collected at the end of the dry season of 1991 (April-May) when soil
salinity was at its maximum. In each strip (80 m wide, 500 to 1800 long) soil samples were
taken at the nodes of a 40 by 20 m grid, and at four randomly selected points within 1 to 1.5
m of each node (Fig. 1) yielding three 40 m spaced transects of 20 m spaced observation
points. Soil samples from every 20 c¢m layer to a depth of 1 m, were collected by means of
a gange auger of about 0.05 m diameter, The five samples obtained for each depth interval
were mixed to reduce the horizontal spatial variability at very small distances. The soil
samples were air- dried and ground to pass a 2-mm sieve. Sub-samples of 0.1 kg were taken
to characterize salinity by means of the electrical conductivity (EC) in a 1:5 {(by weight)
soil/water suspension. At each of the major landscape units of each strip (levee, low
backswamp, and high backswamp), four soil pits of about 1.5 m in depth, were hand-dug.
The soil profiles were described, and sampled by horizon according to standard procedures
(Soil Survey Staff, 1975). In addition to EC (1:5), soluble cations were determined on these
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samples: Na and K, by flame spectrophotometry using air-acetylene with a solution enriched
with Cesium Chlaride (1.25 g ™), and Ca and Mg by Atomic Absorption Spectrophotometry
with air-acetylene in a solution enriched with 1.25% Lanthanum and hydrochloric acid.

Statistical procedures

The statistical approach was twofold. First, nested analysis of variance was applied to
estimate the contribution of different factors influencing soil salinity at various scales. To do
so0, data collected from the central transect of the strip were used. Second, geostatistical
methods were applied to the data collected from the strips to model spatial variability patterns
at the most detailed scale, and to prepare salinity contour maps,

Nested ANOVA

For each river basin several sources of variation are distinguished, each operating at a
specific scale. The total variation 67, therefore, is composed as 07 = O%pg 0 kom0 et O er
where 6%, denotes the variance component due to the distance to the river mouth, 6%, the
variance component due to the landform, {:o"‘,,e',tll the variance component due to the depth
below the soil surface and o2, the residual variance component. For soils in each river basin,
with a river specific average EC-value equal to n;, the contribution of the different sources
of spatial variability was analyzed with a nested ANOVA, using the following model:

EC, jjn=Ug+ POS +Form, +Depth, , +€, 4, (1)

where EC;;,, denotes the soil salinity at the mth observation point, m = 1,...,n, for position
along the river i, i=1,2,3, denoted with Pos, given by the distance of the observation point
to the river mouth, landscape unit j, j = 1, 2, 3, 4, denoted with Form;; and soil depth k, k=1,
2, 3, 4, 5, denoted with Depthy,. The random errors not explained by the model, &;,, are
assumed to be independent of each other. The contribution and significance of each effect
were tested. The variability of soil salinity contributing at each stage was related to one or
more of the factors involved in soil salinization. All statistics using a nested ANOVA were
computed using the SAS (SAS Institute, 1985),

Geostatistical Analysis

A nested ANOVA can be very helpful to reveal the important factors affecting soil salinity
spatial variability. However, it does not take the spatial dependencies between the
observations into account. The spatial variability at the most detailed scale therefore was
analysed using regionalized variable theory (Matheron, 1963). Geostatistics, founded on
regionalized variable theory, differs from ordinary statistical theory in that the relation
between a variable and its location is taken into account. Geostatistics were applied to analyze
the electrical conductivity data at each site for a given soil depth. The spatial variability of
the regionalized variable "salinity” , EC(x), is described by means of a semivariogram. For
the variables at two Iocations separated by a vector h, the semivariogram is defined as:

y(h) =5 &B8C(x) -EC(x+h) ) (2)

where &denotes the mathematical expectation. The semivariogram is defined only if for all
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h the variance of [EC(x) - EC(x+h)] is finite and independent of x and &[EC(x) - EC(x+h)}
is equal to zero, hence prohibiting the presence of a trend.

The semivariogram has to be estimated for each distance h from the available data. A
standard procedure to do so is for any distance h to consider all N(h) pairs of observations,
and to calculate the mean of the squared pair differences:

Nih)
(k) ='2Tv‘1(5)'2; [Ectx,) - (x,+m) [ (3)

where EC(x;} and EC(x,,,) denotes the i® pair of EC observations separated at a distance h.
Far several combinations of rivers, position and depth semivariograms were computed. A
semivariogram model was selected to be used for interpolation by ordinary kriging (Webster,
1985).

In the presence of a trend, the intrinsic hypothesis is not valid, and hence the
semivariogram is not defined. A procedure to check for the existence of a trend was
performed by visual inspection of the data, and of the semivariograms which, in the presence
of a trend, show a parabolic behavior, concave upwards near the origin (Webster, 1985). Also
predicted and actual data were compared by jack-knifing (Starks and Fang, (1982). In the
presence of a polynomial trend, the spatial dependence of the EC data was described by
means of a psendo-covariance function depending upon the lag between observations (Stein,
1991):

c(h) =0,8(|h|) +a, |h|+o, | B|*+o [B]®(2)

where 8(|h|) =1 for |h| = 0 and vanishes for |h] different to zero and the o are the
coefficients of the model. The term @, | h| ? is included if the degree of rend exceeds 1, and
the term o | h|® only if the degree of trend equal 2. Higher degrees of trend were not
analyzed.

Coefficients of the model were estimated by means of the Restricted Maximum Likelihood
(Stein, 1991). To do so, attention is foccused on increments of the observations Z, i.e. on
linear combinations of the observations with a weight vector orthogonal to monomials of the
coordinates up to the degree of the trend. In order to discriminate between different degree
of trends, Akaikes Information Criterion (AIC} was applied, modified for small data sets of
size:

2n%* (m+1) (5)

AIC=-21(Z10,,Q4,0,,0) T

where 1(Z | Oy, O, 0L, 0s) is the log-likelihood function of the increments Z, given the values of
¢, n is the number of observations and m the number of parameters (Hurbich and Tsai,
1989). From the original data, three random subsets of 20 observations were created for each
of the 12 sites at 5 soil depths to be handled individually by personal computer. Final
estimates for the parameters and the AIC, value were obtained as averages over the three sets.
The degree of the wend that minimizes the AIC; value is considered the best fitting trend.

Both the semivariogram and the pseudo covariance function may be applied for
interpolating from points towards areas of lands, using ordinary kriging and universal kriging,
respectively (Cressie, 1993).
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Shematic representation of a hierarchical framework of the different factors contributing to soil salinity

Figure 2

along estuaries in West African Mangrove swamps and expected soil salinity classes.
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Framework based upon soil salinization processes

We distinguish six factors involved in soil salinization in tidal estuary environments, each
operating at a different scale or hierarchical level (Fig 2). At the highest level (1) climatic
zones are taken into account (Andriesse and Fresco, 1990). Next we distinguish (2) types of
estuary as characterized by the longitudinal salinity regime, (3) distance from the river mouth
» (4) the landscape units within a catena, (5) the frequency of tidal floeding and (6) factors
playing a role at the pedon level.

At level (1) availability of fresh water and the potential evapotranspitration is crucial. At
level (2) effects of river basin hydrology and geometry and factors influencing tidal amplitude
(topography and width of the continental shelf) are distinguished. At level (3) salinity of river
water at a given point along the river is determined. At level (4) topographic aspects of
catena determine, together with tidal flooding (level 5), the degree to which river water and
rain water can reach and can be imponded at the individual sites. At level (6) any remaining
factors operating at the pedon level (e.g. texture or microtopography) in soil salinization are
distinguished.

We defined five soil salinity classes in terms of the EC (in a 1:5 soil water suspension)
observed at the end of the dry season, based on salinity tolerance of rice and of mangrove
species, and on the degree of equilibrium with sea water (an EC of 10 mS cm™ is typical for
a 1:5 suspension of soil in contact with standard sea water)

i) Class 1: non-saline (EC <1 mS cm™); neither rice nor the mangrove species do
suffer from salinity.

ii) Class 2: slightly saline (EC 1 to 2 mS cm'); rice could be grown providing
moderate leaching with fresh water at the beginning of the growing season, mangrove
vegetation do not suffer any soil salinity stress.

iii) Class 3: saline (EC 2 to 5 mS cm™); growth of Rhizophora and Avicennia is not
constrained, rice can be cultivated only after efficient leaching with fresh water at the
beginning of the growing season.

iv) Class 4: very saline (EC 5 to 10 mS em™); Rhizophora and Avicennia can grow,
rice cultivation is possible only in wet climates providing a sufficiently long growing season
to remove salinity in the first part of the wet season.

v) Class 5: hypersaline "tanne” (EC > 10 mS cm'); Avicennia and Paspalum can
survive locally, but Raizophora strongly suffers from salinity. The true "tanne” (bare saline
soil) is so saline (EC> 20 mS ¢m™) that no vegetation can survive,

Results
Variation of soil salinity at regional scale (MACRO).

Summary statistics based upon the nested model describing the spatial variation at the
macro scale are given in table 2. Mean EC values are generally well above 2 mS em’,
illustrating the saline nature of the soils. Exceptions are i) the sites upstream of the Gambia
and the Geba rivers which are beyond the marine influence (only levee soils show an EC >
2 mS cm™). The highest mean salinity is observed along the Casamance river (p = 10.0}, the
lowest level along the Geba river (p = 4.0), whereas soils along the Gambia (p = 6.6) and
the Great Scarcies river (p = 6.2) have intermediate values. CV values range from 0.26 (Great
Scarcies river) to 0.43 (Geba river). No clear pattern for the mean of EC variability across
climatic zones was found. However EC values frequently exceeded 10 mS cm in the
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Table 2: Mean soil salinity, EC 1:5 in mS cm” (soil depth 0 to 1.0 m), at four river basins in West African
mangrove ecosystems. For each river basin (Gambia, Casamance, Geba and The Great Scarcies), means are calculated
in tertns of site position along the river, landscape units per watershed, landscape units per site and general mean per
watershed. Number of observations and coefficient of variations are given at the bottom of the table.

Gambia Casamance Geba Great
Scarcies
General mean 6.6 100 4.0 6.2
Number of observations 290 275 154 276
CV per river basin 0.31 0.33 .43 0.26
Site Position
Mouth 558 # 8.32 6.16 6.85
Midstream 11.02 521 3.80 6.47
Upstream 3.12 15.50 2.10 540
Landscape Position
{overall watershed)
Levee 7.24 19.64 9.17 6.34
Low-backswamp I 745 # 1182 4.24 6.30
Low-backswamp II 6.36 # 6.60 1.63 6.52
High-backswamp 3.93 0.64 0.50 5.81
Landscape Position
(analysis per site)
Site at the mouth
Levee 3.60 22.41 12.58 6.50
Low-backswamp T - 7.04 8.46 6.72
Low-backswamp II -—-- 342 297 7.60
High-backswamp 0.98 040 0.63 6.58
Midstrearn site
Levee 14.33 13.24 11.36 6.22
Low-backswamp I 11.88 5.39 274 6.20
Low-backswamp II 9.95 1.83 0.69 6.93
High-backswamp 7.93 0.39 0.39 6.55
Upstream site
Levee 3.78 23.27 3.57 6.30
Low-backswamp I 3.02 23.02 1.52 598
Low-backswamp IT 279 14.57 1.22 503
High-backswamp 2.89 1.14 -— 4.29
# = calculated only for restricted number of existing landscape units

CV = coefficient of variation
--—- = none existing landscape unitThis relatively poor fit could be attributed in part to a non-
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Table 3. Results of a nested ANOVA on soil salinity (EC 1:5 in mS cm™) for four river basing (Gambia,
Casamance, Geba and the Great Scarcies river). The parameters deseribing the model are: site position along the river
(Pos), landscape unit within site (Form (Pos)) and soil depth within landscape unit (Depth(Form*Pos)).

Gambia River (N = 290; R* = 0.87)

Source DF Sum of Mean F Value Pr>F
Squares Square
Model 49 6066.7 123.8 32.13 0.0001
Pos 2 3438.2 1719.1 446.06 0.0001
Form(Pos) 7 562.7 80.4 20.86 0.0001
Depth(Form*Pos) 40 380.3 9.3 2.47 0.0001
Error 240 924.9 385
Corrected Total 289 6991.6
Casamance river (N = Z75; R = 0,90}
Source DF Sum of Mean F Value Pr>F
Squares Square
Model 59 20592.4 349.0 32.66 0.0001
Pos 2 4274.6 2137.3 199,99 0.0001
Form(Pos) 9 15472.3 1719.1 160.86 0.0001
Depth(Form*Pos) 48 1683.5 351 3.28 0.0001
Error 215 2297.8 10.69
Corrected Total 274 22890.2
Geba river (N = 194; R* =0.88)
Source DF Sum of Mean F Value Pr>F
Squares Square
Model 52 3201.9 59.3 19.63 0.0001
Pos 2 391.3 195.7 64.76 0.0001
Form(Pos) B 2381.2 2977 98.52 0.0001
Depth(Form*Pos) 44 95.7 2.18 0.72 0.8955
Error 139 420.0 3.02
Corrected Total 193 36219
QGreat Scarcies River (N =276; R* = 0.42)
Source DF Sum of Mean F Value Pr>F
Squares Square
Model 60 407.4 6.79 2.65 0.0001
Pos 3 106.2 35.4 13.80 0.0001
Form(Pos) 9 85.2 9.47 3.69 0.0003
Depth{Form*Pos) 48 207.3 4.32 1.68 0.0067
Error 215 551.8 2.57
Corrected Total 275 959.2

62



Gambia, the Casamance and the Geba river, while along the Great Scarcies river the
maximum EC rarely exceeded the value of 10 mS cm™ typical for soil in equilibriurn with
sea water,

Variability of Soil Salinity within Watershed (Meso Level)

Hyper saline zones (EC 1:5 of 10 to 20 mS cm™) occurred in the midstream part of the
Gambia and the upstream part of the Casamance rivers (Table 2). The Geba river is the only
example of a "normal” estuary , in which the soil salinity decreases from river mouth to
upstream. Along the Great Scarcies river soil salinity varies little with distance from the
mouth. High coefficients of variation (CV) at individual sites illustrate the strong spatial
variability of soil salinity in the mangrove environment. For single soil layers taken from the
entire strip, e.g. 0 to 0.20 m depth, CV values larger than 1 were observed for the Gambia
river, near the mouth, for the Casamance river at all sites and for the Geba river midstream,
For the Casamance river this is caused by extreme salinity related to the inverse estuary
condition, For the two sites along the Geba and the Gambia river the cause is probably site-
specific. Evidently, alf five sites have a very skewed salinity distribution.

Salinity decreased from the levees towards the high backswamps at almost all sites e.g.
along the Casamance river, at sites 1 and 2 along the Geba river and at site 2 along the
Gambia river. Salinity varied little with landscape position along the Great Scarcies river.

The nested analysis of variance for individual river revealed a highly significant effect of
site position along all the river basins (Table 3). ANOVA models for three individual rivers
showed highly significant R® values, ranging from 0.87 for the Gambia, 0.90 for the
Casamance to 0.88 for the Geba. For the Great Scarcies river, however, R® was only 0.42.
significant depth effect, cansed either by the flat topography of this river, or by soil properties
along the river of which the causal relationship is not immediately clear.

The variation of the mean EC for the different landscape positions (levee, low backswamp
1 and 2, and high backswamp) and by soil depth showed different gradients of soil salinity
along the catena (Fig. 3). The variability per site was generally high in all river basins except
e.g. in The Great Scarcies.

Micro-variability of soil salinity within catena

Results of the analysis on micro-variahility of soil salinity within each catena are given in
table 4, which shows the degree of non-stationarity (drift), as well as the coefficients of the
generalized covariance function, together with Akaikes Information Criterion (AIC.). Table
4 shows that EC exhibits a quadratic trend for most combinations of position, depth and river.
This is caused by the fact that salinity is usually high in the levees and low in the
backswamps. In general a smooth increase on salinity was observed within the backswamp
and its proximate low backswamp, followed by a sharp increase towards the levee leading to
an hyperbolic shape on the salinity regime. A linear trend is observed at the Casamance river,
site 3, depth 40-60cm and at the Geba river, site 1, depth 80-100 ¢cm. Those two locations
differ from the other locations because of the site-specific hypersalinity. The effect of
groundwater on subsoil can be the cause of a linear trend because of the smooth diffusion or
mass flow of soluble salts from the river landwards. On top soil this effect can be complexed
by the evaporation and capilary rise, topography and direct tidal flooding. The coefficients
o, of the psendo covariance functions show a high nugget coefficients oy, ranging from 0.1
to 10. Therefore the measurement error or very short distance variability equals 0.3 to 3 mS
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em’!, This is in close agreement with current cbservation taken on soil salinity, influenced by
the micro-topography. The rather high value of the nugget coefficient for the Geba river, site
1, depth 0 to 20 cm is probably due to instability within the estimation procedure, indicated
by the relatively high AIC,. value of 42.3. The coefficient &, for each combination was in the
order of -0.1 to -10. Since the higher order terms were often very small, the spatial structure
could be approximated well at most locations by a linear type pseudo-covariance function.
Note that the coefficients of the higher order term in few cases can contribute substantially
to the value of the pseudo-covariance function, since they have to be multiplied with the
distance to the 5" power. Finally, the AIC.-values were usually in the range from 0 to -300,
illustrating that the convergence procedure behaved reasonably well. In four cases the
estimation procedure did not yield any. On the basis of twenty randomly selected data, four
parameters were determined, which might lead to instabilities. In general, the top layer of the
soil was causing the largest difficulties. In three out of twelve cases no convergence was
reached, and in one case a pure nugget effect was observed. This indicates that EC in the top
soils has a very complex spatial structure, while the spatial structure is simpler at larger
depths.

For the sites where Restricted Maximum Likelihood did not provide a solution,
semivariograms were estimated, As for several other sites as well, a quadratic semivariogram
was obtained, indicating the presence of the trend. Probably, anomalies in the data are the real
cause for the convergence problems.

Classification based upon the framework

In the Gambia river (long dry spell, medium tidal amplitude (0.6 to 1.2 m), normal
estuary), the site at the river mouth lies on a low river terrace, which is flooded annualy in
January-February. Following this submersion with saline water, excess evaporation takes place
in the dry season leading to saline environment (class 4 and 3). At the relatively flat
midstream site (slope < 0.2%) differences in tidal flooding of the landscape units are slight,
yielding only small differences in top soil salinity, mainly with classes 4 and 5. The
decreasing salinity from the levee inland with spots of "tanne"” was observed earlier by Marius
(1984). The upstream site is at the limit of tidal propagation and therefore has little salinity
problems in general (Fig.4).

The Casamance river resembles the Gambia river in many respects but has an "inverse
estuary”, Near the Casamance river mouth, saline soils (class 4} on the levee and in the low
backswamp are caused by daily to monthly flooding by saline water. Midstream along the
Casamance, salinity is depressed by rain water in the higher parts of the catena, while saline
to hyper saline soils occur on the levee and in part of the low backswamp, due to tidal
flooding with seasonally hypersaline water. Such pattems are reported by Vieillefon (1977)
and Marius (1984). At the upstream site, hypersalinity is confined to the levee and the low
backswamp, because the tidal amplitude is too much attenuated to reach higher parts of the
landscape (Fig.5).

The Geba river basin differs from the two previous rivers in a higher precipitation and an
exceptionally large tidal amplitude. The site at the river mouth is saline in its entire low
laying part of the catena (daily to monthly flooding). Only part of the high backswamp, being
relatively less frequently flooded, remains at class 3 (tidal flooding several times per year).
The midstream site is similar to the site at the river mouth with attenuated tidal range leading
to high salinity restricted to the levee and the low backswamp. The upstream site is at the
limit of tidal propagation (Fig.6).
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Site  Depth k o o, o, gf (x10-  AIC
Gambia 1 0-20 2 408 -0.004 0.003 a -94.4
2 0.759 -0396 0.007 -320 -0.1
40-60 2 0321 -0.049 0.003 -2.0
60-80 2 0262 0.058 Q .15 0.1
80-100 2 0 -0.287 0 009 -13.2
2 0-20 2 0 -12.7 0.003 0 14.7
20-40 2 0 -83.9 0074 -54 17.6
40-60 2 361 -2.74 0.001 -0.44 13.6
60-80 2 Q0.002 -333 0018 -0.80 4.2
80-100 2 0 -34.1 Q 0 134
0-20 2 1.73 Q 0 -409.6
3 20-40 2 0 -0.542 0.023 -2.9 -49.9
40-60 2 0487 -0.378 0.003 -31.6
60-80 2 0.049 -0,339 0.004 <29 -39.2
80-100 2 1.55 -0.444 0.030 -65.7
Casamance 1 0-20 - - - - - -
400-4060 0.591 ] 0.002 29 -42.5
60-80 22 0.195 -0.030 0 -1.1 -65.5
80-100 0.973 -0.125 0.001 -0,021 -11.3
2 0-20 - - - - -
20-40 2 0001 -9.52 0 -120 23
A40-60 2 4.026 0 0.685 -0.53 -0.5
60-80 2 0 -1.63 0 -17 -6.5
80-100 2 0.918 0 0.109 -14 -3.1
3 0-20 2 14.973 Q 0.032 -14 -229
20-40 2 0.019 -0.955 0.001 -52 1.1
40-60 1 1.5 -1.182 Q -16.1
60-80 2 23 -1.25 0.995 -T100 1.9
80-100 2 (1458 -0.346 0201 -58 15.7
Geba 1 0-20 2 99.0 =241 0.194 =220 42.3
20-40 2 0.003 -10.8 0.005 -25 -244 5
40-60 2 49 -1.16 0 3.6 -2550
60-80 2 373 ¢ ] -16.
80-100 1 0.691 -1.73 0402 14.2
2 0-20 2 0 -3.59 0.029 -34 14.8
20-40 2 294 0.091 -14 15.3
40-60 2 2.1 -0.967 ¢ -270 14.6
60-80 2 375 0.297 -13 19.6
80-100 2 349 -0.007 0 -140 -20.4
3 0-20 - - - - - -
20-40 2 0 -0.112 0.004 -13 -282.1
40-60 2 0.005 -0.511 0.001 2.1 -16.2
60-80 2 0 -2.38 0 0 -152
B0-100 2 (.4062 0503 a 153 -9.0
Great Scarcies 1 Q0-20 2 060 0 0 -7.9 -
20-40 2 7.25 0 ¢ -51 -1058
40-60 2 7.84 =205 0 -52 -53.6
60-80 2 013 -0.150 0 148
80-100 2 1.75 -143 ¢ -50 -80.2
2 0-20 2 7.38 -0.077 0 -0.19 -19.9
20-40 2 7.15 ] 4.3 -1535
60 2 0118 -0.732 0.006 -2.9 -24.4
60-30 2 1.15 121 0.003 [¢] -35.2
80-100 2 125 .003 0 -69.9
3 0-20 2 0.39 246 1] .52 -17.7
20-40 2 0.10 -0.795 0 -0.26 -146.8
40-60 2 1.33 -1.43 0 (.55 -48.9
60-80 2 0.344 0272 0.010 0 -121.9
80-100 2 526 -0.440 0 0 -2384
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The Great Scarcies river has & quite homogeneous salinity distribution due to daily to
monthly flooding. Class 4 is dominant with slide inclusion of class 5 at upstream site (Fig.7).
Both climate and tidal amplitude are responsible of this pattern. The dense creek layout
reinforces the homogeneity of salinity in space beth by channeling the saline water during dry
season and the fresh water during rainy season. The surprisingly high salinity in wet
environment is attributed to the sea water intrusion during the dry season up to 80 km from
the mouth followed by evaporation. Jonathan Turner (1980) reported the similar observations.

Discussion
Spatial variability of soil salinity

At the macro-level no clear trend of mean EC per river basin is observed. The large CV

observed at this scale indicates a dispersion due the latitudinal variation in climate and estuary
types. As expected, rainfall affects the hydrology of the estuary and subsequently the dynamic
of fresh water outflow and the tidal saline water inflow. This confirms previous work by
Pagés and Citean (1990), and, more specifically, the model proposed by Savenije (1988)
which relates salinity intrusion in a one-dimensional tidal average salt balance equation with
rainfall and evaporation. Results for the Gambia and Casamance rivers strongly support the
hypothesis that the longitudinal variability of soil salinity can be related to the salinity regime
of the river water. The effect of low rainfall and high evapotranspiration is noticeable in the
Gambia and very strong in the Casamance, leading to hypersaline conditions in the latter. The
higher salinity in the Casamance is attributable to its small watershed area, the associated low
outflow of fresh water, and the flat velief of the area. Therefore, whereas other authors
attribute a north-south soil salinity gradient at macro scale to climatic factors only (Giglioli
et al., 1965, 1966, for the Gambia; Vieillefon, 1977, for the Casamance; Jacques-Felix et al.,
1960a and b, and Jordan, 1964 for Guinea and Sierra Leone respectively), our work indicates
the need to take the function of the catchment size and estuary morphology (depth and creek
pattern) into account as these affect annual river fresh water outflow.
The resulting opposite trend of salinity regime observed between "normal" and “inverse"
estuary within the general north-south climate variation leads to negative values for the
parameters of the regression equation (1), and indicates that the application of regression is
only useful within individual watersheds. ‘

At meso-level, within a single river basin, our results show similar salt intrusion trends as
Sanmuganathan (1975), Savenije (1988) and Pagés and Citeau (1990). It is obvious from the
coefficient of variation (Table 3} that the strength of the factors influencing the salinity
regime varies considerably. Within the "normal” estuary (recession, bell and dome shaped salt
intrusion curves) soil salinity decreases from downstream towards upstream {e.g. the Geba
River), while within the "inverse” estuary (humpback shape), hypersaline soils are found
upstream (Casamance River). At this level, river water is the main source of salt, affecting
soil salinity through tidal flooding and ground water. Thus, coupling the existing aquatic
models with tidal and ground water models may be a fruitful way to simulate soil salinity
patterns.

At micro-level, our results confirm that within a given climatic zone, soil salinity pattems
within a site can be related to the cumulative effect of tidal regime (amplitude and
frequencies) and catena topography. In sites with short range tidal amplitudes, e.g. 0.6 m
during the dry season, only a narrow fringe bordering the river is strongly affected by salinity.
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Figure 4: Contour maps of soil salinity (EC 1:5 mS cm™) at 0 to 0.20 m depth for three sites along the Gambia
River (Gambia). Site 1 (left} is at the river mouth, site 2 (centre) at midstream and site 3 (right) at upstream.
Coordinates are in multiples of 20 m.
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Figure 5: Contour maps of soil salinity (EC 1:5 mS cm) at 0 to 0.20 m depth for three sites along the Casamance
River (Senegal). Site 1 (left) is at the river mouth, site 2 {centre) at midstream and site 3 (right) at
upstream. Coordinates are in multiples of 20 m.
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Figure 6: Contour maps of soil salinity (EC 1:5 mS cm™) at 0 to 0.20 m depth for three sites along the Geba River
{Guinea Bissau). Site 1 (left) is at the river mouth, site 2 (centre) at midstream and site 3 (right} at
upstream. Coordinates are in multiples of 20 m.
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Figure 7: Contour maps of soil salinity (EC 1:5 m$ cm™) at 0 te 0.20 m depth for three sites along the Great
Scarcies River {Sierra Leone). Site 1 {left) is at the river mouth, site 2 (centre) at midstream and site 3
(right) at upstream. Coordinates are in multiples of 20 m.
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However, saline water intrusion via the groundwater can be observed in the seepage zone. At
higher topographical positions there seems to be no influence of saline tidal water except near
the river mouth where the amplitude of tide generally is larger than at inland positions. Daily
tidal influence lead to soils more or less equilibrated with sea water. When the tidal amplitude
is relatively large (2.5 m), saline soils and "tannes" extend inland (e.g. in Guinea Bissau). A
combination of high rainfail and relatively wide tidal amplitude (Sierra Leone) leads to saline
conditions on almost the entire lower catena. Qur findings show good agreement of the
patterns hypothesised and indicate the complex interaction between macro-, meso- and micro
level variables.

The hierarchical approach

The complexity of factors affecting soil salinity at different scales has been disentangled
by an approach based on a hierarchical model, using the combined tools of regression analysis
and geostatistics. The results generally support the value of this approach. Because of its clear
rainfall gradient decreasing from south to north and the varying morphology of its estuaries,
West Africa provides an ideal setting for such a nested hierarchical analysis. The model does
not allow an investigation of the temporal (seasonal) dynarnics of soil salinity. This will be
necessary for further research, in order to take account of the differential rates of change of
the factors operating at each level.

Conclusions

Spatial variability in soil salinity in West African mangrove rice environment was studied
at three scales. A hierarchical framework was built on the basis of the factors explaining the
spatial variability of soil salinity. To test the causal effect of soil salinization we applied
different statistical methods. The results show that:

- At macro level, general statistics such as mean and CV give important indications
on the magnimde and dispersion of soil salinity. Nested analysis applied to the study area
results into a division of the area into salinity eco-regions, the northern rivers with relatively
high soil salinity and the southern river with relatively low soil salinity. The decreasing soil
salinity towards the south is related to the significantly increasing annual rainfall and to the
river hydrology yielding to a wider range of the growing season.

- At meso level (the within watershed soil salinity variability), the nested approach
gives a clear evidence of differences between "normal” and "inverse" estuary by their
longitudinal soil salinity spatial variability pattern. We could attribute this pattern to the river
hydrology and its role on the salinity regime: i) in the "normal” estuary the salinity decreased
towards upstream and ii) in the "inverse" estuary salinity increased towards upstream and a
hyper saline zone was present upstream. Also, sub-environments are delineated according to
the longitudinal soil salinity regime within the river basin.

- At the micro level the interpolated maps show different patterns which are a
function of the topography, the proximity of the river and the tidal amplitude, governing the
frequency of tidal flooding. Five classes of soil salinity level based on rice and mangrove
vegetation salt tolerance as well as the sea water salinity have been defined. The importance
of each class was varying both within macro and meso environments.

At each level of aggregation, the soil salinity forming factors are related to the salinity
distribution in space: climate at the macro scale, hydrology at the meso scale and topography
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and tidal amplitude at the micro scale. Nested analysis of variance and geostatistics are
complementary statistical techniques in studying the spatial soil salinity variability at different
scales. The use of these techniques in connection with a framework based on the hierarchy
of the factors that govern the processes of soil salinization yield a reasonable hierarchical
classification of soil salinity for rice environmental assessment. This approach also can key
to a practical expert system to help respond to the questions related to scil salinity
management and transfert of technologies by taking into account soil variability and scale.
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Causes of Spatial Variability of Soil Actual and Potential Acidity in The
Mangrove Agro-ecosystem of West Africa.

Sylla, M., A. Stein, ML.E.F., van Mensveort and N, van Breemen
Abstract

Spatial vanability of soil acidity in coastal lowlands resulis from a complex interaction of climate, coastal
morphology, river hydrology, vegetation, landform and tidal flooding. This study was conducted to determine whether
the causal factors of soil acidification can be related to soil Total Actual Acidity (TAA) and Total Potential Acidity
(TPA) in 12 sites selected along four river basins in West Africa: the Gambia river, the Casamance river (Senegal),
the Geba river (Guinea Bissau) and the Great Scarcies river (Sierra Leone), A hierarchical framework was designed,
corresponding to the scale at which each factor influences most the process of acidification. In the dry season of 1991,
501l samples, to be analyzed for TAA and TPA, were taken from three strips within each river basin, perpendicular
to the river at different distance from the mouth, following a 40 by 20 m grid at five soil depths. The contribution
of the different causal factors of acidity spatial variability was analyzed with a nested ANOVA and related to the
hierarchical framework. Geostatistics were used to study spatial vaniability at the most detailed scale. Main eco-regions
identified between watersheds at macro scale, sub-environments identified with distance from the mouth within
watersheds and zones identified with positions within toposequences were defined. Practical implications for water
management in acid sulfate were discussed. Nested regression and geostatistics were applied as complementary
techniques when studying spatial variability at different scales,

Most of the soils in the West African mangrove ecosystem are potential or actual acid
sulfate soils. Soil acidity (actual and potential) is extremely variable in this environment.
Potential acid sulfate soils are undrained soils with sulfidic material which acidify upon
drainage. Knowledge of the spatial distributien of soil acidity is important to apply results of
agricultural research and land suitability planning, both at regional level and within a single
field. Dent (1986} in a literature review on acid sulfate soils, identified the gaps between
research and its application to soil management. One of the constraints of research application
appears to be the high spatial variability of soil acidity, over a wide range of scales. Research
in process-oriented studies of acid sulfate soils has greatly enhanced knowledge on the causes
and effects of acidification (Brinkman et al. 1968; van Breemen, 1973a b, 1976, 1982, 1993;
Vieillefon, 1977, and Pons et al.,, 1982). In the past 20 years, international symposia and
review papers have summarized all available information and the recent advances on acid
sulfate soils studies and their management (Bloomfield and Coulter, 1973; Dost, 1973; Dost
and van Breemen, 1982; Kittrick et al., 1982; Dost, 1986; and Dent and van Mensvooit,
1993). Only few studies however deal with spatial variability of soil acidity (Burrough and
van Mensvoort, 1988; and Bregt et al, 1992, 1993). As a result, knowledge of the
relationship between soil acidification (potential and actual) and spatial attributes linked e.g.
to climate, vegetation, position along a given estuary basin and landform, is meager. Such
studies are needed to improve the application of agricultural results at a wider range of
conditions. To determine causal relations, factors involved in acid sulfate soils formation at
different scales, ranging from soil profile to region, have to be synthesized. Van Breemen
{1976) and Pons et al. (1982} identified the environmental conditions required for potential
acid sulfate soil formation. Diemont et al. (1993) related regional differences in acid sulfate
soils to the differences in climate. Chapman (1976; 1977) described the distribution of
mangrove species, which foels the processes of pyrite formation, in relation to climate and
salinity. Dent (1986) observed some correlation between landscape positions and the
occurrence of soil patterns. Brinkman et al. (1993) related different geographical distribution
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of sulfidic materials in the Mekong delta to the sedimentation process and environmental
conditions in early and late Holocene. Bregt et al. (1993) combined physiographic survey, free
survey and probability sampling to analyse soil spatial variability in acid sulfate soils. But
relations between the soil patterns and the factors affecting soil formation process at specific
scale were never made explicit.

This study addresses i) spatial variability of Total Actual Acidity (TAA), Total Potential
Acidity (TPA) and Total Sulfidic Acidity (TSA = TPA - TAA) at different scales and ii) the
relationships between their spatial patterns and the environmental factors governing the
processes of the formation of acid sulfate soil. A framework linking environmental factors to
the formation of acid sulfate soils is developed and used as a means to select research sites.
‘We discuss the hypotheses derived from the framework in four estuaries in the West African
mangrove cnvironment. Next, we classified the environment into eco-regions, sub-
environments within an estuary and zones within a catena. Finally, we indicated some
practical implications of soil and water management in these environments.

MATERIALS AND METHODS

Framework

The conceptual framework developed to predict the occurrence of acid sulfate soils within
the inter-tidal zones of estuaries along the West Coast of Africa (Fig.1.) consists of a
hierarchical structure which ranks the different factors influencing the actual and potential soil
acidity. The framework was shaped to conform to the scale at which each factor influences
most the acidification process. The factors considered here are climate, distance from the river
mouth and topography at each site. Climate can explain regional differences because of the
associated vegetation type and the broad drainage conditions. Soil organic matter contents are
associated with vegetation which is lower under Avicennia than under Rhizophora (MACRO-
SCALE) (Kawalec, 1977). Site position along an estuary or open coastal swamps influences
the longitudinal sequence of mangrove species as related to salinity gradient, tidal regime and
local drainage conditions and to sedimentation rate (MESQO-SCALE) (Pons et al., 1982). The
topography at a particular site influences different interacting factors, such as vegetation
sequence, sedimentation rate and soil textural differences and drainage conditions (MICRO-
SCALE) (Vieillefon, 1969; Vlek, 1971; Allbrook, 1973; van Breemen et al., 1973; Diemont
and Wijngaarden, 1975; Dent, 1986; and Jansen et al., 1990). Figure 1 shows the schematic
structure of the framework.

Site Selection

Four estuaries along the West African Mangrove were selected because of their wide
range in climatic conditions: the Gambia river (The Gambia}, the Casamance river (Senegal),
the Geba river (Guinea Bissau) and the Great Scarcies river (Sierra Leone). Within each
estuary, sites were selected at the river mouth, midstream and near the limit of marine
influence (Fig. 2).

General Information on the Study Area

The area covered by mangrove soils within the study area is estimated to be 8,400 km’
{SECA and CML, 1987) or about 31 % of the total mangrove area of West Africa. Tabie 1
summatizes characteristics of the four estuaries environments. The climate is monemodal with
two contrasting seasons; the rainy season and the dry season. The vegetation is dominated by
mangroves; Avicennia in a drier climate and near the river mouths, while Rhizophora
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Figure 1: Schematic representation of a hierarchical framework of the different factors contributing to soil acidity
along estuaries in West African Mangrove swamps.
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predominates in a wetter climate and further inland. At the limit of tidal water intrusion,
Phragmites reeds colonize the flood plain. A vegetation sequence is also observed
perpendicular to the stream, with Rhizophora at the river edge, Avicennia inland, and
halophytic weeds or no vegetation in slightly higher saline lands ("tanne"}. Sedimentation
rates can vary regionally, within a river basin and along the catena due to sea level rise, river
sediment load and favorable topographic conditions. Generally, coarse to loamy sediments are
observed near the river mouth and river edges, whereas fine sediments occur af upstream sites
and in backswamp areas.

A (rINSECT

Gambia river (g biackswiamons Tertades
P—— U
} f

taves =gt DICKSWATOS

senegal
S.

/

St. Lauis

Z

\\

SENEGAL Site posiions along (e fver

ey L Gamgia fver

Oakar

Gambia river

Agditonal @moke

Great Scarcies river

ATLANTIC OCEAN

whtud

a 109 krm

Figure 2: Location of the study area, the position of the sites along the basins of the Gambia, the Casamance, the
Geba and the Great Scarcies rivers, the sampling grid and the physiographic units along the low laying part of
a catena in the mangrove swamps.

80



—
o

1661 038aL] puUE ISSIUPUY INFY ()

‘20U Joprod 139em urel

‘uonanpoid Kauoy
‘202 Jopjod Ioyem ures

‘uogonpoid
Aauol] ‘ao11 [epn
opjod 2011 1jeMm THEX

20U Tepn 9sat0g  ‘uondnpold sies 45004 ‘wonsnpoid sijes 4ss10g tuononpoad sifes 4sa10g adA1 asn pue
sjuonbeyng syuanbe)ng
ISUUYMS sIspugong - sjuanbeyng ‘sidenbegmg ‘sidenbepng ‘aidonbedory,  ‘sidenbeyng ‘sidonbadosg,
‘smanbeyng sidenbeyng ‘s3danbedoa], og[ng ‘sidonbedory, agng ‘sidenbedos], sad£y frog
pL:1 P L )4 1318 ®’Yy urerd poojg
wy 08 wy gL ury 0st uy ¢TT UOISILOUT A)TUITES “Xejy
0E-07T 09-¢7 TI-L0 91-90 {wr) S3uer reprL,
SA®p (00I< sKep 001 S&®p 001> sAep 00I< MOTANO ISALI [BNUNY
& 01 -¢ 0 €-67 Weansumop
0001 008 - 0LL L 00 wreansdn

152104 JeLiorenbg

BUUBARS BAUINL

BUUEABS UEPRS LINOS

BULES UEPNG INOS

(S/,11) MOIANO JaATY

() MWD

ww pOeT - 0OF1 w006t - 00ST Wl (N - €961 ww (00€T - 000T dLd eruuy
AON AONA19O AON/IO AON/120O urer jo puowr Furpug

KBl ung/fep Anpfung Anpjung urel Jo QuowE Sunrelg

wmr gooe - 000¢ un 00z - 00€1 i gosT - 0011 tur gOeT - 008 Tfejutel Tenuue ueapy
000°01 Y AAAN 0001 000°zF (uny) uiseq IsAry

0€8 OEo11 STl OTET apmue[ arewrxorddy

JIATY SSIIRIS 18d0) oAy Bq2D JOATY SOURLUIRSED) JRATY eIquIBL) PAYSITE AN
JUOY] BUNG NESSTE BAUIND) edauag 1018117y Anuno))




Soil Survey and Laboratory Analyses

In the dry season of 1991 (April-May) 2025 soil samples were collected from the 12
selected sites. The sites are strips of 80 m width, parallel to the river and ranging from about
500 to 1800 m long perpendicular to the river covering the low-laying part of the catena. Data
were collected following a grid with a mesh of 40 by 20 m. At each grid node and at four
points within 1 to 1.5 m of each node soil samples were taken with a gauge auger of 0.05 m
diameter from every 0.20 m to the depth of one meter. The 5 samples for each depth were
well-mixed in strong plastic bags, packed air-free and tight to be analyzed within 24 hours
or to be frozen to minimize oxidation. Soil color, mottles, texture, depth to jarosite-like
mottles (Munsell: 2.5-5 Y 8/3-8/6), depth to unripe material, as well as pH-insitu, Electrical
Conductivity (EC), Total Actual Acidity {TAA), Total Potential Acidity (TPA) and Total
Sulfidic Acidity (TSA) (Konsten et al., 1988) were measured. The soil pH was also measured
after 3 months of aerobic incubation in a dark moist room.

The method of Konsten et al. (1988) is a simple field method to estimate the actual soil
acidity and of the potential acidity npon oxidation of the soil:
- TAA is the amount of titratable acidity actually present in a soil sample. From the soil bag
packed air-free, about 0.050 kg of soil was suspended in a sodium chloride solution (1
mol/liter) (soil:water ratio 1:2.5 by weight). The soil sample was stirred and left overnight.
TAA was measured by fast titration with NaOH solution (0.5 mol/liter) to pH 5.5. Correction
was made to account for the slow buffering process of the soils at natural conditions. We
selected 24 soil samples from each of the four river basins (4 top soil samples and 4 from the
sub-soil at 3 representative soil units along a transect at each site), Next we analysed the
samples both by slow and fast titration. The slow titration was done by allowing 2 hours for
pH equilibration at each addition of NaOH. Regressions between the two titration methods
was calculated and the correction factor estimated for each river basin. The ratio of moist soil
to dry soil were used to calculate the TAA in cmol H' per kg dry soil.
- TPA is the potential acidity that might develop if all reduced sulfur species in the soil are
oxidized. The same procedure as with TAA was applied except that prior to the titration, the
soil samples were completely oxidized by continuous addition of hydrogen peroxide.
- The difference between TPA and TAA named Total Sulfidic Acidity (TSA) was defined as
the amount of acidity that might be generated by the oxidation of the sulfur fraction.

Statistical Procedures
The statistical approach was twofold. First, nested analysis of variance was applied to the
data collected from the central transects of the strips to estimate the effect of each factor
contributing to soil acidity prevailing at a specific scale. Second, geostatistical methods were
applied to the data collection from the strips to test spatial variability patterns at the most
detailed scale.

Nested ANOVA

For each river basin several sources of variation to soil acidity were distinguished, each
operating at a specific scale. The total variation ¢® is composed of different variance
COMPONENtS 88 6" = O p+ O O poput0-., Where 0%, denotes the variance component due
to the transect position, given by the distance to the river mouth, 07, the variance
component due to the landscape unit along the toposequence, given by the physiographic unit
observed, oﬁ,m the variance component due to the depth below the soil surface and 67, the
residual variance component. For each river basin which has a river specific average value
of TAA or TPA equal to p, and p,, respectively, the contribution of the different sources of
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spatial variability was analyzed by means of a nested ANOVA, vsing the following models:

TAA, =Nyt POS, +Form, ,+Depth,, +€, . (1)

TPA; =W+ POS; + FOXm, ;+DEPER 134N s 510, (2)

where TAAy,, and TPA,,, denote the soil total actual and total potential acidity respectivelly
at the msh observation point, m = 1,...,n, for position i, i=1,2,3, denoted with Pos, given by
the distance of the observation point to the river mouth, landscape unit j, j = 1,2,3, and 4,
denoted with Formy; and soil depth k, k=1,2,3.4, and 5, denoted with Depthy,. The g, and
Tk indicate random errors not explained by the models, and assumed to be independent of
each other. The contribution and significance of each effect was tested. Knowledge of the
degree of variability of TAA and TPA at each stage was related to one or more soil forming
factors within the hierarchy. The nested ANOVA were calculated using the Statistical
Analysis System (SAS Institute, 1985).

Geostatistical Analysis

The nested ANOVA procedure can be quite helpful to distingnish between the different
sources of variation that influence the individual observations. However, it does not take into
account the spatial dependencies between the observations. To analyze spatial variability at
the most detailed scale, regionalized variable theory was used (Matheron, 1965). Regionalized
variable theory, or geostatistics, differs from ordinary statistical theory in that the relation
between a variable and its location is taken into account. Geostatistics were applied to analyze
the data sets in each site for a given soil depth. To do so, TAA and TPA as a regionalized
variable will be denoted with TAA(X) or TPA({x) where x denotes the position within a
particular site at a certain depth. The spatial variability can be described quantitatively by a
semivariogram defined as:

¥, (B) =%8’[ (TAA(x) ~TAA(x+h))?] (3)
vp(h) =~%8’[ (TPA(x) -TPA(x+h) ) 2] (4)

where £ denotes the mathematical expectation. The semivariograms were applied only if the
intrinsic hypothesis could safely be assumed to hold, e.g. for all h the variance of [TAA(x) -
TAA(x+h)] is finite and independent of x and & [TAA(x) - TAA(x+h)] is equal to zero,
hence prohibiting the presence of a trend.

For all sites semivariograms were calculated for each soil depth. Next, semivariogram
models, selected among the permissible models which have to be conditionally positive
definite, were fitted and used for interpolation using ordinary kriging (Webster, 1985).

In the presence of a trend, the intrinsic hypothesis is not valid, and hence the
semivariogram is not defined. The existence of a trend was checked by visual inspection of
the data, of the semivariograms for parabolic behavior, concave upwards near the origin
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(Webster, 1985) as well as by comparing predicted and actual data by jack-knifing (Starks and
Fang, 1982). If a trend was expected, the spatial dependence of the TAA and TPA data was
described by means of a pseudo-covariance function depending upon the lag between
observations:

c(h)=a,8 (|h|)+a, |h| +o, | B|*+o, | RI5(5)

where 8(|h|) =1 for |h| = O and vanishes for |h| different to zero and the @ are the
coefficients of the model. This equation yields a permitted mode! for polynomial trends up
to degree 2. The termt o | h|* was included if the degree is equal to or exceeds [, and the
term o | h|® if the degree was equal to 2. Higher degrees of trend were not analyzed.
Coefficients of the model were estimated by means of the Restricted Maximum Likelihood
{Stein, 1991). In order to discriminale between different degree of trends, Akaikes Information
Criterion (AIC) was applied, modified for small data sets of size (Sylla et al. 1994, submited),

Both the semivariogram and the pseudo covariance function may be applied for
interpolating from points towards areas of land, using ordinary kriging and universal kriging,
respectively (Cressie, 1993).

RESULTS

Variability of Soil TAA and TPA at Regional Level (MACRO-LEVEL)
The nested analysis of variance at the macro level gave a highly significant model effect

Table 2: Mean scil Total Actual Acidity (TAA), Total Potential Acidity and Total Sulfidic Acidity (TSA) in cmol
H" kg in 12 sites; 3 along each of four river basins and by position along the toposequence (Levee, Low backswamp
1 (LBS1), Low backswamp 2 (LBS2) and High backswamp (HBS).

Site position CGlamibia Crasmance: Geba Gireat Scarcies

TAA TPA TSA TAA TPA TSA TAA TPA TSA TAA TPA THA
Mouth 573 6.01 .26 232 525 243 9.36 1273 330 2003 243538 22577
Midatwam 0.16 1341 1825 381 15.17 636 9.77 11.68 19 3 2344 22347
Upstream o0 1430 148 TA5 1499 T4 0352 158 148 2472 2803 255.54

STTE 1 teay viver mouth

Lawee 245 398 1.5 o e — 15.56 208 652 1736 164.78 14742
LBs1 — e — 1.5 408 15 654 1022 328 2343 2.8 24816
LBS2 — — — 533 6.8 13% 1642 1327 285 2623 329.16 302.93
HBS 905 805 0.00 1.5% 5m 343 453 542 08% 1290 21745 204.35
SITE 2 midstream
Laves 9.02 2142 2740 3.9 1553 10,34 6.72 13.60 (2] 382 179.60 173.78
LBSL 0.00 22.10 2210 132 1946 1213 361 385 023 .n 161.53 15426
LIS 0.26 1523 1497 14m 1573 166 1436 1450 0.36 1125 361.10 349.85
HBS 033 859 .36 354 9.95 131 1391 14.76 0.85 1975 235.53 22478
SITE 3 upatresan
Levoo 0.00 23.04 23.04 10.25 2828 1803 000 057 057 1.4 18834 156.60
LBSI — - —— 9249 1843 9.1% 033 106 0.13 1.0 23748 23625
LBS2 — o o 431 6.33 1.96 030 124 .94 19.04 U 525
HBS 0.00 656 8.56 147 659 .58 047 33 157 16.68 37093 25405
— = missing or £o rcpeescried landscape nril



Table 3: NESTED ANQVA for soil Total Actual Acidity (TAA) for the four river basins with the following
parameters describing the medel: site position along the river {Pos), landscape unit within site (Form (Pos)) and soil
depth within landscape unit (Depth(Form*Pos)).

Gambia River (N = 295; R? = 0.74; CV = 1.29)

SOURCE DF Sum of Mean F Value Pr>F
Squares Square

Model 39 3427.6 37.9 18.96 0.0001
Pos 2 516.5 258.2 55.72 0.0001
Form (Pos) 5 201.0 402 8.68 0.0001
Depth (Form*Pos) 32 120.1 3.8 0.81 0.7590

Error 255 1181.8 4.63

Corrected Total 294  4609.4

Casamance River (N = 190; R? = 0.66; CV = 0.82)

SOURCE DF Sum of Mean FValue Pr>F
Squares Square

Maodel 54 6861.4 127.1 4.96 0.0001
Pos 2 1011.1 505.6 19.72 0.0001
Form (Pos) 3 874.4 109.3 4.26 0.0001
Depth (Form*Pos) 44 4843.7 110.1 4.29 0.0001

Error 135 3460.6 25.6

Corrected Total 186 10322.0

Geba River (N = 180; R?* = 0.78; CV = 0.69)

SOURCE DF Sum of Mean F Value Pr>F
Squares Square

Model 59 7092.6 120.2 7.07 0.0001
Pos 2 1922.4 961.2 56.53 0.0001
Form (Pos) 9 2255.8 250.6 14.74 0.0001
Depth (Form*Pos) 48 2689.8 56.0 3.29 0.0001
Error 120 20404 17.0

Corrected Total 179  9133.0

Great Scarcies River (N = 275; R* = 0.74; CV = 0.93)

SOURCE DF Sum of Mean FValue Pr>F
Squares Square
Model 59 1364107 2312.0 10.42 0.0001
Pos 2 12040.2 6020.1 27.14 0.0001
Form (Pos) 9 106570.0 11841.1 53.39 (.0001
Depth (Form*Pos) 48 18385.6 383.0 1.73 0.0001
Error 215 47684.3 221.8
Cormrected Total 274 184095.0
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Table 4:NESTED ANOVA for soil Total Potential Acidity (TPA) for the four river basins with the following
parameters describing the model: site position along the river (Pos), landscape unit within site (Form (Pos)) and soil
depth within landscape unit (Depth{Forrn*Pos)).

Gambia River (N = 295; R? = 0.66; CV = 0.46)

SOURCE DF Sum of Mean FValue Pr>F
Squares Square
Model 39 19261.7 4939 12,73 0.0001
Pos 2 25415 1270.7 32.76 0.0001
Form (Pos) 5 8068.1 1613.6 41.59 0.0001
Depth (Form*Pos) 32 57413 1794 4.62 0.0001
Ermror 255 98926 38.8
Corrected Total 294 291543
Casamance River (N = 190; R? = 0.87; CV = 0.48)
SOURCE DF Sum of Mean F Value Pr>F
Squares Square
Model 54 18657.5 345.5 15.61 0.0001
Pos 2 32140 1607.0 72.60 0.0001
Formn (Pos) 3 4354.2 544.3 24.59 0.0001
Depth (Form*Pos) 44 11985.1 2724 12.31 0.0001
Error 135 2988.1 22.1
Corrected Total 186 216456
Geba River (N = 180; R? = 0.82; CV = 0.59)
SOURCE DF Sum of Mean FValue Pr>F
Squares Square
Model 39 12356.8 209.4 9,49 0.0001
Pos 2 2756.7 13784 62.45 0.0001
Form (Pos) 9 3460.2 384.5 17.42 0.0001
Depth (Form*Pos) 48 5769.1 120.2 545 0.0001
Error 120 2648.7 221
Corrected Total 179 15005.5
Great Scarcies River (N = 275; R? = 0.60; CV = 0.46)
SOURCE DF Sum of Mean F Value Pr>F
Squares Square
Model 59 4164567.7 70585.9 5.50 0.0001
Pos 2 102969.2 51484.6 4.01 0.0195
Form (Pos) 9 1194089.2 132676.6 10.34 0.0001
Depth (Form*Pos) 48 2682037.6 55875.8 435 0.0001
Error 215 2759400.0 12834.4
Corrected Total 274 6923967.7
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and showed a high goodness of fit: R* values equal to 0.77 for TAA and 0.84 for TPA were
obtained, The coefficients of variation (CV) were relatively high: 0.78 and 1.14 for TAA and
TPA respectively, indicating a high spatial variability of both soil properties. Climate effect
was highly significant, yielding two distinct environments: (1) the Gambia, Casamance and
Geba rivers and (2) the Great Scarcies river. Both TAA and TPA means were higher in the
Great Scarcies river (Table 2).The soil TSA mean was very high in the Great Scarcies river
{TSA = 229 cmol H*/ kg soil), small in the Geba and Casamance rivers (1.93 and 3.58 cmol
H'/ kg soil respectively) and intermediate in the Gambia river (10.98 cmol H*/ kg soil).

Variability of Soil TAA and TPA within Watershed (MESQ-LEVEL)

All the nested models computed for TAA and TPA within river basins were highly
significant (Table 3 and 4). The contribution of the position along the river was highly
significant as well. ANOVA models applied to TAA for three rivers showed significant R
values, ranging from 0.74 for the Gambia and the Great Scarcies rivers, and 0.78 for the Geba
river. For the Casamance river an R* value equal to 0.66 was observed (Table 3). For TPA,
highly significant R* values were observed for the Casamance and the Geba rivers, 0.87 and
0.82 respectively. A lower fit was obtained for the Gambia and the Great Scarcies rivers (R’
values equal to 0.66 and 0.60, respectively) (Table 4). Relativelly higher dispersion (CV) was
observed for TAA and relatively low values for TPA. Table 2 summarizes the different means
of TAA, TPA and TSA along the four rivers and within the landscape positions. No unique
gradient for all rivers basins was found. The TAA values were highest at the river mouth and
decreased upsiream for the Gambia river. For the Casamance river however, TAA was
relatively low at the river mouth and increased upstream. The TAA values near the river
mouth and midstream sites of the Geba river were similar and lowest upstream. For the Great
Scarcies river, TAA values were lowest at midstream and high near river mouth and
upstream. Both TPA and TSA were higher upstream decreasing downstream along the
Gambia and the Casamance rivers, while they were highest for the mouth position of the
Geba river. TPA and TSA values were high along the Great Scarcies river. A schematical
block diagram of the main patterns observed within two main river basins is given in Fig. 3a
and b.

Variability of Soil TAA and TPA within Catena (MICRO-LEVEL)

The micro-variability of soil TAA and TPA was analyzed using both the nested model
and the geostatistical approach. From the nested model, average TAA and TPA values of 5
soil layers to represent the solum were used to characterize the soils within different catenas.
TAA values were generally highest in the backswamp zones (LBS2 and HBS) except near the
mouth of the Geba river, the upstream sites of the Casamance river and the Garnbia river.
TPA values were always highest in the backswamp zones and decreased towards the levee
for the Great Scarcies river while for the three other rivers it was site-specific. Note however
the high TPA values on the levees decreasing towards the backswamp near the mouth of the
Geba river, the midstream site of the Gambia river and to some extent at the upstream sites
of the Casamance and the Gambia rivers. TSA values decreased generally from the levee
towards the backswamp for the three northern rivers while the reverse was observed for the
Great Scarcies river (Table 2). The variation of TAA and TPA with soil depth within each
catena shows two extreme cases e.g. the midstream sites of the Casamance and the Great
Scarcies rivers (Fig. 4a and 4b respectively). In general TPA increases with soil depth in all
river basins while TAA increases with depth in the northern rivers and decreases in the soils
along the Great Scarcies river. The soil depth at which TSA exceeds 25 to 30 cmol HY/ kg
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soil varies for each river basin and also between different catena positions. Generally,
apotential acidy was extremely high (TSA more than 100 cmol HY kg) for the Great Scarcies
soils at less than 0.40 m depth. Low TSA values prevail in the soils of the northern rivers,
but still noticeable amounts of total sulfidic acidity however can remain in the soils at greater
depth mainly near levees and low backswamps.

CASAMANCE RIVER BASIN

a Uplands

River mouth

Levees (L) Low hackswamps (LBS) Hxgh backswamps (HBS)
s ~
L8S, L8S,
Zones Land unit Mean TAA Mean TPA Mean TSA
(cmolkg™" {cmol-kg'h) =TPA - TAA
temolkg™
£, L 0 5 5
LBS, 2 4 2
LBS, 5 7 2
H3s 2 S 3
E; L 5 15 1
s, 7 13 12
LBS; 14 16 2
HBS 9 10 1
Ey L 10 28 18
L8Sy g 18 2
LBS; 4 5 2 .
HBs 7 7 g E

Figure 3: Schematic block diagrams indicating sub-environments within watershed based on the spatial variability
of scil total and actual acidity, &) the Casamance and b) the Great Scarcies river basins.
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GREAT SCARCIES RIVER BASIN

b

Uplands
Upstream
e Mid-stream
River mouth
Zones tand unit Mean TAA Mean TPA Mean TSA
{cmol-kg™ {cmolkg "} =TPA - TAA
(cmolkg™™)
£, L 17 16S 148
LBS, 24 272 48
LBS, 26 329 303
HBS 13 217 204
[} L & 180 174
8%, 7 162 155
LBS, 1 361 350
HBS i1 236 225
3 L 2 188 186
(BS, 1 237 235
185, 19 324 305
HBS 7 371 294 g
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Figure 6. Contour maps of soil Total Actual Acidity (TAA in cmol H' kg') at the midstream site of the
Casamance river basin {60 - 80 cm) (a) and Total Potential Acidity (TPA in cmol H' kg™) (b) at upstream sites
of the Casamance river basin (80 - 100 cm).
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To analyze spatial dependencies between observations within different catenas we applied
geostatistics. Sixty omnidirectional semivariograms were computed both for TAA and TPA
at the 12 sites for 5 soil depths. Within each site the spatial structure was not always similar
for all soil depths. However a pure nugget effect was observed most often on the soil surface
both for TAA and TPA. With increasing depth a better spatial structure was generally
observed. Different methods of spatial interpolation, such as ordinary kriging and universal
kriging, were applied for each site on each soil depth, depending on the spatial structure
found from the semivariograms. Sixty contour maps of TAA and TPA were produced for 5
soil depths at 12 locations. With few exceptions, a general variation pattern of TAA and TPA
within a catena emerged. TAA and TPA were highest at the backswamp zones (HBS and
LBS2) and lowest at the levees as illustrated in in Fig.5a, b, ¢, d (at the Y-axes, O indicates
the location further from the levee and e.g. 11 indicates the river edge). For the few
exceptions, TAA or TPA values were higher near levees and lower in the backswamp as
observed for the mid and upstream sites of the Casamance river (Fig.6a, b). At greater soil
depth (around 1 m) the acidity distribution was rather homogeneous from the levee up to the
limits of the HBS (Fig.7).
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Figure 7: Contour map of soil Total Potential Acidity (cmol H* kg™) at 80 to 100 cm soil depth at the midstream
site of the Casamance.

94



DISCUSSION

Spatial Variability of Seil Acidity

At macro-level, the significant effect of climate on the spatial variability of soil acidity
was statistically demonstrated. Nevertheless no clear evolutive north south trend following the
annual rainfall gradient was found. An earlier study, however, reports that along the West
African shoreline, climatic zonality influences soil acidity, and can be used to define a
concept of coastal sequence (Vieillefon, 1977). One of the main assumptions underlying the
study is the correlation between vegetation distribution and the expected soil types. Tomlinson
{1957) observes a zonal distribution of mangrove species along selected catenas in Gambia
and finds a strong correlation between vegetation species and amounts of soil pyrite, At
regional level, Hart (1959) and Kawalec (1977) conclude to the existence of a zonal
distribution of mangrove species in West Africa and recently Diemont et al. (1993)
extrapolate such zonal distribution to the expected acid svlfate soil types. This study showed
evidence that only two distinct environments characterized from their soil acidity emerged:
the northern region (the Gambia, Casamance and Geba river basins) and the southern region
{the Great Scarcies river basin). The expected evolutive pattern on soil acidity following a
climatic gradient both derived from our framework and described by others was not observed.
This new developrnent on spatial variability of soil acidity in the West African mangrove
ecosystem can be attributed to the long drought period in the Sahel affecting the chemical
conditions of the soils along the northern river basins. The cumulative effect of acidification
as well as of salinization and the subsequent acid leaching with saline water has probably
affected differentially the soils. In these unstable environments, the longer aeration implies
stronger soil development. Therefore the causal effect of climate should be modulated by the
specific effects of individual river hydrology, and in particular to its tidal behavior.
Nevertheless, the earlier zonality described which is now limited to two broad eco-regions
(dry and wet) can have its implication on soil water management in the West African
mangrove ecosystem. The Gambia, Casamance and Geba river basins can be further sub-
divided based on the remaining soil total sufidic material.

At meso-level, the nested approach applied on soil acidity shows clear evidence of the
effect of site position along the river basin. The longitudinal pattern of soil acidity variability
was specific for each river. Causes for spatial variability of seil acidity at this scale can be
related to a complex interaction of vegetation sequences along the river basins, sedimentation
rates during soil genesis and recent climatic changes affecting the river hydrology. Along the
northern river basins, earlier studies (Vieillefon, 1977 and Kawalec, 1977) report a
longitudinal gradient of mangrove sequences from the river mouth towards upstream positions
following the salinity regime, e.g. Avicennia dominant near the river mouth and Rhizophora
at upstream positions. The soil map produced in the nineteen seventies for the Casamance
river basin shows more potential acid sulfate soils upstream and less near the river mouth.
Our results on soil TPA confirmed this pattern along the Gambia and the Casamance river
basins but to a lesser extent along the Geba and the Great Scarcies river basins. With the
exceplion of the upstream site of the Geba river, soil TSA was highest at upstream positions
and decreasing towards the river mouth. Both vegetation sequences as well as rapid
sedimentation rates near the river mouth can be the causal effect. At the meso level the
amount of actual soil TAA and TSA can be a clue for practical agronomic implications. Each
river basin can be sub-divided into environments from the river mouth to upstream positions.

At micro-level, intricate patterns of the soil TAA and TPA were observed. The
complexity related to the interaction of all factors favorable for pyrite formation within
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different landforms have been difficult to cope with because of recent soil evolution as
affected by climate change and hydrology. Many authors have studied the effects of landforms
on pyrite accumulation and concluded that less pyrite accumulates on levees (or tidal creek
ridges) as compared to the backswamp units (Bennema, 1953; Willet and Walker, 1982 and
Dent, 1986). Giclioli and Thornton (1965) and Thornton and Giglioli (1965) describe an
opposite pattern for the Gambia river and Vieillefon (1977) for the Casamance river, Van
Breemen (1976) in a detailed study in Thailand concludes that little potential acidity was
present in surface soils of levees and more towards the backswamp positions. But this pattern
was not explicitly mentioned for increasing soil depth. The results provided by the
geostatistical approach have shown a detailed variation of TAA and TPA within soil catenas
for each single soil layer of 0.20 m thick up to 1.00 m depth. For the surface soil (0 to 0.20
m), our results on TPA confirm the conclusions of van Breemen (1976). However two
exceptions occur at the mid- and upstream sites of the Gambia river where the levees have
higher surface soil TPA. With soil depth the expected high TPA values at the backswamp and
lower in Ievee as described by Bennema (1933), Willet and Walker (1982) and Dent (1986)
is confirmed only along the Great Scarcies river. In the drier climatic environments this
pattern is exceptional; the TPA values on levee soils are highest and decrease towards the
backswamp. This decreasing trend seems to follow a sharp catenary distribution of mangrove
species in a dry climate (narrow band of Rhizophora bordering the river, followed by a larger
band of Avicennia). For the Great Scarcies river basin the band of Rhizophora is much wider.
The relatively lower TPA near the levees along the Great Scarcies river can be related to the
accreting process (fast sedimentation rate).

For TAA the highest values are generally located on the more aerated backswamp and
less on the daily flooded levee. However, for the Geba river with an exceptionally high tidal
range (up to 5 m) even the levees are subject to strong acidification.

Practical implications for soil water management can be based on the so called "site
specific management" concept. Within the eco-region comprising the Casamance and the Geba
river basins, TSA is relatively low and the soils have already undergone acidification.
Leaching with salt water followed by salt leaching with fresh water during the rainy season
can improve the soil. Amendments such as lime, rock phosphate and nitrogen in moderate
applications can contribute to an increased rice yield (Sylla et al., 1993). At meso and micro-
level however, attention has to be focused on the zones having still substantial potential
acidity (TSA greater than 25 cmol HY kg soil). A good water management design within the
landscape can cope with this micro variability. Within the eco-region of the Great Scarcies
river basin the best way to curtail further pyrite oxidation is to keep the soil periodically
flooded by tidal action (van Breemen, 1993). Within this environment, substantial acidity in
the high backswamp can develop, inducing extreme soil stresses (excess of Al and Fe
species). Application df lime or preflooding might be helpful. The relatively high TAA in the
top soil along the Great Scarcies river can be related to seasonal processes of acidification and
deacidification (van Breemen, 1975) and may not be harmful when rice transplanting is
delayed. At any case, the levee zones should not be disturbed, due to remaining potential
acidity at some depth and also to their protective role against water erosion, which was not
pursued further in the present study.

SUMMARY and CONCLUSIONS

QOur study has, through a sampling scheme at different scales and the application of
statistical procedures, shown the intricated patterns of soil actual and potential acidity in the
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West African Mangrove environment. To disentangle the complexity of causes of soil acidily
spatial variability at different scales, a hierarchical framework as a synthesis of the
environmental factors favorable for pyrite formation was used parallel to statistical methods.
The framework accounts for the processes on acid sulfate soil genesis including the notions
of rainfall sequence, biosequence, toposequence and hydrosequence (Jenny, 1980). The results
showed that:

- At macro-level, a broad subdivision of the study area inlo two eco-regions was possible: the
northemn river basins with low TSA and the southern river basins with high TSA. The earlier
defined north south trend on soil acidity was not observed because of rapid chemical changes
occuring in the mangrove soils during the persisting drought in the northern regions.

- At meso-level, site position along rivers gave significant explanations for the longitudinal
variability of soil acidity. However the pattern of variation seemed to be river-specific, being
influenced by mangrove species distribution, sedimentation rate and recent climate change.
- At micro-level, the kriged maps showed different patterns of soil acidity spatial variability,
related to the catenary distribution of vegetation species and possibily low pyrite accurmulation
on depositional topography. At this scale the observed patierns were rather specific to the eco-
regions defined at the macro-level.

The approach followed in this study can have direct implication on soil water
management. It can i} provide usable information for any manager from farmers to decision-
makers, ii) facilitate site selection for modeling and model validation, and iii) help focus on
new process-based and environmental research in mangrove ecosystem.
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CHAPTER 5

TEMPORAL AND SPATIAL VARIARBILITY OF SOIL CONSTRAINTS AFFECTING
RICE PRODUCTION ALONG THE GREAT SCARCIES MANGROVE SWAMPS,
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Abstract

Along the Great Scarcies River (Sierra Leone) potential acid sulphate soils are wide-
spread. Locally, surface soils have oxidized and become highly acidic. Production of
rice critically depends on the lowering of acidity and salinity by natural flooding and
leaching during the rainy season. When salinity and acidity are high, amendments
(lime, phosphate) and extra water management measures are needed. However, most
farmers cannot afford amendmends. They depend on selecting a period in the rice
growing season during which soil limitations (salinity and acidity) are minimal,
Research into the variations of salinity and acidity with time can help to recommend
optimum transplanting dates, and appropriate cropping techniques and varieties.

Three sites at various distances from the sea were selected, based on expected rela-
tionships between environmental factors (hydrology, vegetation, salinity regime) and
formation of potential and actual acid sulphate soils. At each site, soil solution moni-
toring and agronomic trials were carried out along a transect from the river levee
across a low-lying backswamp to the higher backswamp. A geostatistical approach
was used to describe variability of soil constraints in time and space.

Rice vields varied considerably within and across sites as a result of variations in
salinity, acidity, and degree of iron 1oxicity. Close to the sea, the optimal *window’
for salinity (the period with EC values less than 8 mS cm™) is in the order of the
growing period of short-duration varieties. At upstream sites, iron toxicity (bronzing)
was observed when high concentrations of dissolved Fe?* coincided with low Ca**
concentrations. Near the sea, equally high Fe'* concentrations were associated with
higher Ca** concentrations and did not result in bronzing. Iron toxicity, apparently,
did not depend only on the concentration of dissolved Fe?* but also on that of Ca**.
Within the toposequence, soil consirainis are less on the levees and more severe to-
wards the backswamps. Furthermore, rice yields depended on fertilizer treatment: a
low lime dose (2 t ha™'), 250 kg rock phosphaie and 80 kg of urea-N per ha increased
yield markedly.

Yield and soil constraints as well as treatment types are well correlated, allowing
precise recommendations for improved agronomic practices. Near the sea, short-dura-
tion varieties tolerant to salinity are recommended to minimize the risk of salinity

! Research jointly undertaken by the West Africa Rice Development Association. the Institut Sénégalais
de Recherches Agricotes, and Wageningen Agricultural University
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damage. At upstream sites, varieties tolerant of iron toxicity are recommended because
the bronzing cannot be avoided by delaying transplanting. To minimize soil-related
stresses, transplanting should be sequential, starting at the levees and ending at upper
catena zones, except at upstream sites where the order should be reversed.

Introduction

Rice is grown on about 214000 ha of cleared mangrove swamps in West Africa
(WARDA 1983). A further 130 Q00 ha is potentially suitable for cultivation. Most
of the mangrove swamp soils are potential acid sulphate soils. In Sierra Leone more
than 35 000 ha of former mangrove swamps are under rice cultivation. Most farmers
in these areas must operate with very low inputs and improved technology should
be adapted to this input level. In the past, research in the agroecology of ‘mangrove
rice’ has focused on mainly on varietal improvement. However, the impact of
improved varieties has been limited because the spatial and temporal variability of
soil constraints was disregarded.

Along the Great Scarcies River, rice production critically depends on the lowering
of acidity and salinity by natural flooding with fresh water and leaching during the
rainy season. In addition, amendments (lime, phosphate) and extra water management
measures may be needed. In view of the lack of credit and low per capita income,
the first step for sustainable rice production may be based on transfer to varieties
adapted to soil constraints and other adverse cénditions on farmers’ fields. As most
farmers are unable to manipulate the growing environment, selecting a period in the
rice growing season with minimal salinity and acidity can be the secret of success in
varietal transfer. This study deals with the spatial and temporal variability of soil con-
straints during the growing season with the aim to define this time window.

Materials and methods

The study area is located along the Great Scarcies, Northwestern Sierra Leone, where
the annual precipitation (2500mm to 3000mm) falls between the end of May and
November, with a peak in August. Salinity intrusion extends more than 80 km
upstream where the tidal amplitude is still 2 to 3m. The vegetation along the river
is dominated by mangroves; Avicennia dominates near the sea, while Rhizophora pre-
dominates further inland. The salt-tolerant grass Paspalum vaginatum thrives in areas
cleared of the originai mangrove trees.

Site selection

The formation of potential actd sulphate soils depends on the presence of specific
environmental conditions: sulphate and sulphate-reducers, organic matter, iron,
reducing conditions alternating with limited aeration, removal of dissolved alkalinity
formed during reduction, low contents of acid-neutralizing substances, and a suffi-
ciently low rate of sedimentation (Van Breemen 1976, Pons et al. 1980). These factors
prevail along the Great Scarcies. Soil organic matter contents tend to vary according
to vegetation. Lowest organic matter contents are associated with Avicennia man-
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groves, mainly near the sea. Higher organic matter, as well as higher potential acidity,

are associated with RAfzophora, further inland. Salinity varies both along the river

and the swamp catena. Site selection was based on the variable salinity and potential

acid sulphate soil conditions, as follows:

— Site 1 (Balencera) close to the river mouth with high seasonal salinity, high sil,
low organic matter content (under 4vicennia) and, possibly, low pyrite;

- Site 2 (Rowolloh) about 40 kin upstream, transitional;

- Site 3 (Katakerra) about 80 km upstream, Rhizophora dominant and less saline
during rainy season, high clay and high content of soil organic matter, favouring
pyrite formation.

Each site comprises a 800-1500 m wide transect of the flood plain leading away from
the river, which takes account of the variability in both salinity and acidity as
influenced by tidal flooding and topography. Each catena included a levee along the
river, a low backswamp, grading to a higher backswamp with a sharp transition to
older terraces or plateaux.

Site characterization

A gouge auger was used for profile description at a 20m sample spacing along each
catena. The effects of high local varability were avoided by multiple sampling and
averages were recorded. In addition to the linear transect, a soil map was made using
240 x 40m sampling grid.

Soil colour, mottles, texiure, depth to jarosite, depth to unripe soil as well as pH-in
situ, EC, Total Actual Acidity and Total Potential Acidity (Konsten et al. 1988) were
measured at depths of 0-20, 20-40, 40-60, 60-80 and 80-100 cm. The soil pH was also
measured after aerobic incubation.

Salinity and acidity were monitored by fortnightly sampling of the soil solution
at 0-25, 25-50, 50-75 and 75-100 cm depths from soil-solution extractors permanently
installed on the major physiographical units (levee, low backswamp, high back-
swamp).

Agronomic trials

Along each of the three transects four trials were established, one on the levee, one
on the high backswamp and two between, in the low backswamp. Each experiment
was a randomized design comprising the following six treatments in a rectangular
field with plot sizes of 5 x 3 m, repeated 4 times:

— TO0 = acontrol

— T1 = 2 tonnes/ha of lime

— T2 =TIl + 250 kg/ha rock phosphate

- T3 =T1 + 80 kgsha N-urea

- T4 = T2 + 80 kg/ha N-urea

- T5 = 10 tonnes/ha of lime + 250 kg/ha Rock-P + 80 kg/ha N-urea

I

Five- to six-week old seedlings of the rice variety Rock 5 were transplanted with 2-3
seedlings per hill (to minimize the risk of crab damage to very young seedlings) at
distances of 20cm x 20cm.

Rock-P and lime were imcorporated one week before transplanting in wet sotl. Urea
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was broadcast in split doses (2/3 at 20 days after transplanting [DAT]; and 1/3 at
40 DAT). Agronomic parameters were monitored throughout the season and yields
were recorded at harvest.

Geostatistical procedures
Soil properties such as acidity and salinity are highly variable in acid sulphate soils,
even within the same soil unit {Burrough et al. 1988).

In recent years, considerable efforts have been made to quantify soil heterogeneity
and temporal variability for environmental monitoring through geostatistical tech-
niques {Burgess and Webster 1980, Stein et al. 1989, Stein 1991). Each sample is corre-
lated with nearby samples in space or time, so the regionalized variable is a mathemati-
cal predictor of similar values for nearby samples and dissimilar values for distant
samples. Semi-variograms have been used in this study to estimate values between
sampling dates by interpolation using kriging, after assuming second order stationarity
{Stein 1991).

Statistical procedures for agronomic trials

ANOVA and F-tests were used to compare treatments within trials, Next, a combined
analysis of variance was done, stepwise as foilows:

1) Homogeneity of variances with chi-square test;

2) Combined Analyses of Variance over trials within catena and within sites;

3) Partitioning of treatments x trials and treatments x sites'within catena.

Results

Soil conditions
Soils (Table 1 and Figure 1) are mostly potentially acid. Potential acidity tends to
increase with distance from the sea. Within each catena, potential acidity is generally
higher in the backswamps. Acidified surface soits occur everywhere with lowest values
in the high backswamp of Katakerra, the only site where actual acid sulphate soils
were observed.

Soil solution composition

At Balencera, near the river mouth, the pH in water samples from the surface soil
horizon decreased after flooding, later increased up to 5.5 and, finally, decreased again
after the flood water receded (Figure 2). At the transitional location (Rowolloh), the
pH ovever fell below 5 and reached values close to 6 after prolonged flooding. At the

Table | Soil types according to Soil Survey Staff (1973) at the various sites

Site Levee Low backswamp High backswamp
Balancera Suifaquent/ Sulfaquent Aeric Sulfaquent
Aeric Sulfaquent Sulfaquent/
Rowoilon Sulfaquent Sulfihemist Sulfaquent
Sulfaquent/
Katakera Sulfaquent Sulfihemist Sulfaquept
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Figure | pH of the fresh soil (pecked lines) and pH after incubation (sclid lines) along transects at each
of the three sites

up-stream (Katakerra) intitially low pH values occured at the high backswamp loca-
tion.

The highest salinities (with EC values up to 30 mS/cm) were observed near the river
mouth while at the upstream locations, EC in the surface soils never exceeded 17 mS/
CIHI1.

Within the two upstream sites, Balencera and Rowolloh, salinity was lower on
levees, adjacent to the river, and increased towards the high backswamp locations
(Figure 3). At Katakerra, farthest upstream, a reverse pattern was observed. Except
for an initial increase in EC with time after flooding at Batencera, EC values decreased
with time of flooding in the rainy season. At Balencera, the EC in the soil solution
in surface horizons (0-25 cm) reached values below 8 mS/cm (tolerable for suitable
rice varieties) within 2 weeks (alter August 1st) on the levee, within 7-8 weeks in the
transitional area and only after 9 weeks in the upper catena site. In the upstream sites,
tolerable salinity levels were generally reached within 1-4 weeks after the start of moni-
toring. In the deeper horizons, the EC remained high at Balencera (data not shown),
presenting a risk of secondary soil salinization by capillary rise towards the end of
the rainy season. Upstream locations generally had lower subsoil salinity, with inher-
ently lower risk for salinization.

Potentially toxic iron concentrations (> 300 mg/l) were observed only at the high
backswamp sites in Katakerra and in Balencera (Figure 4). Fe?* concentrations were
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Figure 2 Temporal and spatial variability of pH of the soil solution at 0-25 ¢m depth in each of the three
sites. Along each transect, 0 refers to the river levee, | to the low backswamp, and 2 to the high
backswamp. Time is weeks after the start of monitoring

already high during the first sampling and, generally, decreased with time. The trend
was not clear at Katakerra. Changes in the concentrations of Ca?+ (Figure 5) more
or less paralleled the EC values suggesting a link between Ca?* and salinity.

Results of the agronomic trials

At all sites, treatments as well as toposequence positions had highly significant effects
on rice yield (Table 2). The individual ANOVA showed a very small cv% thus no
chi-square test was necessary before carrying out the combined analyses. At each loca-
tion, the effects of treatments on yield couid be ranked as follows

TS>or=Td4> T3> T2> or = TI>TG0.
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sampled at 0-25 cm depth in each of the three sites. For explanation see Figure 2

Levee sites invariably gave highest yields. The overall analyses indicated highest yields
at Rowolloh (4.3 t ha*' paddy), followed by the near sea site (Balencera) (3.5 t ha'
paddy), with Katakera trailing behind with 2,5t ha™' paddy.

The effect of lime was significant in all trials. The application of 2 t lime per ha
alone increased percentage yield by 19 at Balencera, by 13 at Rowolloh, and by 30
at Katakerra. Lime and rock-P increased yield about 44 per cent at Katakerra but
less at the other locations. The combined application of lime and N-urea gave higher
yields than the lime and rock-P treatments. P treatments are less marked than N treat-
ments.

The combined effect of 2 £ lime per ha, rock-P, and N-urea gave the highest vield
at ali sites, with percentage increases relative to the control of 72 at Balencera, 53
at Rowolloh, and 87 at Katakerra. Increasing the lime application from 2 t ha™' to
10t ha™ had a smail significant positive effect only at Katakerra.
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position in catena, at |, 7 and 10 weeks after the start of monitoring
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Table 2 Soil treatments and environmental effects on rice yield

Locations Treatments* Yeild Landscape Yield* v %
t/ha position t/ha

Balancera {S51) 70 2.47 d levee 4.20 a

T! 3.04 ¢
(near river T2 3.17 ¢ low backswamp 1 3.73 b
mouth) T3 3.70 b

T4 4.24 a low backswamp 2 3.03 ¢

T5 4.40 a 9.03

high backswamp 3.05 ¢

Rowollow (S2) T0 3.29 e levee 4.37 ab

T1 3.71 d
{transition) T2 4.10 ¢ low backswamp 1 3.99 ¢

13 4a.61 b

T4 5.03 a Tow backswamp 2 4.57 a

TS 5.03 a 4.72

high backswamp 4.24 b

Katakera (S3) T0 1.57 f levee 3.54 a

Ti 1.97 e
{upstream) T2 2.17 d low backswamp I 2.72 b

13 2.57 ¢

T4 2.83b low backswamp 2 1.10 d

TS 3.09 a 6.71

high backswamp 2.06 ¢

* for an explanation of treatments see text
** within location means followed by the same letter are not different at Tevel
0.05 (Duncan’s test)

The low yields in the high backswamp at Katakerra were associated with bronzing
of the rice, suggesting that Fe toxicity is one of the major constraints.

Discussion

Soil properties and changes in soil solution chemistry

The surface soils at ail sites are somewhat acidified (pH 3-5). Subsoils are potentially
acid, except in the high backswamp at Katakerra where soils have acidified strongly
to an appreciable depth. Potential acidity is generally higher at the upstream locations
and at sites away from the river levees. This pattern seems to be related to the former
distribution of Rhizophora species, as suggested by the presence of hairy roots. At
greater depths, total potential acidity was always high if hairy roots occurred. Actual
acidity is generally low, which must be attributed to the general lack of prolonged
deep drainage and aeration related to the strong tidal influence.

The spatial and temporal distribution of salinity is correlated with tidal propagation
at the scale of the river basin, while the duration of saline water flooding across the
transect depends on microtopography. This explains the higher EC at the site near
the river mouth and within catena at the backswamp location. The relatively low EC
near the levees at Balencera and Rowolloh can be explained by more efficient leaching
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in these zones. The reverse situation at Katakerra may be due to limited supply of
saline water during the dry season, creating relatively little salinization across the
catena.

The cause of the relatively high Fe?* concentrations at the high backswamps sites
in Balencera and Katakerra is not immediately clear. Both dissolved FeSO, originating
from oxidizing pyrite, and Fe?* derived from soil reduction following flooding can
be involved {cf Van Breemen 1993). The fact that low pH values coincided with high
Fe?+ concentrations in the early part of the wet season suggests that pyrite oxidation,
rather than reduction of Fe’* compounds upon flooding, is the main contributer to
dissolved Fe?~.

(Ca** concentrations seem to be positively correlated with salinity. This can be attri-
buted only in part to dissolved Ca?* coming directly from seawater: the highest Ca2*
concentrations are in the same order as those in seawater {400 mg/1), while the highest
salinities are only 5 to 10 per cent of those in sea water. Presumably, most of the
dissolved Ca’* is derived from ion exchange reactions associated with acidification
and dilution following fresh water flooding.

Effects of amendments and soil conditions on rice yield

Moderate to good rice yields could be obtained at all locations and sites, indicating
that stresses were either, at most, slight (in case of salinity) or could be overcome,
in part, by amendments. At all sites, all the treatments had a positive effect on rice
yield. The effects were greatest in the most acidic sites in Balencera and Katakerra.
These results suggest that multiple nutritional stress related to acid sulphate soil condi-
tions is the the cause of relatively low vields. The limited effect of P application may
be related to a high P-fixing capacity of the soil.-

The very slight extra gain in yield associated with increasing the lime dose from
2t ha™' to 10 t ha suggests that low pH and associated high dissolved Al are not
major soi} constraints. The positive effect of the low lime dose may be caused by alle-
viating Ca deficiency. An important role of Ca nutrition, in particular as an antagonist
to Fe (Moore and Patrick 1993}, is also suggested by the different effects of high dis-
solved Fe?* in the high backswamps sites at Balencera and Katakerra. Bronzing was
absent at Balancera (where both Fe and Ca concentations were high), but strong at
Katakerra (where Fe was equally high, but Ca was very low). Iron toxicity is caused
by soluble iron, higher than a few hundred mg/l, particularly when associated with
insufficient oxidizing ability of the rice roots due to e.g. low contents of Ca and K
or high contents of H.S in the soil solution. Even after 10 weeks, the stress was high
0 that it is not possible to escape Fe-toxicity by selecting another time window for
the rice crop.

Conclusions

In tidal acid sulphate soils, studying spatial and temporal variability helps to determine
a time window during the rice growing season when soil constraints are least. The
optimal period for rice growing depends on location within the river basin as well
as on toposequence position within each location.

In site 1, near the river mouth, salinity was a major constraint. The monitoring
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of ECs revealed a need of delaying transplanting by 2 to 9 weeks. This delay was
less on the levees and increased towards the upper catena zone. The use of short-
duration varieties is strongly advised.

In the transitional site 2, both salinity and metal toxicities were less severe. In gener-
al, rice yields were higher in this site while, within the site, yield decreased from the
levee toward the high backswamp.

In site 3, situated upstream, salinity was not & main constraint but an inversed sali-
nity gradient occurs as compared to the other sites (higher on levee). In the high backs-
wamp zone, not only was dissolved iron III high but calcium and potassium were
very low. Iron toxicity, therefore, remained the most limiting factor in this environ-
ment. No delay in transplanting rice would be able to reduce substantially the level
of toxicity. Thus, only application of amendments and tolerant rice varieties can be
recommended. Drainage should be strongly avoided at all sites because of the very
high levels of potential acidity.

The following conclusions with respect to agronomic practices can be drawn:

1. At the scale of the river basin, physiographical features such as the distribution
of Rhizophora and Avicennia can be used to define environments of high pyrite
content, which will help to identify areas where deep drainage should be avoided.
At the catena scale, microtopography seems to be very important in explaining
the distribution of crop stress;

2. Near the river mouth, sequential delay of transplanting can be recommended to
avoid excess salinity. However, this delay should fit the rain distribution, even if
rice can sustain high salinity at maturity stage (Zashariah and Sankasubramoney
1961). Therefore, short duration varieties are strongly advised;

3. A small lime application in combination with N-urea and rock-P can substantially
decrease the muitiple nutritional stress and improve yield;

4. Iron toxicity cannot be circumvented by delaying transplanting. Liming and varie-
ties tolerant of high Fe?* are advised;

5. Monitoring the gradients of toxic soil substances in space and time during the grow-
ing season in relation to rainfall and tidal flooding is a low cost technique which
provided useful information for the design of location-specific management prac-
tices.
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SUMMARY

High spatial variability of soil constraints such as acidity and salinity hampers the widespread application of
improvement techniques of rice (Oryza sativa L.) production in the mangrove zone of West Africa. We studied
the response of rice to liming and fertilizer application in relation to soil conditions in order to provide ways to
characterize mangrove rice growing environments. Twenty nine trials with six treatments in various combinations
of applicaticn of lime, rock phosphate and nitrogen were implemented during the 1991 and 1992 rainy seasons in
the Gambia, the Casamance and the Great Scarcies river basins. The locations of the trials were selected on the
basis of climate, proximity of the river mouth, topography and tidal flooding regime. At each location, soil
solution chemistry, nutrient contents of rice flag leaves, grain yields and yield components were monitored
throughout the growing period. In 1992, the residual effect on grain yield of the 1991 treatments was also
measwred, We found that two main rice growing environments can be distinguished : 1) the low rainfall Gambia
and Casamance basins, where rice production was limited by high soil salinity, and where liming had liwle effect,
and 2} the wet environment of the Great Scarcies river where soil acidity was the major limitation and where
liming was more effective. The response to lime was related 10 the amount of dissolved divalent cations (Ca and
Mg) in the soil sclution. The response to rock phosphate was low in all lecations. The molar fraction between Fe
and (Ca + Mg) in flag leaves was better correlated to iron toxicity than the absolute concentration of Fe.

INTRODUCTION

Rice (Oryza sativa L.) is grown on about 214 000 ha of cleared mangrove swamps in
Gambia, Casamance (Senegal), Guinea Bissau and Sierra Leone (WARDA 1983). Beye et
al. (1975) reported the presence of 6.6 million ha of actual or potential acid sulphate soil
in West Africa. Pons & van Breemen (1982) estimated that there are some 12 to 14
million ha of acid sulphate soils in coastal plains and tidal swamps worldwide, mostly in
the tropics. The surface horizon of these soils is severely acid, or will become so if
drained. The soil chemical problems for crop growth include: severe acidity, aluminum
toxicity, low available phosphorous, low base saturation, nutrient deficiencies and high
salinity. When flooded, soil pH tends to increase and dissolved Al may decrease, but then
concentrations of other substances may reach toxic levels: ferrous iron, hydrogen sulphide,
organic acids and carbon dioxide. Rorison (1972), Bloomfield & Coulter (1973), van
Breemen (1976; 1993) and Dent (1986; 1992) reviewed the chemical processes in these
soils and their constraints for crop growth. The diversity of reasons given for their low
productivity and the multiplicity of remedies reported indicate that acid sulphate soils
vary considerably in their spatial properties (Andriesse 1993 and Sylla et al. 1994 a, b)
and respond differently to agriculural management. Dent {1992) pointed to the need to
consider soil spatial variability when searching for the best combination of improved
techniques on acid sulphate soils.

" To whom correspondence should be addressed
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Recently, much experimental work to improve acid sulphate soils for rice cultivation
has been done in Asia and Africa (Dent & van Mensvoort 1993). No single reclamation
technique for acid sulphate soils is universally applicable. Moormann (1961), Howeler
{1974) and Benckiser et al. {1984) pointed to the possible beneficial effects of liming in
alleviating soils acidity, and aluminum- and iron toxicity on crops grown in acid sulphate
soils. In Malaysia, Ting Chaong Chaang et al. (1993) reported that lime (2 t/ha) and
fertilizer application increased rice yields up to four times on pyritic mangrove soils
formerly flooded by less than 20% of high tides (Sulfaquepts). But the same technique
was ineffective on lower lying soils that were flooded more frequently (Sulfaquents). In
Guinea Bissau, Van Gent & Ukkerman (1993) reported effects of fertilizer (N P) applicati-
on to rice in different physiographic positions with different soil characteristics and
hydrology. They observed significant yield increases due to fertilizer applications in low
backswamp zones. Successful farmer practices involving consideration of differences in
micro topography and related soil differences in acid sulphate soils to cope with specific
soil constraints, were reported for tidal swamps of Southern Kalimantan, Indonesia
(Watson & Willis 1985 and Muhrizal et al. 1993). Only hydrological factors were
considered by characterizing the land according to tidal flooding classes (Kselik 1990), i.e.
transplanting rice in relation to flooding conditions to alleviate primary iron toxicity as
carlier reported by van Breemen & Moormann (1978) and Prade et al. (1988). Later
Kselik et al. (1993) studied the effect of applying lime and fertilizers (N, P, K} in the four
defined hydrological classes covering three soil types (Sulfic Tropaquepts, Sulfic Hydra-
quents and Sulfaquents). He found a significant effect of lime, and to, a lesser extent of N
and P, on actual acid sufphate soils, but no lime effect was reported on Sulfaquents. In the
Mekong delta (Vietnam), Do Thi Thanh Ren et al. (1993) reported a positive effect of N,
P and lime and a negative effect of K on rice grown on Typic Sulfaquepts and Sulfic
Tropaquepts. In Sri Lanka, Deturk et al. (1993) found a significant positive effect of lime
alone or in combination with applying green manure (Gliricidia) and NPK fertilizers on
rice grown on actual and potential acid sulphate soils. Dent (1986) reported positive
effects of lime and rock-P on rice yield in Thailand on ripe acid sulphate soils with little
effect of just lime. In contrast, in Brunei, Williams (1980) found spectacular positive
effects of lime alone on rice yield on acid sulphate soils. Ponnamperuma & Solivas (1982)
observed a good response of rice on unripe acid sulphate soils in The Philippines with
.NPK alone. A similar result was reported by Ottow et al. (1991) in the Casamance
(Senegal). In Sierra Leone, Jeffery (1963) observed no significant effects of lime and
super phosphate on undrained potential acid sulphate soils, while Turner (1980) reported
significant effects of N and P on rice grown near the river edge and the zones of tidal
limit, but none on deep-flooded low backswamp arcas along the Great Scarcies River.

These findigns demonstrate the need to study in more detail the effects of chemical
additions (lime, nitrogen and rock-phosphate) on rice grown in acid sulphate soils in West
Africa. The variability of soil conditions affecting rice yields was situdied at different
scales with the aim 1o define the best combination of improvement techniques in relation
to soil stresses as influenced by climate, distance to the river mouth ("site position") and
the location of the rice field along a catena. At the same time, the response of the crop to
amendments has been used to characterize rice growing environments.
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MATERIALS AND METHODS
Study area and site selection
The study area included three river basins along the West African Atlantic coast, viz. from

north to south: the Gambia River (Gambia), the Casamance River (Senegal) and the Great
Scarcies River (Sierra Leone) (Fig.1.).

River transect

Gomba nver  iow packswamps [ OIS
¥
v t
Levee

Senegai v,
Cad

High backswamos.

Site positions along the river
+ 7 Gambia fver

SENEGAL

ATLANTIC OCEAN
a 160 km §
— -

Figure 1: Location of the study area, sites and sampling-design alony the Gan}Bia, Casamance and the Great

Scarcies river basins.

Characteristics of climate, hydrology, salinity and landscape have been summarized
elsewhere (Sylia et al. 1994 a). Rice is the main land use in the low-lIying alluvial parts of
the river basin. Site seleciion was based on the expected variability of soil salinity and
potential acid sulphate soil conditions. Along each river basin, three sites were selected:
one near the river mouth (S1), one midstream (S2) and one upstream, near the limit of
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tidal propagation (S3). Within each site, four landscape units were defined along a catena
perpendicular to the river, varying in topographic position, tidal flooding regime and soil
characteristics (levee, low backswamp 1 and 2, and high backswamp). In each of these
units agronomic trials were implemented.

Representative soil profiles were described and sampled per soil horizon. Seil variabi-
lity was studied by detailed grid sampling. Soil salinity (EC), total actual acidity (TAA)
and total potential acidity (TPA) were measured in the dry season of 1991. Sampling
methods and measurements of TAA and TPA are outlined in Sylla et al. (1994b).

Experimental design and treatments

Field trials

Thirty six field trials were planned for the wet seasons (Jun to November) 1991 and 1992
in the selected sites (3 river basins x 3 sites x 4 landscape units). Only twenty nine trials
for each year could be implemented in agreement with the landowners and the existance
of the landscape units. The missing trials are shown in table 7. In addition, along the
Casamance and the Great Scarcies river basins, residual effects of lime and rock phosphate
{rock-P) were monitored during the wet season of 1992 using the trials set up in 1991.
Each trial consisted of six treatments, in a completely randomized design with four
replicates. The treatments were: To= control; Tl= 2t/ha lime; T2= 2t/ha lime and 250
kg/ha rock-P; T3= 2t/ha lime and 80 kg/ha N-urea; T4= 2t/ha lime and 250 kg/ha rock-P
and 80 kg/ha N-urea ; and T5= 10t/ha lime and 250 kg/ha rock-P and 80 kg/ha N-urea. In
1992 the treatment TS was not implemented. The 5 by 5 m plots were separated by 0.5 m
wide strips. Each plot was surrounded by hand-made bunds, of 25 to 50 cm height, to
minimize lateral transfer of chemical amendments by flood water. Lime and rock-P were
incorporated in the topsoil (0 to 20 c¢m) during land preparation according to local far-
mers’ practices, viz. in ridges (Casamance) or in flat ploughed and puddled plots (Gambia
and Great Scarcies). N-urea was broadcast in split doses (2/3 at 20 days after transplanting
[DAT] and 1/3 at 40 DAT). Five- to six-weeks old seedlings of the rice variety Rok5
(tolerant to high salinity and acidity) were transplanted with 2 to 3 seedlings per hill
(transplanting had to take place this late in order to diminish the risk of crab damage to
young seedlings), at distances of 20 by 20 cm, The nursery received 100 kg/ha of N-urea,
250 kg/ha of reck-P, 40 kg/ha of K,0 and 2t/ha lime. To reduce damage by insects (stem
borers ed. Maliarpha separatella), all trials were treated with Furadan especially at
tillering. Hand-weeding was done as required. Seedlings damaged by crabs within the first
four weeks after transplanting were replaced. Every 15 days plant height, numbers of
tillers and panicles were recorded. At panicle initiation, flag leaves were sampled at each
plot, washed with deionized water and dried for further laboratory analyses. At harvest, the
net 4.5 by 4.5 m interior part of each plot (excluding the border lines) was harvested by
hand, the grains threshed, winnowed and sun-dried. Grain and straw were weighed and
samples taken for grain moisture content and the 1000-grain weight. Grain yields were
converted to 14% moisture. For the residual trials in 1992, only physiological disorders, if
any, were noted, and grain yields were measured at harvest.

Soil solution chemistry
Two different set-ups for monitoring soil solution chemical content were implemented
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2: Soil solution extractors.

Figure



along the Casamance and the Great Scarcies’ sites representing two extreme climatic
conditions. In 1991, the soil solution was monitored twice monthly, starting the first week
of flooding, using 4 soil solution extractors per site, one in each landscape unit, The
extractors were constructed with Polyvinyl (PVC) pipes (& = 12 ¢m) perforated (about ®
= 1 c¢m) from the bottom up to 1 m. Flexible teflon tubes 4 mm inner diameter were
placed at different depths (Fig. 2a). The bottom of each flexible tube was wrapped with
nylon cloth. After installing the flexible tubes, the PVC pipes were filled with prewashed
coarse silica sand to minimize aeration through the pipe and the perforated part wrapped
with nylon cloth; both sand and nylon cloth served as filters. Each sampling depth (0 to
20, 20 to 40, 40 to 60, 60 to 80 and 80 to 100 cm) in the pipe was separated by a plastic
ring with a stopper to let through the flexible tubes (Fig. 2a.}. Both pipes and tubes were
closed at the top to minimize oxidation. A similar setting was used in 1992 with smaller
PVC pipes (& = 5 cm) perforated only at the bottom 20 cm for extracting water from the
topsoil (Fig.2b.) in each plot within all the trials. The soil solution was sampled at 1, 2, 4,
8, 16 and 32 weeks after transplanting. All extractions were done with a hand operated
peristaltic pump (3 bar). After discarding the first three aliquots, pH and electrical
conductivity (EC} were measured immediately, Polyethylene plastic bottles (250 cc) were
used for sampling and storage and were filled to the rim and closed for further filtering
and acidification in the laboratory. Filtration was done through a 0.2 ym membrane filter
using syringe with polysulfone holders). A few drops of hydrochloric acid (HCI) were
added to acidify the filtered samples which were stored in a refrigerator prior to analysis
{maximum storage time was 4 month).

Chemical analyses

Soil samples were air-dried, and ground to pass a 2 mm sieve. pH and EC were measured
in a 1:2.5 and 1:5 soil-water suspension respectively. TAA and TPA were measured by
titration to pH 5.5 in a 1 mol/l NaCl suspension on fresh soil sample or after forced
oxidation with hydrogen peroxide respectively {Konsten et al, 1988). Exchangeable Ca and
Mg were measured by Atomic Absorption Spectrophotometer (AAS) using an air-acetyle-
ne flame after adding LaCl,. Exchangeable Al was measured by AAS with a nitrous
oxide-acetylene flame. Na and K were measured by flame photometry (AES) using
air-acetylene flame after adding CsCl. Total nitrogen was measured after digestion
{Kjeldahl) in a mixture of sulphuric acid and Selentum by Auto Analyzer. Available P was
analyzed by the Olsen method.

Plant samples were oven-dried (70 to 80°C) overnight and digested in a mixture of
sulphuric and salicylic acids. Na, K and Ca were measured by AES and AAS as for the
soil samples. Soil solution and surface water samples were analyzed for pH, EC, Na, Mg,
and Al using the same procedures for the soil samples. Iron was analyzed by AAS with an
air-acetylene flame; the possible signal reduction by organic acids was prevented by
adding a few drops of 1 M HCL

Statistical procedures for agronomic trials

ANOVA and F-tests were computed to compare treatments within trials. Next, a combined
analysis of variance over location was done after a chi-squared test for homogeneity of
variance. Duncan’s multiple range tests were applied to separate means. By multiple
correlation analysis, relationships between yield, leaf nutrients content and soil solution
chemical composition were established.
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RESULTS AND INTERPRETATION

Soil eonditions

Almost all the soils were saline (EC 1:5 > 2 mS /em) in the dry season of 1991. In the
following emphasis will be put on the two extreme cases of the Casamance and the Great
Scarcies river basins. Soil salinity along the river basin and across catena’s was highly
variable along the Casamance river (dry climatic zone), and much less so along the Great
Scarcies river (wet climatic zone) (Fig. 3). Different salinity environments across river
basin and within catena were defined and could be related to climate, proximity of the
river mouth and position along the catena (Sylla et al. 15%4a). Soluble soil Na, Mg and, to
lesser extent, Ca were closely related to measured EC. The acidity status expressed in
terms of TAA and TPA is given in Fig. 4 which clearly differentiates the two environ-
ments. Potential acidity was invariably high at all sites along the Great Scarcies river and
much tower along the Casamance river. Very high actual acidity (>30 cmol H* /kg) in
topsoils was observed at S3 along the Great Scarcies river. Such TAA values also
occurred along the Casamance river, but only at greater soil depth. The soil classification
units observed along the Casamance and the Great Scarcies rivers arc given in table 1
showing more soil development along the Casamance river.

Table 1: Scil types at Three sites along the Casamance (Senegal) and Great Scarcies River basins (Soil Survey
Staff, 1975). S1 stands for the site near the river mouth, S2 for the site at around mistream and S3 for the
site upper streaim.

Site

Levee

Low backswamp

High backswamp

Casamance Si

Clay, very saline

Acric/ Hydraguent or

Clay 1o sandy clay
very saline to satine

Sand to sandy clay
slightly saline

f Suifaquent Tropaquept Tropaquepl
52 Silty clay to sandy Sand to sandy clay Saundy clay slightly
clay saline Sulfic saline Rhodic Pale saline Rhodic Pale
hydraquent or in Sulfic Trepaquepl Sulfic Tropaquept
cases Aeric
Sulfaquent
53 Clay extremely Clay, saline Typic Sandy clay slightly
saline Aeric Sulfaquept saline Rhodic Pale
Sulfaquent Sulfic Tropaguept
Great
Secarcies Sl Silty clay saline Clay saline Clay Aeric
Sulfaquent or Acric  Sulfaquent Sulfaquent
Sulfaquent
52 Silty clay to clay Clay saline Clay saline
saline Sulfaguept Sulfihimist or Sultaquent
Sulfaquent
52 Clay saline Clay saline Clay saline Typic
Sulfaquent Sulfaquent or Sulfaguept
Sulfikimist
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are near the river mouth, at midstream and at upstream. TAA and TPA, were analysed according to Konsten

and the Great Scarcies (4d-f) river basins, Samples were taken during the dry season of 1991, Sites 1 (o 3
et al. (1988).
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are near the river mouth, at midstream and at upstream. TAA and TPA were analysed according to Konsten

et al. (1988).
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and the Great Scarcies (4d-f) river basins. Samples were taken during the dry season of 1991. Sites 1 to 3

are near the river mouth, at midstream and at upstream. TAA and TPA were analysed according to Konsten

et al. (1988).
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are near the river mouth, at midstream and at upstream. TAA and TPA were analysed according to Konsten
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Water analyses

Surface water in the rice field at transplanting was generally acid (pH < 3 to 4) in the
backswamps, while the river water was invariably neutral to slightly alkaline. In the
course of the growing season the pH of the ficld surface water increased to almost neutral.
River water salinity was high throughout the growing season along the Gambia and
Casamance rivers {(EC > 12 dS /m). Along the Great Scarcies river EC decreased rapidly
after the onset of the wet season, starling upstream, to values less than 8 dS /m. A rapid
decrease of flood water salinity was observed along the Great Scarcies river, while along
the Casamance river and the Gambia river the decrease was slow. Data from soil solution
monitoring using decp piezometers at the four landscape units in each site during 1991
rainy season were analyzed to define a time window within which minimum soil stresses
for rice growth were observed for iron, aluminum, and salinity. Along the Great Scarcies
river such a time window of low salinity (EC at 0 to 20 cm depth < 8 dS /m) of 3 to 4
months could be identified. Along the Gambia and the Casamance river basins the time
window lasted only | to 3 months (see also Sylla et al. 1993). The two river basins
differed strongly in the content of Na, Ca, and Mg in the soil solution. The concentration
of these ions reflected salinity, as indicated by the EC (Table 2). Salinity was high within
the Casamance basin except at $2, and lower along the Great Scarcies river basin.

Table 3a: Cocfficients of comelation between soil solution chemitry and rice grain yields for the 1992 trials along
the Gambia, the Casamance and the Greta Scarcies river basins.

K Na Ca Mg Fe pa EC Yield
K £.000
Ma 0995 | 1000
Ca 0981 | 0991 | LoDO
Mg 0990 10997 {099t | 1000
Fe 0610 | 0637 | 0610 {0657 | 1.000
pH 0178 | 019 | 0137 | 0225 |-0703 | 1.000
EC 0970 | GIRC | 0967 | 0987 | 0747 |-0333 | 1000
Yield |-0.786 |-0822 | -0859 |-0841 |-0625 |0I151 |-0852 |1.000

Table 3h: Coefficients of correlation between soil solution chemitry and rice grain yields for the 1992 trials along
the Gambia and the Casamance river basins (dry environment},

K Na Ca Mg Fe pH EC Yield
K 1.000
Na 0.997 1.000
Ca 0.995 0.996 1.000
Mg 0.992 997 0.99¢ 1.000
Fe 0.585 0.632 0.619 0.667 1.000
pH 0443 | -049% [ -0468 | -0.544 | -0.934 1.000
EC 0.956 0.970 6.961 0.982 0.786 -0.673 1.000
Yield | 0766 | 0796 | 0.786 | -0.817 | -0.884 | 0.805 -0.894 | 1.000
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In soils of both river basins, EC decreased with time over the growing season. Iron
was generally lower than the defined toxic level (300 mg /kg or 5.37 mmol /kg) (Tanaka
& Yoshida, 1970} at all sites. No clear effect of soil amendments on soil solution
chemistry was apparent. A highly significant multiple correlation was derived between
yield and the chemical concentrations of the soil solution (Adjusted R* = 0.87; Multiple R?
= 0.90) with significant negative coefficients for K, Ca and EC (Table 3a). The
unexpected negative correlation between yield and K seemed to be related to high
concentrations at high salinity. When computed for each separate environment, multiple
correlation gave a poor fit for yield and solute concentrations at the Great Scarcies and a
highly significant correlation at the Casamance (Adjusted R* = 0.83; Multiple R* = 0.92),
The correlation matrix for the Casamance showed again a high, negative correlation
between yield and salinity in general (EC, Na, Ca, Mg with high correlation among all of
them) and with Fe, while yield was positively correlated with pH (Table 3b).

Leaf analyses

Element concentrations in flag-leaves at panicle initiation differed significantly for
different landscape units within a site (Table 4). High contents of Na and Mg (200 and
120 mmol /kg respectively) were typical for the dry saline environment of the Gambia and
the Casamance river basins. Mg-contents were in the Mg-deficiency range (less than 82
mmol /kg) along the Great Scarcies river, particularly at site S3. K-contents were generally
high (K > 250 mmol /kg) indicating that K availability was generally good. Excessive K-
contents (more 550 mmol /kg) were observed at S2 along the Great Scarcies river.
Ca-contents were below the deficiency level (less than 22 mmol /kg) at S2 along the
Gambia river and at all sites along the Great Scarcies river. Leaf Ca-contents were
appreciable, and sometimes even excessive (more than 57 mmol /kg) along the Casarmnance
river basin. Fe-contents were normally close to 5.37 mmol /kg indicative of Fe toxicity
(Tanaka & Yoshida, 1970) and P-deficiency appeared to be widespread (P-leal < 1000 mg
kg).

Correlations between rice yield and flag leaf nutrient contents (Na, Ca, Mg, Fe, P and
K:Na molar ratio) computed for the dry saline environment were highly significant (P <
0.01) with R? equal to 0.92. The matrix of individual correlations (Table 5) showed high
positive relations between yield, P-leal content and K:Na ratio in the leal, and a negative
correlation with Na, Mg and Fe. The high correlation coefficients between yield and
contents of Mg (negative} and P (positive) indicate that the main limiting factors were
salinity stress (expressed by Mg) and P deficiency. However, in the wet environment of
the Great Scarcies river, the multiple correlation was not significantly different from zero
for all nutrients. However, a good correlation was obtained between yield and the Jeaf
contents of Mg (positive) and Fe (negative). The effect of soil amendments on the flag
leaf nutrient contents is summarized in Table 6. Statistically significant differences
between treatments were found in a few cases. At the mouth of the Casamance, liming
alone increased the leaf Na-content and the combination of lime and/or N P fertilizer
increased the Fe-content of leaves. At the S2 and 83 sites along the Great Scarcies river,
liming and combined treatments with lime increased the Ca-content in leaves. The
N-content in leaves was increased by the combined lime, N and P treatments at the S2 site
of the Casamance river. We expected the Fe contents in leaves to be depressed by liming,
but this was not observed.
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Table 4

catenas at different sites along the Gambia, the Casamance and the Great Scarcies mangrove swamps.
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Na Ca Mg Fe P K/Na Yield
Na 1.000
Ca -0.766 1.000
Mg 1493 -0.210 1.060
Fe 0.800 -0.635 0.540 1.000
P -0.722 0.735 -0.690 -0.779 1.000
KMNa - 0.613 -0.654 -0.741 0.640 1.060
Yield -0.522 0.308 -0.826 -1.579 0.807 - 1.000

Table 5: Coefficients of correlation between element content in rice flag leaves at panicle initiation and grain yields
from 1992 trials along the Gambia and the Casamance river basins (dry environment).

Rice yield variability at different scales

The overall mean rice yield ranged from 0 to 3 t/ha along the Gambia and Casamance
river basins (drier climatic zone) and from 2 to 4 t/ha along the Great Scarcies river basin
{wet climatic zone) (Table 7). Coefficients of variance (CV) were much higher along the
Gambia and Casamance river basins than in the Great Scarcies river basin, reflecting the
high spatial variability following a skewed distribution of soil constraints for rice
production and differential response to amendments. A steady and good response of rice
yield to lime, phosphate (rock-P) and Nitrogen {Urea-N) was generally obtained along the
Great Scarcies river. Such a treatment effect was sometimes absent and generally unsteady
in the dry environment (Fig.5).

~ GAMBIA s2

+ GAMBIA S3

*- CASAMANCE S1

*' CASAMANCE S2

‘X" CASAMANCE 83

- GREAT SCARCIES 81

RICE YIELD T/HA

v

- GREAT SCARCIES S2
. ! i ] -
Do 3 O = = > GREAT SCARCIES S3
+ + + +
— -1 o n
+ +
- d
n

LIME AND FERTILIZER TREATMENTS

Figure 5: Rice grain yields along the Gambia (Gambia), the Casamance (Senegal) and the Great Scarcies (Sierra
Leone) under different fertilizer applications. O is the control, L is 2t of lime, N is 80 kg of N-urea and P

is 250 kg ha'. The trials were implemented during the 1991 rainy season.
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Low rice yields (less than 1 t/ha) to complete crop failure and little to no response to
liming and fertilizer treatments were observed at the river mouth of the Gambia and at the
upstream site of the Casamance river. These can be attributed to high soil salinity. In 1991
no significant treatment effect was observed at any site along the Casamance river and at
83 site along the Gambia river. The effect of lime alone to increase rice yield was
statistically significant (P < 0.05) at 52 in the Gambia river and all sites along the Great
Scarcies river. Additional application of rock-P to limed plots gave a significant yield
increase only at S2 and S3 along the Great Scarcies river. Yield was increased more by
lime and N than by lime and rock-P along the Gambia river {(32), and at all sites along the
Great Scarcies river. Heavy application of lime (10t/ha) with additional N and rock-P
fertilizers did not outperform the moderate lime dressing (2 t/ha) except at S3 along the
Great Scarcies river basin, In 1992, treatment effects were observed at all sites, except at
S3 along the Casamance river where salinity was very high. An effect of lime alone was
confirmed for the sites along the Great Scarcies river. Additional application of rock-P to
limed plots did not increase rice yield significantly in general probably because of the
limited amount vsed in these possibly strongly P-fixing soils, confirming the results
obtained in 1991. Application of N to limed plots increased yield significantly and was not
significantly different from the combined lime, rock-P and N, except at §3 along the Great
Scarcies river. These findings implied that there was little or no response to rock-P (250
kg/ha) in the acid sulphate soil of the study area. In general, fertilizer and lime application
influenced the yield components (tiller count, grain weight and panicle number) and plant
height. Plant height was influenced by N application during early growth and to a lesser
extent at maturity. Tiller number was not influenced by N at 15 DAT but a significant
effect was observed at 30 DAT for most sites. In general, liming alone and with additional
application of N and or rock-P increased panicle number per m® in most sites. However
effects on panicle number of additionat application of P did not differ significantly from
the application of lime alone. Grain weight (1000 grains weight) differed significantly
between the wet and dry environments (30 to 3% g in wet environment and 24 to 26 g for
the dry environment). Within catena’s, rice yield was generally affected by landscape
position (Table 7). In the dry environments, low yields to complete crop failure were
cbserved on levees, except at S2 along the Casamance river. By contrast high rice yields
were obtained on the levees along the Great Scarcies river. In general the low backswamp
zones gave stable yields. Yield limitations at the high backswamp and its proximate low
backswamp were observed at the site 83 along the Great Scarcies river. The effect of
liming, combined with rock-P and N at each landscape uvnit is plotted in fig. 3. A positive
effect of lime alone was observed at different landscape units: near the levee (along the
Gambia river at site S3 and along the Great Scarcies river at 81 and S2); at the low
backswamp 1 (along the Gambia river at 83 and S1, and along the Great Scarcies river
at S2); and at the high backswamp (all sites along the Great Scarcies river) (Fig. 6).
Additional application of rock-P was generally not effective, and even depressed yield in
few landscape units (at low backswamp at S2 and S3 along the Gambia river and the
Casamance river). Lime combined with N did increase rice yield almost at all landscape
units with few exceptions e.g. at low backswamp 1, in site S$2 along the Casamance river.
Heavy application of lime combined with rock-P and N was not necessarily better than
moderate liming, and in some cases also depressed rice vield e.g. along the Casamance
river at site S2 at low backswamp L and along the Great Scarcies river at 82 near levee
and at low backswampl.
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Figure 6: Rice geain yields in different landscape units at different sites along the Gambia (6a-b), the Casamance
(6c-e), and the Great Scarcies (6f-h} under different soil fertilizer application. O is the control, L is 2t of
lime, N is 80 kg of N-urea and P is 250 kg ha'l. The trials were implemented during the 1991 growing
season.
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F igure 6: Rice grain yields in different landscape units at different sites along the Gambia (6a-b), the Casamance
{6c-¢), and the Great Scarcies (6f-h) under different soil fertilizer application. O is the control, L is 2t of
lime, N is 80 kg of N-urca and P is 250 kg ha'. The trials were implemented during the 1991 growing

Season.
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Residual effect of lime and rock-P on rice

Table 8 gives the means of rice grain yield along the Great Scarcies river at four
landscape units with the different residual treatments. A highly significant residual effect
of lime was observed in all sites along the Great Scarcies river and nowhere along the
Casamance river. A residual effect of rock-P and N was observed only at the upstream site
along the Great Scarcies river.

Table 8: Residual effect of lime and rock-P in the year after the treatments at 3 sites along the Great Scarcies river
basin (Sierra Leone). Treatment were: TO = control plot, T1 = 2 t lime, T2 = 2t lime and 250 kg rock-P,
T3 = 2t lime and 80 kg of N-urea, T4 = 2t lime and 250 kg and 80 kg ha™ N-urea and T5 = 10 t lime plus
250 kg rock-P and 80 kg ha * N-urea.

Locations | Treatments Yield (kg | Lanscape units Yield (kg | CV %
ha'y ha'')
Balencera | To 3563 d Levee 4966 a
T1 3820 ¢
T2 4227b Low backswamp1 3953 b
T3 3859 ¢
T4 4275 b Low backswamp2 3604 c
T5 4527 a
High backswamp 3656 c
8.70
Rowollow | To 3670 b Levee 3911 a
T1 3835 ab
T2 3900 ab Low backswampl 3914 a
T3 4011 a
T4 3977 a Low backswamp2 3873 a
T5 4008 a
High backswamp 3904 a
8.22
Katakera To 1651 ¢ Levee 3438 a
T1 1957 d
T2 2973 b Low backswampl miss
T3 2677 ¢
T4 3203 ab Low backswamp? 2547 b
TS 3460 a
High backswamp 1976 ¢
13.43
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DISCUSSION

In the Gambia and Casamance river basins salinity stress clearly was the dominant factor
limiting rice production. Above a critical level (EC of soil solution of about 12 dS /m),
rice vields were low or the crop failed completely. In the wet environment of the Great
Scarcies river, soil salinity did not limit rice production, even though soil salinity was high
during the dry season (Sylla et al. 1994a). Along the Great Scarcies river, salt leaching by
rain and fresh water runoff can be used to obtain essentially non-saline conditions. By
contrast, in the highly saline and dry environments, the short duration and low intensity of
the wet season often do not allow for a sufficiently long salt-free growing season.

Besides salinity, acidity stress was observed in some aeric Sulfaquents or young Sulfa-
quepts (Soil Survey Staff 1990), particularly on slightly elevated grounds. In this study
the effect of lime on the rice crop varied greatly. Positive effects of liming were observed
on non saline acid sulphate soils along the Great Scarcies river. As expected, liming was
ineffective at high salinity. However, in the drier environments {e.g. Casamance) the effect
of lime was still not significant on acid sulphate soils, even after reaching notably low salt
levels by leaching before transplanting. Toure (1982) and Ottow et al. {1983) reported
similar findings in Sulfaquepts, sulfic Tropaquepts and aeric Sulfaquents along the
Casamance river. The effect of lime on rice in acid sulphate soils may have to be related
to the availability of Ca and Mg (Moore & Patrick 1989b). The chemical analyses of rice
flag leaves as well as of the soil solution indicated that available Ca and Mg was
sufficient along the Casamance river, but too low along the Great Scarcies river. This may
explain why liming was effective along the Great Scarcies river but not along the
Casamance river.

Ottow et al. (1983) claim that dissolved Ca and Mg play an important role in
modifying the toxic effects of high concentrations of dissolved iron, and attribute iron
toxicity to a multiple stress rather than to high concentrations of dissolved iron persé.
Recently Moore & Patrick (1989 a) and Moore et al. (1990) related Fe uptake by rice on
acid sulphate soils to the activity ratio of Fe** to other divalent cations Ca, Mg and Mn. In
their study of 134 flooded rice fields in Thailand, they also demonstrated that the
concentrations of Ca and Mg in the soil solution were in equilibrivm with Ca and Mg on
the cation exchangeable complex. These findings may help to interpret the divergent
effects of liming in the wet and in the dry environments observed in our studie. Apparent-
ly, the positive effect of lime along the Great Scarcies river, where soil contents of Ca and
Mg are low, can be attributed to a depressed Fe toxicity by increased Ca availability and a
lowering of the Fe to Ca + Mg activity ratio. The absence of bronzing in spite of high
leaf-Fe contents and the low response to liming along the Casamance river basin, must he
attributed to sufficient divalent cations brought in during the dry season by sea water, and
sorption of these cations on the exchange complex. Probably, assessment of iron toxicity
by means of leaf analyses should be related to relative concentration of Fe to the divalent
cations rather than to an absolute Fe-leaf concentration. In the site (Great Scarcies $3)
showing severe leaf bronzing typical of iron toxicity, the Fe to (Ca+Mg) molar ratio in
leaves was indeed highest ( > 10).

In dry environments, rice yield was well correlated with the spatial variability of soil
salinity at all scales, Soil salinity was reflected by the Na-content of the leaves. Applying
lime to saline soil tended to increase Na-contents in leaves, an effect observed earlier by
Moormann {1961) in Vietnam.

Our results for limed and unlimed acid sulphate soils in West Africa corroborate the
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conclusion of Moore and coworkers that metal availability should be evaluated by
considering activity or charge fractions in soil solution and plant tissue. In addition,
multiple correlation analysis between yield, yield components, element concentrations in
flag leaves and in the soil solution proved to be a good tool for assessing physiological
disorders in rice plants. Such an approach can help to identify the appropriate reclamation
techniques.

CONCLUSIONS

When trying to improve rice production in West African mangrove ecosystem, spatial
variability of soil attributes is clearly a major factor to be considered. Two complementary
approaches were applied: (1) the characterization of relationships between rice yield and
the chemical status of the soil at different scales, and (2) the evaluation of relationships
between nutrient availability, soil solution chemical composition, rice yield and yield
components. We found that the West African Mangrove agro-ecosystem comprises two
main environments, one with salinity, and one with actual and potential acidity as the
dominant factors limiting rice growth. In the dry environment with highly saline acid
suiphate soils, salinity must be depressed by leaching with fresh water before rice can be
grown succesfully. Where sofficient water is available to do so, rice does not seem to
suffer greatly from acidity. Due to high levels of divalent cations in the soil solution
brought by the aridity of the climate iron toxicity was depressed, and liming had little or
no effect. In acid sulphate soils in the wet environment, concentration of dissolved Ca
and Mg are Jow, and here iron toxicity can be alleviated with a fairly small lime dressing
which causes a decreased divalent charge fraction of Fe**. Such liming had a residual
effect. Application of rock-P was not very efficient.

Also within single river basins and catenas, consideration of the variability of soil
attributes at different scales is important for determining the best rice improvement techni-
que. Application of multiple correlation analysis involving soil chemical properties, plant
tissue, yield and yield components can help to diagnose physiological disorders related to
a given soil environment, or treatment effect on rice yield.
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Rice Varietal Response to Soil Salinity and Acidity in
Mangrove Environments.

Sylla, M., L.O. Fresco and N. van Breemen

ABSTRACT

Soil salinity and acidity are the main obstacles to high rice yields in mangrove environments in West Africa. Rice
varieties tolerant to these soil stresses is the most practical techniques for the farmers that cannot access to high
input agriculture. One of the best approach for selecting rice variety for stress environment is by raising yield
potential through the different yield components. This study was aiming to test the behaviar of 4 rice varieties of
different tolerance levels in saline and moderately saline acid sulfate soils. We found that panicle number did not
seem to be a pertinent parameter for selecting the high yielding variety. In stress environment, the percentage of
filled grain, the 1000 grain weight and the number of spikelets was found highly correlated with grain yield. The
application of multiple correlation techniques between nutrient concentrations in flag leaf, rice yield and yield
components may channel to the best variety to be use and maybe to promising breeding for stress environments.

INTRODUCTION

There have been outstanding achievements in rice (Oryza sativa L.) breeding in the past
20 years by National and International Agricultural Reseach Institutes. The amount of
literature pertaining to the subject is huge (Blum, 1988). Workers in the field of stress
physiology have made significant progress in understanding how physical and chemical
constraints reduce plant development and crop yield and what plant modifications may be
considered. At the same time, in spite of the extensive efforts in soil classification and
mapping, soil scientists agree that it is impossible to predict all plant nutritional responses
from soil type. Dudal (1976), van Wambeke ( 1976) and Clark (1982) gave an
appreciation of potential problems that can be formulated based on soil classification.
However, proper experimentation and testing is essential to determine varietal adaptability
to the target soil environment ( Blum, 1988). In mangrove environments, soil salinity and
acidity have been reported as the main soil limitations for rice growth (Dent, 1986, 1992).
Salinity is a main obstacle to high rice yields on millions of hectares of flat land in deltas,
estuaries, and coastal fringes. Rice is salt-tolerant during germination but sensitive after
the 1- to 2-leaf stage. Tolerance increases during tillering stage, then decreases from
panicle formation to flowering. Maturation of fertilized florets is apparently less affected
(Iwaki and Ota, 1953; Iwaki, 1956; Pearson, 1959; and IRRI, 1968). Many workers
pointed out that grain yield of rice is more affected than vegetative characters (Pearson,
1959; Kaddah and Fakhry, 1961; Kaddah, 1963; IRRT, 1968; Narale et al., 1969; Barakat
et al., 1971; Akbar et al., 1972 and Datta, 1972). In acid soils, iron toxicity can be a
nutritiona! disorder of wetland rice (Ponnamperuma et al., 1955; Tanaka and Yoshida,
1970). Tn acid sulfate soils, iron toxicity is associated often with salinity, phosphorus
deficiency, and low base status. The critical iron content leading to iron toxicity symptoms
differs according to variety and other factors {Tanaka et al., 1966; Virmant, 1977).
Ikehashi and Ponnamperuma {1978) reviewed the varietal tolerance of rice for adverse
soils. The objective of this study was to test rice varietal response under soil stresses in
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mangrove environments where salinity and acidity together may affect rice.
MATERIAL AND METHODS

On-station trials

During the rainy season of 1993, two trials were implemented at the Senegalese Institute
for Agricultural Research Station at Djibelor (Senegal). Two soil types were selected to
host the trials: a saline acid Sulfaquepts and a non-saline acid Sulfic Tropaquepts (Soil
Survey Staff, 1990). The trials were designed as split-plot experiments replicated 3 times
at two locations. The main plots were treated with or without 10 t ha! lime and the
subplots were planted with 4 rice varieties of different sensitivity to salinity: IR 64
(International check), IR 31785-58-22 (susceptible to salinity but well adapted to arid
conditions), IR 4630 (tolerant to salinity) and RokS (high yielding variety bred for
mangrove ecosystem). All plots received 120 kg ha” N_urea, 60 kg ha P,0., (triple
superphosphate) and 40 kg ha' K,0 (KcL) . Lime, P and K were applied during land
preparation, and N_urea was broadcast in split doses (2/3 at 20 DAT and 1/3 at 40 DAT).
Land preparation was doge by ridging to miric farmer’s practices in saline soil conditions
(Dent, 1986). The ridges were about 50 cm high and 50 cm large with furrows of about
30 cm large. Thirty days old seedlings were transplanted on the ridges with a 25 x 25 ¢cm
spacing. Weeds, insect pests and blast (Pyricularia oryzae Cav.) were controlled
chemically. Agronomic monitoring was done every 15 days after transplanting on plant
height and numbers of tillers and panicles. At the flowering stage, flag leaves were
sampled, washed with deionized water and dried for further laboratory analyses. All yield
components were measured according to IRRI standards. Harvesting was done by hand,
the grain threshed, winnowed and sun-dried. Grains were weighed and samples taken for
grain moisture content and the 1000 grain weight taken. Yields were corrected to 14%
moisture. The numbers of spikelets per panicle were measured on basis of 4 hills. Soil
monitoring for salinity and acidity was done by direct s0il sampling using a gauge auger
at depths 0 to 20 ¢m and 20 to 40 cm at transplanting, panicle initiation, flowering and at
harvesting stages. Flood water was also sampled for pH and EC measurements at the
different growth stages.

Chemical analyses

Soil samples were air-dried, ground to pass a 2 mm sieve. pH and EC were measured in a
1:2.5 and 1:5 soil-water suspension respectively. Exchangeable Ca and Mg were measured
by Atomic Absorption Spectrophotometer (AAS) using an air-acetylene flame after adding
LaCl,. Exchangeable Al was measured by AAS with a nitrous oxide-acetylene flame. Na
and K were measured by flame photomeiry (AES) using an air-acetylene flame after
adding CsCl. Total nitrogen was measured after digestion (Kjeldahl) in a mixture of
sulfuric acid and Selenium by Auto Analyzer. Available P was analyzed by the Olsen
method.

Plant samples were oven-dried (70 to 80°C) overnight and digested in a mixture of
sulfuric and salicylic acids. Na, K and Ca were measured by AES and AAS and N as for
the soil samples. Surface water samples were analyzed for pH and EC.

Statistical Procedures

ANOVA and F-test were computed to compare treatments. Multiple regression techniques
were used to analyse yield, yield components and, leaf chemical contents at panicle
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initiation as a diagnostic tool in assessing physiological disorders.

RESULTS

Results from the soil monitoring for salinity and acidity are summarized in fig 1. The
analysis of surface water showed very low pH in the saline acid zone (pH ranging from
3.1 to 3.58) throughout the growing season while the flood water pH increased from 3.8 to
5.26 in the less saline acid zone.
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Figure 1: Rice plant height of four rice varieties at different days after transplanting in saline () and less saline
(b) acid sulfate soils with or without lime application. Rice trials were implemented during the 1993 growing
scason at Djibelor Rice Research Station.

Plant height was affected by lime application in both saline and less saline acid soils (fig.
2a, b). Salinity restricted plant height mainly at the early growth stage. Varietal differences
in their yield and yield components as well as the nutrient content of their flag leaves are
summarized at table 1. The panicle number per m* was highest in the saline and acid soil.
The susceptible variety (V2) showed the highest panicle number. In general, liming
increased the panicle number per m® (except for the tolerant varieties V3 and V4 in the
less saline and acid soil). The percentage of filled grain was not affected by the location.
However, significant reduction of the percentage of filled grain was observed for the
susceptible variety (V2) in the saline zone. In the saline and acid soil, Rok5 (V4)
exhibited the highest percentage of filled grain. For the different varieties, the grain weight
{1000 grains weight) was significantly affected by salinity and lime applications. After
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Figure 2: Soil salinity and acidity variation at different periods during the rice growing season of 1993 in saline
and less saline acid sulfate soil treated or not with 10t ha™ lime at Diibelor Rice Research Station.
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liming the effect of salinity on grain weight was less. The susceptible variety {V2) had
always the lowest 1000-grain weight and V4 (RokS5) had the largest. The number of
spikelets per panicle did not differ significantly in response to the treatments. But
significant differences were observed between varieties. The number of spikelets per
panicle was lowest for V2.

In general, rice yield decreased significantly with salinity and increased with liming. In
saline acid environment Rok5 (V4) performed better with lime than the check variety (V1)
and the tolerant V3. In less saline acid conditions or without lime, V3 performed better. In
all cases the susceptible variety (V2) yielded less.

£l

Yield components Chemical leal contents Statistics
Na K Ca N KM Adjusted R?
Panicle per m® 0.566 -0.655 n.780 0.310 -0.643 0.851
% filled grain -0.278 0.667 -(1.642 -0.195 0.519 0.547
1000 grains weight -0.190 0.836 -0.539 -0.086 0.585 0.756
Spikelels per panicle -0.304 0.718 -0.620 -0.08%4 0.507 0.750
Yield -0.261 0.842 -0.353 -0.099 0.643 0.639

Table 2: Correlation coefficients between grain yields, yield components and nutrient contents in rice flag leaves
at panicle initiation from the 1993 trials implemented in saline and moderately saline soils at Djibelor Rice
Research Station {Senegal).

In saline conditions, flag leaves had highest contents of Na, Ca and N but low K
contents, Liming in saline conditions increased the leaf content of Na, K, Ca and N. In
less saline acid condition, liming decreased the Na and N-leaf and increased the
concentrations of K and Ca in the leaves. Varietal difference on their leaf-nutrient contents
was observed. The susceptible variety V2 tended to have highest flag-leal Na contents in
saline conditions with lime, and lower K contents, giving low K:Na ratios. Rok5 always
had the highest K:Na ratio, followed by the tolerant V3 and the international check (V1).
The K:Na ratio was found highest in less saline conditions which corresponded to the
relatively highest yields.
Multiple correlation between yield components and nutrient concentration in flag leaves at
panicle initiation showed that:

- Panicle numbers per m* was highly correlated with Ca-leaf contents (r = 0.78)
and negatively correlated with K-leaf contents (r = -0.66);

- The % filled grain was positively correlated with K-leaf contents (r = 0.67) and
negatively with Ca-leaf contents;
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- Grain weight was highly correlated with K-leaf contents (r = 0.84) and
negatively correlated with Ca-leaf contents (r=-0.54);

- Spikelet numbers per panicle was highly correlated with K-leaf contents (r =
0.72) and negatively with Ca-leaf contents (r = -0.62).
Multiple correlation between yield and yield components showed a negative correlation
between yield and panicle per m* {r = -0.67) and a positive correlation with the % filled
grain (r = 0.78), grain weight (r = 0.66) and spikelet numbers per panicle (r = 0.74). Table
2 summarizes the different correlations between yield and yield components with the
nutrient concentrations of flag leaves.

DISCUSSION

Marked differences exist in rice varietal performance on mangrove soils. Knowledge of
nutrient uptake at various levels of soil salinity and acidity and their effect on yield
components should point to the best adapted agronomic practices. Attanandana et al.
(1982) concluded that liming acid sulfate soils depressed Na and Fe and increased Ca in
plants, and found a negative correlation between yield and K plant. Arulandoo (1982)
reported that liming at a dose of 2.5t ha” increased rice yield mainly by increasing the
spikelet number and, to a lesser extent, the panicle number and grain weight. Our results
showed that in saline and acid conditions, liming increased the panicle number for all
varieties and particularly the most susceptible variety. The increase in spikelet number
and grain weight with lime was observed for three varieties. In saline conditions, the
susceptible variety yielded the smatlest spikelet number at liming. Perhaps this is due to
an inversely proportional relationship between grain per panicle and panicle number per
m’ (IRRI, 1968). In general for all four cultivars studied, panicle number was highest in
the saline environment. Dingkuhn et al. (1992) found that salinity levels did not affect
tiller numbers but confirmed our observation on the spikelets sterility and uncomplete
grain filling as an effect of salinity level. Flag leaf analyses showed significant differences
between zones (saline and less saline environments) as well as between lime treatment and
varietal effects. In saline acid conditions rice plant tended to accumulate more N in the
flag leaf than in less saline conditions and liming in this conditions increased N-leaf in all
varieties. This effect of lime on N-leaf is also reported by Do Thi Thanh Ren et al. (1993).
In less saline acid conditions, however, the effect of lime on N-leaf was variety-dependent.
Increasing Ca-leaf contents upon liming was observed and reported in many studies
(Moormann, 1961 and Dent and van Mensvoort, 1993). For Na and K in rice leaves,
Dingkuhn et al. (1992) claim that salinity is partly a nutritional stress, due to the
physiological displacement of K (an essential element) by a chemically similar but
physiologically functionless Na, They found low K:Na leaf ratio in susceptible rice
cultivars and highest in more tolerant ones. Our results confirm that in all conditions the
susceptible variety had the lowest K:Na ratio in flag leaves. Liming in saline and acid
conditions increased both Na and K in the leaf while in less saline conditions liming
generally decreased Na but increased K-leaf contents resulting in highest K:Na ratio as
well as the highest rice grain yields. Attanandana et al. (1982) found also a decrease in
Na-leaf content and an increase of K with lime application. The unexpected increase of Na
in leaves upon liming in saline acid soils may be caused by an increase of dissolved Na
by Ca-Na ion exchange in soils having a high Exchangeable Sodium Percentage (ESP in
Casamance soils can be as high as 15). Bhumbla and Abrol (1978) report high uptake of
Na by rice in the presence of carbonate in the soil. From our results, Rok3 and the
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international check (IR 64) seem to have the most stable yields in mangrove soils where
salinity and acidity are common.The tolerant IR4630 performed similarly if lime was
applied.

CONCLUSIONS

Varieties adapted to mangrove ecosystems should combine both a good tolerance of
salinity and acidity. The nutrient uptake of different varieties at different management
levels indicates among these tolerant varieties which is the best to be used for a given
cropping system. This implies that location-specific trials are needed to determine what
variety is most adapted for farmers. Furthermore, physiological research will be needed to
improve our understanding of metal availability and rice plant uptake.
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GENERAL CONCLUSIONS

Ecological conditions vary widely within the mangrove zones of West Africa. Rice is grown
in this environment as a staple food and its cultivation is one of the most important land uses.
The soils in these coastal lowlands are mostly saline acid sulfate soils. In this thesis, an
attempt was made to characterize the mangrove ecosystem based upon a conceptual
framework that accounts for the different causal factors involved in the formation of acid
sulfate soils (actual or potential). These causal factors were: climate, coastal morphology,
hydrology and tidal regime, vegetation and topography. Based on the framework, sites were
selected to study the spatial and temporal variability of soil attributes and to set up a network
of rice trials for testing the response of rice to different improved agricultural practices in
refation to soil characteristics. In this final chapter, the main conclusions are reported and
future research challenges are outlined.

1. A number of different environments are distinguished in the coastal mangrove ecosystem
of West Africa. The constraints to rice production ranged from excessive soil salinity to high
actual or potential acidity. The classification matrix based on the environmental conditions
necessary for acid sulfate soil formation provides an outline for detailed classification of
mangrove environments outside the geographic scope of this study. Even though the approach
needs further field validation, it is shown that mangrove environments in West Africa are
variable in their soil properties and such variability may be structured at different scales
ranging from macro to micro. The hierarchical structure can provide different levels of
information to meet the needs of various decision-makers (government agencies at macro and
meso levels and farmers at micro level).

2. The spatial variability of soil salinity was studied in four river basins. The significant
effects of causal factors for soil salinization such as climate, distance to the river mouth, and
landscape position were tested by nested ANOVA. Two main eco-regions were defined based
on their soil salinity conditions at macro level: high salinity in the norther environment of
South Sudan Savanna climatic zone and lower salinity in the Guinea Savanna and Equatorial
Forest zones. At the meso level (within a river basin), clear differences were observed
between "normal" and "inverse” estuaries and associated longitudinal soil salinity patterns.
Sub-environments can be defined along each river basin. At micro level (within the catena),
the spatial distribution of soil salinity was captured by means of geostatistical methods. The
kriged maps illustrated the differences in soil salinity between landscape units. A classification
system was matched to the contour maps based on sice salinity tolerance, soil equilibrated
with sca water and the lethal salinity levels of mangrove species. The combined nested
approach and geostatistical methods yielded a hierarchical classification of soil salinity to
assess potential for rice growing.

3. The causes of spatial variability of soil actual and potential acidity were studied at the same
locations as for soil salinity. A simple and atiractive method for measuring actnal and
potential soil acidity was adopted. A framework taking account of the processes in acid
sulfate soil genesis was applied in parallel with a nested model and geostatistical procedures
to determine the contribution of each causal factor and to develop a characterization of rice
environments. At the macro level, the same eco-regions defined in chapter 3 emerge: the
northern region situated in the drier climatic zone was characterized by a relatively low total
sulfidic acidity. The wetter southern region was characterized by high soil total sulfidic
acidity. At the meso level, the site position along the river had a highly significant effect on
total actual acidity (TAA) and total potential acidity (TPA) of the soil. However, the pattern
found in this study did not confirm everywhere the longitudinal variations in potential acidity
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reported elsewhere. At the micro level, the kriged maps showed different patterns of soil
acidity within catenas and the observed patterns were specific for the eco-regions defined at
macro scale. Based upon the different levels and the patterns of variation of TAA and TPA,
practical implications were suggested.

4. Spatial and temporal variability of soil salinity and acidity were studied by means of soil
solution chemistry, which was related to rice growth in three sites along the Great Scarcies
(Sierra Leone). Geostatistical methods were applied to define time windows in which soil
salinity and mineral stresses were minimal. These time windows were different between sites
and between landscape uniis along the catena. Iron toxicity of rice plants (bronzing) was
specific to the environment with both high dissolved Fe*? and low Ca.

5. The response of rice to different improvement techniques was tested in different
environments by determining whether liming and fertilizer application was effective. The
results of the field trials used in this study also provide means to characterize rice growing
environments. We find that liming was only effective where the molar ratio between Fe and
Ca + Mg in the soil solution was high. Such environments were observed in the Equatorial
Forest climate zone. Diagnosis of bronzing was better related to the molar ratio of Fe to Ca
+ Mg in the flag-leaves at panicle initiation than the absolute amount of Fe in the leaf.

6. Rice varietal differences were tested in saline and less saline acid sulfate soils under
different lime applications. Varietal differences in yields, yield components and elements in
flag-leaf at panicle initiation were affected in different ways by salinity and liming. The
susceptible variety (IR 3178-58-22) showed higher of panicle numbers per m’ in saline
conditions but had lower values for the other yield components (% of filled grain, number of
spikelets per panicle and the 1000- grain weight) than the tolerant varieties (Rok5 and IR
4630). These differences were reflected in grain yields. Salinity generally affected rice flag-
leaves by giving highest contents of Na, Ca and N and lowest contents of K. The molar ratio
K:Na was lowest for the susceptible variety in saline soils. Liming in less saline acid
condition increased the K:Na ratio in leaves, The application of multiple correlation between
yield, yield components and elements contents in flag-leaves showed that panicle numbers per
m® was better related to Ca in leaf, while other yield components were better correlated with
K in the leaf. This was reflected in the relation between yield and yield components, which
gave a negative correlation between grain yield and the number of panicles numbers per m?,
and a positive cotrelation with the other yield components.

FUTURE CHALLENGES:

1. For proper land use planning in West African mangrove environments, a detailed
quantitative and qualitative evaluation of land and land use systems is needed. The
challenging task of soil scientists and agronomists is to provide information on the
opportunities and constrainis for the use of mangrove land as a basis of making decisions on
land use. These include natural resources conservation as well as rice cultivation. Such
information should be integrated with socio-economic data in order to provide practical
recommendations to governments and farmers.

2. Crop simulation models can be of great importance to define iso-yield lines for mapping
potential and actual rice yields within the mangrove environments. The complexities and the
high variability of soil constraints are real challenge to cope with,

3. Combining the results from land and land use evaluation and crop simulation modeling in
the mangrove environments with Geographic Information Systems may yield a comprehensive
agro-ccological zoning of practical usage.

4, However, these challenging tasks could only be achieved if the available knowledge to do
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the job is present. This may be done through fruitful cooperation on training programs
between North and South.
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ABSTRACT

In the mangrove environment of West Africa, high spatial and temporal variability of soil
constraints (salinity and acidity) to rice production is a problem for the transfer and adoption
of new agronomic techniques, for land use planning, and for soil and water management.
Recently, several National and TInternational Agricultural Centers have initiated research
programs to characterize environments where their newly developed technologies have to be
applied. However, the mangrove agro-ecosystems in West Africa have not been characterized
in a detailed way. Most of the soils in this environment are potential or actual saline acid
sulfate soils. The spatial and temporal variability of soil salinity and acidity in these coastal
lowlands results from complex interactions between climate, coastal morphology, river
hydrology, vegetation, landform and tidal flooding. Diagnosing the occurrence of both
potential and actual acid sulfate soils is the first step in land use planning for such areas. But
to cope with the intricacies of these soils, understanding the processes of soil salinization and
acidification at different scales should be formalized to properly characterize mangrove
environments.

The main objectives of this thesis were: 1) to give a comprehensive characterization
framework for the West African mangrove environments with emphasis on the possibilities
of and constraints for rice cultivation; 2) to determine the various causal factors for soil
salinization and acidification; 3) to test whether temporal variability of soil chemistry is
sufficient to provide a time window of minimum stress during the rice growing period; 4) to
relate the response of rice to improved agronomic practices in specific environments and to
provide a means to characterize specific rice growing locations, and 5) to test rice varietal
responses to saline and acid soils under different agronomic practices and to relate yields and
yield components to the nutrient contents in leaves, in order to diagnose physiological
disorders.

First, a multi-scale approach was developed involving a range from Macro to Micro level
based on the pre-conditions of acid sulfate soil formation. The main factors for classification
are climate and coastal morphology at Macro scale; hydrology, physiography and vegetation
complexes at Meso level;, and topography (calena), vegetalion species, tidal flooding and
sedimentation rate at Micro level. Information from previous process-based studies on acid
sulfate seil formation and data from secondary sources were used. Different environments
were then distinguished and their characteristics were summarized by ecological zone.
Constraints to rice production and potentials for agricultural development were matched with
environmental conservation issues.

To determine the significance of the causal factors developed in the multiple scale approach,
12 sites were selected along 4 river basins in West Africa, vz. from north to south the
Gambia, the Casamance (Senegal), the Geba (Guinea Bissau) and the Great Scarcies (Sierra
Leone). Along each river basin 3 sites were selected based on distance from the river mouth.
Within a site a strip of land perpendicular to the river was selected for intensive grid sampling
(40 by 20 m). Soil samples were taken at each grid node during the dry season of 1991. The
relation between causal factors and soil salinization and acidification was determined at Macro
and Mesa levels by nested ANOVA and yielded a classification of the study area in main eco-
regions and sub-environments within watershed. At a detailed scale, geostatistics were applied
and zones within catena were defined in terms of their main soil characteristics. A nested
statistical approach and geostatistics were used complementarily to disentangle the complexity
of the causes of soil salinization and acidification.

Temporal variability was studied by monitoring soil solution chemistry at each main

171



landscape unit within the calena. Since the production of rice critically depends on the
lowering of salinity and acidity by natural flooding during rainy season, time windows during
which soil limitations are minimal were defined and matched with rice varietal duration.
The respense of rice to different improvement techniques were tested by means of a network
of trials in the 1991 and 1992 rainy seasons. The residual effects of lime and phosphate rock
(applied in 1991) during 1992 was also evaluated. Lime dressing (2 t ha™) was found effective
whenever dissolved Ca and Mg in the soil were low, and had a clear residual effect in the
year after application. Application of phosphate rock did not seem to be effective in general.
For iron toxicity, the molar fraction of Fe and {Ca + Mg) in soil solution and in flag leaves
were found to be more relevant for diagnosing physiological disorders than the absolute Fe
content in the soil solution and in rice flag leaves at panicle initiation.

In the 1993 rainy season, rice varietal behavior under different improvement technigues within
the main soil limitations in the mangrove environment was tested. Differences in yield and
vield components and element contents in flag leaves at panicle initiation were observed
between varieties in saline and less saline acid soils. Multiple correlation between rice yields,
yield components, element contents in flag leaves at panicle initiation was found to be an
effective diagnostic tool for assessing physiological disorders.

The approach used in this study provides a logical framework to describe mangrove
environments. The multiple-scale can assist in identifying the information required to cater
for the needs of various decision-makers and land use planners. It also provides a key to
develop technology packages for intensified and sustainable use. It can be used for the
extrapolation of site-specific information to geographically different areas, with similar
characteristics.
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SAMENVATTING

De belangrijkste bodem-gerelateerde beperkende factoren voor rijstbouw in het
mangrove gebied langs de West Afrikaanse kust zijn verzuring en verzouting. Beide
vertonen hoge variabiliteit in rimte en tijd en vormen daardoor een probleem bij het
toepassen van agronomische verbeteringsmaatregelen en landgebruiksplanning, en bij
bodem en waterbeheer. Recentelijk hebben nationale en internationale
onderzoekscentra onderzoek verricht naar meer gedetailleerde methoden ter
karakterisering van ecosysiemen zodat nicuw ontwikkelde beheersmaatregelen beter
toegepast kunnen worden. De mangrove ecosystemen van West Afrika zijn tot nu toe
cchter slechts in zeer algmene termen beschreven. De meeste gronden in de mangrove
gebieden van West Afrika zijn potentiéle of actuele kattekleien. De grote variabiliteit
in ruimte en tijd van zuur en zout in deze gronden wordt veroorzaakt door complexe
interacties van klimaat, kustvorm, rivierhydrologie, vegetatic en getijdewerking. Een
goede diagnose van het voorkomen van de potentiéle en actuele kattekleien kan een
eerste stap zijn naar landgebruiksplanning in dergelijke gebieden (met name ten
behoeve van de rijstbouw). Het zal echter nodig zijn om de processen van verzuring
en verzouting op verschillende schalen (macro, meso, micro) te beschrijven.

Het doel van dit proefschrift is om (1) een zo volledig mogelijk syteem te ontwerpen
voor beschrijving van de West Afrikaanse mangrove-ecosystemen; (2) de oorzaken van
verzuring en verzouting te bepalen; (3) te bezien of binnen de jaarlijkse chemische
variabiliteit van de gronden een voldoende lange periode zonder of met slechts
minimale stress voor rijst voorkomt; (4) een verklaring te geven voor de respons van
rijst op teeltkundige maatregelen in specifieke rijst-ecosystemen, en een methode te
ontwikkelen voor gedetailleerde beschrijving van deze rijst-ecosystemen, en (5) de
respons van diverse rijstvariéteiten te testen in zure en zoute omstandigheden.
Allereerst wordt in het proefschrift een indeling in agro-ecologische zones op
verschillende schalen ontwikkeld, gebaseerd op de voorwaarden voor
kattekleivorming. Hiervoor is informatie vit cerdere studies naar de vorming en het
voorkomen van kattekleien gebruikt.

Op macro-schaal zijn klimaat en kustvorm de belangrijkste bepalende factoren; op
meso-schaal zijn dat hydrologie, landschapsfysiografie en vegetatiecomplexen, en op
micro-schaal worden hiervoor gebruikt de topografie (binnen catena’s), de vegetatie,
de getijdewerking en de sedimentatiesnelheid.

De belemmerende factoren voor rijstproduktie en de mogelijkheden voor
landbouwontwikkeling zijn getoetst aan de noodzaak tot bescherming van het
kwetsbare kustmilieu.

Om de significantic van het onderscheid in gebieden op verschillende schalen te
toesten zijn 12 studiegebieden gekozen langs 4 West Afrikaanse rivieren. Van noord
naar zuid zijn dit de Gambia rivier (in Gambia), de Casamance (in Senegal), de Geba
(in Guinee Bissau) en de Great Scarcies (in Sierra Leone). Langs elke rivier zijn 3
studiegebieden geselecteerd op verschillende afstand tot de riviermond. In elk gebied
zijn stroken land loodrecht op de rivier bestudeerd via een intensieve
rasterbemonstering (40 bij 20 meter). Op elk punt zijn bodemmonsters genomen, per
20 c¢cm tot 1 meter diepte, gedurende het droge seizoen van 1991. Er is gebruik
gemaakt van genestelde varianticanalyse om de significantie van verschillen op macro-
en meso-schaal te testen. Dit heeft geresulteerd in een klassificatie in hoofgebieden
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en sub-gebieden binnen elk stroomgebied. Op micro-schaal zijn geostatistische
methoden toegepast, waardoor via hodemkarakteristieken catena’s kunnen worden
onderscheiden. Genestelde varianticanalyse en geostatistick bleken effectief bij het
ontrafelen van de complexe verzuring en verzoutingsproblematiek.

Variabiliteit in tijd is bestudeerd aan de hand van de samenstelling van het
bodemwater binnen de catena’s. Het al of niet mogelijk zijn van rijstbouw hangt sterk
af van vermindering van zuur en zout door natuurlijke overstroming met zoet water
in het natte seizoen. De lengte van de zuur- en zoutvrije periode bepaalt de keuze van
rijstvariéteiten, die verschillen in groeiduur.

De respons van rijst op teeltkundige maatregelen is onderzocht via experimenten in
de natte seizoenen van 1991 en 1992. Het naleveringseffect van bekalking en van ruw
fosfaat (gegeven in 1991) is eveneens bestudeerd in 1992. Kalkgiften van 2 ton per
hectare bleken effectief ingeval van lage hoeveelheden opgelost Ca en Mg in de
bodem, en vertoonden dit positieve effect ook nog in het navolgende jaar. Ruw fofaat
was in het algemeen niet effectiefl. Voor het bestuderen van ijzertoxiciteit bleek de
molaire fraktie van Fe en (Ca + Mg) in de bodem en de chemische samenstelling van
het rijstblad ten tijde van de aarvorming een betere methode om nutrienten problemen
te indentificeren dan de absolute hoeveelheid Fe in het bodemvocht en het rijstblad.
Gedurende het natte seizoen van 1993 is de reactic getest van rijstvaricteiten op
verschillende teeltkundige maatregelen. Verschillen in opbrengst, groeicomponenten
en chemische samenstelling van het rijstblad ten tijde van de aarvorming werden
gevonden in zoute en minder zoute gronden. Meervoudige correlatie tussen
rijstopbrengst, groeicomponenten en chemisch bladsamenstelling bleken effectieve
middelen om verschillen in de groei van rijst te verklaren.

Deze studie levert een logisch kader voor het beschrijven van mangrove-ecosystemen.
De meerschalige benadering beantwoord aan de behoeften van landgebruiksplanning
en beleid op verschillende nivo’s. Het helpt bij bet maken van een juiste afstemming
van nieuwe technologieén voor intensiever, duurzaam landgebruik op de verschillende
situaties. Bovendien kan het worden gebruikt voor extrapolatie naar andere gebieden
met vergelijkbare geografische eigenschappen.
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