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Abstract 
The review is an attempt to specify particular features of the biological processes involved in the 
nitrogen cycle as they occur in the following categories of West African ecosystems : flooded rice 

.fields, rain-fed agroecosystems, and forests. 
In rice fields in Senegal the nitrogen input through blue-green algae was reported to be in the range 

-, of 1-30 kg ha-' yr-'. Figures for heterotrophic rhizosphere Nn-fixation in the rice rhizosphere should 
be reassessed. In rain-fed ecosystems, symbiotic Nz-fixation is often impeded by such limiting factors 
as moisture stress (in semi-arid areas), nematode attacks, soil acidity and toxicity, mineral deficiencies 
(especially phosphorus deficiency), inadequacy of Rhizobium populations and competition between 
native and introduced strains. Inoculation with Rhizobium is futile if even one of the above-men- 
tioned limiting factors is still operating. No reliable evaluation has been published thus far of Nz- 
fixation in forests. 

Nitrification and denitrification are limited by soil acidity in rice soils as well as in non-fertilized 
rain-fed agrosystems. However, when nitrogen fertilizers are applied to the soil, losses through denitri- 
fication were reported to be ca. 30 %, whereas losses through leaching were only 10 %. In West African 
forest ecosystems, nitrification is potentially much more active than in temperate conditions. Data on 
denitrification is lacking. 

Mineralization rates are high, except in acid rice fields, as long as the soil is flooded. In arid condi- 
tions, mineralization is slowed down but still persists as long as the soil pF is not higher than 5.2, 
which corresponds to relatively dry conditions. 

' Introduction 
A voluminous amount of literature has been accumulated concernhg nitrogen transfor- 
mations in soil, but, unfortunately, most of the information is limited to temperate con- 
ditions. Many of the general concepts applicable to temperate soils are applicable to 
tropical soils, but the special conditions which prévail in tropical environments lead to 
considerable modifications of the transformation rates and nitrogen transfers. The present 
paper is a review of our current knowledge of the role of microorganisms in nitrogen 
transformations occurring in different ecosystems which are typical of West Africa, at- 
tempting to specify the particular features of the biological processes in such conditions. 
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Table 1. Distribution of bacteria, fungi and actinomycetes in different fractions of a typ- 
ical sandy soil (Dior) from Central Senegal (Panthier & Feller, unpublished data) 

Fractions Weight Bacteria Fungi Actinomycetes 
(%I (%I (%I (%I 

Organic matter 

>2.0 mm 0.02 0.7 2.0 0.4 
0.2-2.0 mm 0.33 20.0 33.3 4.3 
0.2-0.05 mm 0.67 13.3 16.6 2.2 

Total 1 .o2 34.0 51.9 6.9 

Organo-mineral fraction 
(<O.OS mm) 15.41 66.0 47.1 92.9 

Mineral fraction 

>2.0 mm O O O O 
0.2-2.00 mm 33.50 O 0.5 O 
0.2-0.05 mm 49.50 O 0.5 0.2 

Total 83.00 O 1 .o 0.2 

Totalnumber of bacteria, fungi and actinomycetes were respectively 3.3x106, 4.8x103, 1 . 3 ~ 1 0 ~  per g 
(d.w.) soil. 

Two preliminary remarks should be made here. The first relates to the soils. In West 
Africa, sandy to coarse loamy structures prevail in surface layers and the organic matter 
content is usually very low in cultivated soils. For example, in the AP horizon of a typical 
sandy soil from central Senegal (Dior Soil) the clay and carbon contents are respectively 
3-6 % and 0.2-0.3 %. Since the microbial populations are mainly located on the organic 
and organo-mineral particles, which make up the organic and organo-mineral fractions 
(Table l ) ,  and since the organic matter content of these sandy soils is low, the total mi- 
crobial numbers are low (106-107 g-'). But such data do not mean that there is less 
microbial activity than in temperate conditions. Actually, it can be very high (see exam- 
ples below) but it is located in habitats which represent only a relatively small volume of 
the soil: (1) in soil organic and organo-mineral particles and (2) in plant rhizospheres, 
i.e., the soil-plant root interface, including the surface of the root tissues and the sur- 
rounding soil (Yoshida, 1975). Another characteristic of the sandy soils of West Africa is 
their normally high acidity, which is generally associated with low Ca, P and Mo contents 
and high Al and eventually a high Mn content. Acidity may be responsible for impeding 
some major processes, especially N2 -fixation and nitrification. 

The second remark refers to the climate. Just as frost does in temperate conditions, 
drought in tropical climates can act as a major limiting factor, which is responsible for a 
differential slow-down (Fig. 6) and ultimately a blockage of microbial activities, except 
in irrigated ecosystems. In West Africa we can distinguish three classical kinds of climates 
(Charreau, 1974): 
- the desert climates which have very few tropical months (one or two), a large number 

of arid months (eight to ten), and one or two temperate months, 

56 



I 

- the equatorial climates which have a large number of tropical months, one or two arid 
months, and no temperate months, 

- the tropical climates which are characterized by the lack of temperate months and a 
variable number of tropical and arid months, but more than one or two arid months. 

If we consider the tropical climates, a further distinction can be made on the basis of the 
proportion of arid and tropical months and we can distinguish two classes: 

- dry climates, characterized by 2-4 112 humid months, 
- wet-dry climates having 4 1/2-7 humid months. 
Since tropical, dry or wet, climates exist in large areas of West Africa, the aridity factor is 
deemed to play a major role from both a microbial as well as an agronomic point of view. 
This should not be overlooked. 

I 

Flooded rice fields 
In contrast with the situation in India and the far-eastern countries (see, for instance: 
IRRI, 1979), few studies have been devoted thus far to the nitrogen transformations 
occurring in rice fields of West Africa. However, some data are available as far as nitrogen 
fixation and denitrification are concerned. 

N2 -fixation 
Three groups of organisms are believed to be responsible for the nitrogen input to rice 
fields: bluegreen algae, heterotrophic Nz -fixing bacteria, and AzoZZa. 

N z  -fixation b y  bluegreen algae 
It is difficult to estimate the biomass of Nz-fixing bluegreen algae in rice fields, not only 
because such estimations are time-consuming, but also because large variations occur 
during the cultivation cycle. Such variations were carefully observed by Roger & Reynaud 
(1976), who showed that bluegreen algae make up only a low percentage of the total 
algae biomass up to the heading stage. But during the last growth phase, if the plant cover 
is dense enough, N,-fixing algae could represent 13-99 % of the total algae biomass 
(Table 2), which itself is generally never higher than 6 .  lo3 kg (f.w.) ha-' in acidic P-de- 
ficient paddy soils, which are most frequently encountered in Senegal. 

Estimations of N2-fixed by bluegreen algae in West Africa are few. Preliminary reports 
from Reynaud & Roger (1978) indicate that in this area the nitrogen input through blue- 
green algae is between 1 and 30 kg ha-' yr-l. Low activities can be attributed to the 
effect of unfavourable climatic and/or edaphic factors. In the dry tropical conditions 
which prevail in Senegal, high light intensities reaching 70,000-80,000 lx are thought to 
be responsible for the relatively poor development of bluegreen algae, which are light sen- 
sitive (Roger & Reynaud, 1979a), whereas in equatorial conditions this limitation is not 
observed. 

Temperature is not usually a limiting factor, except in the Sahelian zone during the 
dry season when a lower temperature at the beginning of the cultivation cycle inhibits 
bluegreen algae growth and favours eukaryotic algae (Roger & Reynaud, 1976). Other 
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Table 2. Algal biomass in relation to rice development (40 rice soils studied) 
(Roger & Reynaud, 1978b) 

Dominant flora N2-fixing algae 

% of total biomass % of total biomass 
Mean Max. Min. Mean Max. Min. Stages of 

rice development value value value value value value 
Nature 

Tillering Diatoms, unicellular 73 99 49 2 4 0.1 

Panicle initiation Filamentous green algae. 89 93 86 3 9 0.1 

green algae 

Non-heterocystous blue- , 

green algae 

Heading to maturity; Filamentous green algae. 70 91 62 8 14 0.2 
weak plant cover Non-heterocystous blue- 

Heading to maturity; Bluegreen algae 71 99 16 38 99 13.0 
dense plant cover 

green algae 

major limiting factors in West Africa are related to soil characteristics, especially P defi- 
ciency and acidity. Biotic factors (predators and antagonists) may also influence the 
growth and activity of bluegreen algae, but their role has not yet been elucidated. 

Heterotrophic N2 -fixation 
Heterotrophic N2-fixation occurs not only in the rhizosphere, but also in other soil 
micro-habitats, such as root litter, which provides heterotrophic N2 -fixing bacteria with 
favorable conditions for their activity (especially the presence of energy-yielding com- 
pounds and low p02 tension). Microorganisms involved have been shown to pertain to 
the usual genera that have been described elsewhere, i.e., Spirillum, Clostridium, Entero- 
bacter, Beijerinckia, Azotobacter, Desulfovibrio, Desulfotomaculum (Rinaudo, 1974; 
Rinaudo et al., 1977; Dommergues & Rinaudo, 1979). 

Heterotrophic N2 -fixation in the rice rhizosphere is most difficult to investigate be- 
cause of the interference of bluegreen algae and the occurrence of large variations during 
the rice growth cycle. According to Balandreau et al. (1974), N2-(acetylene reducing ac- 
tivity)-fixation in a rice field in Ivory Coast (Lamto) was in the order of 72 kg ha-' yr-' , 
but considerably lower values have been reported by Rinaudo (pers. comm.), e.g., 0-20 
kg ha-' yr-' in Senegal. These results must be cautiously interpreted and new in situ 
measurements are necessary along with long-term field experiments to reassess the quan- 
titative significance of N2-fixation in the rice rhizosphere. 

One point is clear: the N2-fixing system made up by the rice plant and the micro- 
organisms associated with its rhizosphere is not a stable system in itself, since the com- 
position of the rhizosphere populations is heterogeneous and changing. Moreover, this 
system is very sensitive to effects of soil factors which have already been mentioned as 
harmful to other systems (acidity, P deficiency, excess of inorganic nitrogen) and also to  
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factors specific to  the rhizosphere N2-fixing system, especially an excess of 02.  No simple 
chemical or physical criterion can be used for predicting the N2-futing potential of a soil 
with planted rice. Thus, in a survey of 29 paddy fields from Senegal, Garcia et  al. (1974) 
were unable to discover any significant correlation between N2 - f ~ n g  potential and the 
following soil characteristics: clay, loam, and sand content; C, N, S-SO?-, or N-NO, con- 
tent. Laboratory experiments suggest that in some soils, such as newly reclaimed fields, 
the inadequacy of the N2-fixing microflora could be held responsible for the low rhizo- 
sphere N2 -fixation. 

Heterotrophic N2 -fixation occurring in microhabitats other than rhizospheres has been 
demonstrated by different authors, especially Matsuguchi (1979). This type of process 
has not yet been investigated in West Africa, but reports about the effects from ploughing 
under straw in rice fields in the Casamance (i.e., Beye, 1974) suggest that significant N2- 
fixation could take place during the decomposition of straw in the soil, increasing the 
total soil nitrogen content and the crop yield. 

N 2  -fixation by  Azolla 
The AzoZla-Anabaena association has been extensively studied for the last few years in 
India, in the Far East, and in the USA (IRRI, 1979). Azolla occurs in West Africa but, to 
the best of our knowledge, it has not yet been used in rice production as has been the 
case in China and Vietnam, for instance. Azolla grows well in the humid areas of West 
Africa, but in the semi-arid conditions which prevail in Senegal, its distribution seems to 
be mainly limited by desiccation and to a lesser extent by high light intensities, and by 
temperatures which are too high (Roger & Reynaud, 1979b). 

I 

Nitrification and denitrification 
The surface layer of rice soils is known to be sufficiently aerobic to permit active nitrifi- 
cation. The nitrate produced in the aerobic layer readily diffuses to the underlying an- 
aerobic layers, where it is rapidly denitrified (Focht, 1979). The nitrification potential of 
the surface layer of rice fields in West Africa has not been systematically studied, but in 
a recent survey, Garcia et al. (1974) found that the nitrification potential was moderate- 
ly correlated with the soil pH and inversely correlated with salinity. To the best of our 
knowledge there has been no study published on the nitrifying microflora of West Africa. 

Since denitrification depends primarily upon nitrate concentration, the results of 
Garcia et al. (1974) suggest that acidity and salinity might limit denitrification in acid and 
saline soils, which was actually verified in situ. Acid rice fields are far from being the ex- 
ception in West Africa, and denitrification is presumed to be less important than in re- 
gions where neutral soils are more frequently found. However, laboratory studies indicate 
that denitrification may still occur in acidic conditions, nitrate being reduced to nitrite, 
which produces nitric oxide (NO) by a chemical reaction (Garcia, 1976). On the other 
hand, even in acidic or saline soils, denitrification can be enhanced by surface applica- 
tion of ammonium fertilizers (Mitsui, 1954). Moreover, denitrification is well known to 
be stimulated in a rice rhizosphere. This rhizosphere effect may be attributed to the 
development of anaerobic zones, the presence of roots exudates and large numbers of 
denitrifiers in the rhizosphere (Garcia, 1975; Raimbault et al. , 1977). 
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According to Gamble et al. (1977), Pseudomonasfluorescens biotype II and the "alca- 
ligenes-like" group are the dominant denitrifiers. Many denitrifying strains of the Bacillus 
genus have, however, been isolated from rice soils in Senegal, using an enriched medium 
(Garcia, 1977b). Some of these organisms, which all tolerate high concentrations of ni- 
trite during growth, can use nitric oxide as a respiratory substrate for growth (Garcia, 
1977b; Pichinoty et al. (1978). 

In order to decrease denitrification, deep placement of ammonium has invariably 
been shown to be superior to surface placement (Mitsui, 1954; Abichandani & Patnaik, 
1955). This was confirmed in pot experiments with rice growing in a Senegalese soil by 
measuring N2 O reduction rates (Garcia, 1977a). The slow release nitrogen fertilizer, 
sulfur-coated urea (SCU), which appeared to be a promising nitrogen fertilizer for the 
tropical regions, was tested successfully in the same experiment. Deep placement of SCU 
appears to be a good way to reduce losses by denitrification. The extra cost of SCU 
(30 %) would be compensated by (1) saving nitrogen fertilizer and by (2) eliminating 
the different split applications which are necessary when using conventional fertilizers. 

Mineralization of organic nitrogen 
Mineralization rates in acid rice soils are surprisingly low as long as the soil is flooded 
(Fig. l), but there is some presumptive evidence that this activity is restored when the 
water content decreases. 

L 
O 
o, 
m 

1 

~~ ~ 

4 8 12 
incubation (weeks) 

Figure 1. Time course of decomposition of ri? rooAs introduced in flooded and rain-fed soil ("sol 
gris" from the Casamance) and incubated at 25 -28 C for 12 weeks. Root weight is expressed as g 
root (d.w.) per pot. Decomposition was much less in flooded than in rain-fed soil (Bernhard-Reversat, 
unpublished data). 
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Rain-fed agroecosystems 

N,-fixation 

N, -fixation by  Rhizobium associated with legumes 
Legumes are largely responsible for the nitrogen input in tropical rain-fed agroecosys- 
tems. The amount of N, fixed by Rhizobium associated with the legumes varies widely 
(Hainnaux, 1979), however, not only according to the legume-Rhizobium association 
under study, but also according to environmental conditions, which can be a much more 
important cause of variation than is usually assumed. Therefore, our discussion of the 
microbiology of symbiotic N,-fixation will be mainly devoted to the factors which limit 
this process (Table 3). 

The soil Rhizobium population is inadequate (1) when specific Rhizobium are absent 
or sparse, (2) when indigenous Rhizobium are ineffective or partially effective in N2- 
fixation. Response to inoculation can be expected when such a situation exists, which 
mainly occurs with introduced legumes. Thus at the International Institute of Tropical 
Agriculture at Ibadan, seed inoculation increased the N, -fixation (acetylene reducing 
activity) and nitrogen content of soybean, but did not affect cowpea which is an indige- 
nous legume (Table 4). It should be noted that populations of Rhizobium specific to 
indigenous legumes may be abnormally low in some cases, such as recently cleared forest 
soils and leached acid soils. Table 5 illustrates the latter situation where inoculation was 
found to increase N,-fixation by groundnut in Senegal. 

Table 3. Major factors limiting symbiotic N,-fixation in West Africa; proposed means 
of controlling their effect 

Limiting factor Control - 
1. Moisture stress 

2. Nematodes 

3. Soil acidity and toxicity 

4. Mineral deficiencies especially 
phosphorus deficiency 

5. Inadequacy of native Rhizobium 
populations and competetion be- 
tween native and introduced strains 

irrigation 
search for drought registing cv of legumes; and drought 
resisting Rhizobium (survival) 
stimulating VA-mycorrhizal infection 

fumigation by nematicides 
biological control 

liming - 
addition of organic matter (farmyard manure; green 
manure; compost) 

addition of phosphorus 
stimulating VA-mycorrhizal infection 

inoculation 

Some pests and diseases may become serious in some circumstances 
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Table 4. Effects of seed inoculation on nitrogenase activity and nitrogen content of 
tops of cowpea and soybean in two soils (Ayanaba, 1977) 

Apomu soil Egbeda soil 

Cowpea None 3.80 2.17 3.51 34.05 
EL 5.95 1.32 4.37 32.34 

Soybean None 2.60 11.64 3.93 0.00 
S 3.15 20.14 4.30 366.90 
Nitrogerm 3.20 17.24 4.40 10.28 

' EL and S are inoculants of the Nitragin Co., USA. Nitrogerm inoculant is Australian. 

Table 5. Estimation (A vahe) of N,-fixed by field-grown groundnut at the Bambey Agro- 
nomic Research Center, Central Senegal (Ganry, 1975,1976,unpublished data) 

kg N,-fixed ha-' 
Year FbinfalI(mm) Inoculated Non-inoculated 

1974 458 52 56 
1975 521 ' 84 67 
1976 403 26 16 

~~ ~ 

' Satisfactory distribution within the rainy season 
Unfavorable distribution 
Intermediate distribution 

Thus far, no characteristic failure of nodulation due to microbial antagonism has been 
reported in West Africa. Thus, groundnut chlorosis due to a decrease of nodulation which 
occurs frequently in Senegal, could not be related to the antagonism of actinomycetes, 
since the number of actinomycetes antagonistic to a Rhizobium cowpea strain was similar 
in sites where chlorosis occurred and in nearby sites where no chlorosis was seen (J.J. Pan- 
thier, pers. CO".). It is obvious that further research is necessary to improve our knowl- 
edge of the different categories of microbial antagonism, including interstrain competi- 
tion. Plant pathogens, such as virus, insects, and nematodes, are known to be potential 
antagonists to symbiosis. Parasitic attacks by nematodes are probably responsible for the 
reduction of N,-fixation and for low yields of groundnuts and soybeans in many semi- 
arid soils. Thus, a field experiment recently carried out in Central Senegal showed that 
soil fumigation with a nematicide (1,2-dibrom0-3-chloropropane) not only reduced 
dramatically the nematode (Scutellonema cavenessi) population, but also markedly in- 
creased the N,-fixing activity (acetylene reducing activity, Fig. 2); seed yields expressed 
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Days after Sowing 

Figure 2. Influence of soil fumigation with 1,2-dibromo-3-chloropropane upon acetylene reducing 
activity (ARA) of field-grown groundnut. F : fumigated; C : control (non-fumigated) plot (Germani, 
unpublished data). 

as kg N ha-' were significantly increased (Germani et al., 1978). Still unidentified biotic 
factors are probably responsible for the difference in N,-fixing (CzHz) activity that are 
often observed in situ. Thus Dreyfus & Saint-Macary (unpublished data) found that soy- 
beans growing in two adjacent plots, which did not differ in chemical soil properties and 
which had been similarly inoculated ( lo9 Rhizobium per plant), exhibited large differ- 
ences in acetylene reducing activity (Fig. 3). 

High soil temperatures are often encountered in West African conditions during the 
dry season, but they seldom exceed 35'C during the rainy season. Such temperatures 
probably affect nodulation and N,-fixation but, to the best of our knowledge, no specific 
field studies have been devoted to this problem. 

By contrast, the influence of moisture stress on the Rhizobium-legume symbiosis has 
been given some attention at the Bambey Experimental Station in central Senegal over 
the last 3 or 4 years. Nz -fixation by groundnut (measured by the acetylene assay) was 
shown to be closely related to soil water content in 1976 and 1977 (Fig. 4). In 1977, 
nodulation was delayed by the low soil water content up to the 50th day, so that N2- 
fixation started only after that date (Fig. 5). During the first 50 days the soil water con- 
tent was high enough for the groundnut to grow, but too low for the infection process to 
take place. 

Using the "A value method" (Fried & Middleboe, 1977), Ganry (1975, 1976, 1977) 
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Figure 3. Acetylene reducing activity (ARA) of field grown soyb,ean in two adjacent plots whose soil 
did not differ by any chemical or physical characteristic. Soybean had been massively inoculated (lo9 
bacteria per plant) in both plots (Saint-Macary & Dreyfus, unpublished data). 

found that N2 -fixation by field-grown groundnut at the Bambey Agronomic Research 
Center (central Senegal) depended largely on the rainfall (Table 5) and the distribution of 
rains within the rainy season. Thus, in 1976 the low overall rainfall (403 mm) and the 
occurrence of a period of relative aridity between August 15 and September 15 (the rain- 
fall was only 65 mm, whereas the water requirement of the crop during this period was 
ca. 150 mm) caused a dramatic reduction in N2 -fixation (26 kg N2 fixed ha-') in com- 
parison with the satisfactory N2-fixation (84 kg N, fixed ha-') that was recorded in 
1975, when the rainfall was higher (521 mm) and precipitation well distributed. On the 
other hand, waterlogging, even if it is transitory, was noted to hinder nodulation and N2- 
fixation of groundnut in the Casamance (south Senegal), where rainfall is higher than in 
central Senegal. 

In conditions prevailing in West A€rica, N2-fixation by legumes is often restricted 
by unfavorable chemical characteristics, which have recently been reviewed by Kang 
et czl. (1977). Soil acidity, which is known to inhibit nodulation by Rhizobium, is gen- 
erally associated with Ca or P deficiency and Al or Mn toxicity. Therefore, the effect 
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Figure 4. Variations of acetylene reducing activity (ARA per plant) of field-grown groundnut and of 
soil water content throughout the groundnut cycle (Ducerf, 1978). 

Figure 5. Time course of nodule weight of field-grown groundnut throughout the 1976 rainy season. 
For the first 45 days, the soil water content was high enough for the plant but too low for nodulation 
to occur (Ducerf, 1978). 
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Table 6 .  Effect of nitrogen application on N,-fixation (estimated by A value method) 
by groundnut 

Rates of application of 
nitrogen fertilizer Senegal' Ghana 

(kg ha-') (1974) (1975) (1975) 

kg Nz-fixed ha-' 

15 at seeding 52.0 61.5 60.7 
30 at seeding 56.0 75.4 69.3 
30 split - 67.2 38.2 
60' at seeding 25.0 - - 

Ganry (1976), trial carried out at Bambey Agronomic Research Center 
Kwakve & Afori (1977) 

of limiting on N2-fixation may be direct or indirect. Mn was reported to inhibit nodu- 
lation by Kang & Fox (1975) in Nigeria. Panthier (pers. comm.) hypothesized that 
excessive manganese uptake could be responsible for poor nodulation in soils of cen- 
tral Senegal (Thilmakha). By increasing pH through liming, exchangeable manganese 
is oxidized to manganic oxides, which are not assimilated by plants so that normal 
nodulation is restored. Phosphorus deficiency is well known in West Africa and upon the 
application of phosphorus in field trials increases in legume yield have been reported 
many times (e.g., Kang et al., 1977). 

By contrast, the beneficial role of sulfur is often overlooked. Some reports exist, how- 
ever, such as that of Kang et al. (1977), indicating that sulfur application significantly 
stimulated nodulation of cowpea in a soil from West Nigeria. 

Small additions of nitrogen fertilizer often, but not always, were shown to increase 
the yields of legumes and N2-fixation. However, split application of 30 kg N ha-' con- 
siderably reduced N,-fixation of groundnut in Ghana (Table 6). Rates equal to or higher 
than 60 kg N ha-' appeared to be detrimental to N,-fixation in a sandy soil of central 
Senegal (Table 6). 

Incorporating organic matter, particularly as farmyard manure, was reported to be 
generally most beneficial. The combination of liming, ploughing and farmyard manure 
application was reported to significantly increase groundnut yields, probably through in- 
creasing N,-fixation, in central Senegal (Institut Sénégal de Recherches Agricoles, 1977). 

At the present state of our knowledge, four major factors appear to limit symbiotic 
N, -fixation in West Africa: moisture stress, nematode attacks, soil acidity and associated 
toxicity and. the inadequacy of Rhizobium populations. Table 3 summarizes the means 
which are or could be recommended to control these limiting factors. We would like to 
stress here again that inoculation with even the best Rhizobium strain would be useless 
if just one of the other limiting factors were still operating. 

Heterotrophic N z  -fixation 
Nye ¿k Greenland (1960), then Moore (1963) and Jaiyebo &Moore (1963) were the first 
investigators to draw attention to the possible importance of heterotrophic N2-fixation 
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in drained agroecosystems of West Africa. A recent review (Odu, 1977) has presented our 
current knowledge of this process for the area of Africa. It is well known that the main 
limiting factor for heterotrophic N2 -fixation is energy. Beside organic amendments, the 
two major sources of energy in the soil are (1) rhizosphere exudates and lysates, (2) and 
root litter. 

Much experimental data has confirmed the role of living root systems as a source of 
energy for Nz -fixing bacteria, but this role has probably been over-estimated. There is in- 
creasing agreement that "root litter", or decaying root residues, may be a substantial 
source of energy for Nz-fixers, so that the contribution of "N,-fixation in root litter" to  
the nitrogen input in the ecosystem could probably be more important that that resulting 
from "Nz -fixation on the living roots". Lysimeter measurements recently published 
(Ganry, 1977) show that nitrogen gains in a sandy acid soil of central Senegal (Dior 
soil), which had been enriched with chopped millet root (extrapolated rate: 15000 kg 
ha-' ), were as high as 88 kg ha-' for a 4-month period. 

Odu (1977) aptly drew attention to the strong influence of the water regime and 
specially to "the influence of alternating wet-and-dry cycles, with the attendant availa- 
bility of carbon during flushes of decomposition accompanying the rewetting of dry soil, 
on Nz-fixation by free-living organisms". We do agree with his conclusion that it would 
be useful to assess the conditions that enhance heterotrophic fixation and to establish 
agronomic practices that would enhance such fixation. From our own experience, besides 
the control of the soil water regime, two factors should be dealt with in order to in- 
crease heterotrophic Nz -fixation: (1) acidity, which could be easily neutralized by liming, 
and (2) Nz -fixing micro-population, which could be achieved by proper inoculation 
methods. 

Nitrification and denitrification 
Nitrification is reportedly low in most West African soils, especially in acid soils (Ayanaba 
& Kang, 1976; Feller, 1977). In sandy soils of central Senegal, populations of nitrifiers 
are generally low (1 O' -1 O3 g-' of soil) except in the rhizosphere of some plants (millet) 
where their numbers can be as high as lo4 g-l (Ganry, unpublished data). However, there 
is some indication that nitrification could be active in soils such as those from banana 
plantations or rain-fed maize or rice-crops (Chaballier, 1976) in the Ivory Coast, where 
large applications of ammonium fertilizer or urea seem to boost this activity. 

It is well known that losses through denitrification are likely only when there is a large 
supply of both nitrate and energy-providing compounds in the soil. According to Green- 
land (19591, "high levels of nitrate usually exist for short periods following the dry 
season and it seems probable that at these times significant losses occur". Saturation or 
near saturation, conditions consecutive to heavy rains, obviously enhance the process, but 
in drained soils denitrification may also occur in anaerobic microsites (e.g., root debris), 
which are distributed in the soil profile. Recent lysimeter investigations on a typical 
sandy soil from Senegal (Dior Soil) indicate that losses through denitrification were ca. 
30 % of the nitrogen fertilizer applied, whereas losses through leaching did not exceed 
10 % (Ganry et al., 1978). 
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Mineralization and immobilization of nitrogen 
In the tropics, mineralization rates of organic nitrogen are generally high, because of 
favorable soil temperatures. This process is known to be enhanced in the rhizosphere 
(Blondel, 1971) and in sandy soils which occur most frequently in West Africa, the clay 
content being too low to protect the soil organic matter (humus and plant residues) 
against microbial attacks. 

In arid conditions, it could be predicted that drought would stop mineralization. In 
fact, this process is somewhat slowed down but still persists after the rains have stopped, 
because many microorganisms are still active in the range of pF 4.2-5.2. Whereas nitri- 
fication is impeded when pF reaches 4.2, ammonification continues so that within the 
range of pF 4.2-5.2, the ammonium content increases (Fig. 6); 

Consequently, the pool of organic matter in West African soils is usually very low 
(Charreau, 1974). On the other hand, immobilization of nitrogen in the form of humic 
compounds or microbial biomass is very limited. The microbial biomass is usually low 
(e.g., Table l), so that amounts of nitrogen tied up in the soil microflora are negligible. 
But it seems possible to increase immobilization of nitrogen in the soil by increasing the 
input of plant residues. Thus, Ayanaba ef al. (1976) showed that the heavy returns of or- 
ganic matter from Guinea grass maintained and even increased both the total nitrogen and 
biomass in different Nigerian soils. 
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Figure 6 .  Influence of soil pF on the build-up of inorganic nitrogen after a 28day incubation. Am- 
monification is favored by high pF (high water potential) whereas nitrification is favored by low pF 
(Dommergues, 1977). 
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Forest ecosystems 

I' N,-fixation 
According to Greenland (1977), the humid tropical forest ecosystem of West Africa could 
accumulate 120 kg N2 ha-' yr-' minus any gains from rainfall, dust, or collection from 
sub-soil sources. There has been much speculation about the source of the nitrogen accu- 
mulated. 

In the semi-arid and arid zone different species of Acacia have been thought to con- 
tribute actively to N,-fixation. Actually, although Acacia albida (Jung, 1967, 19691, or 
Acacia senegal (Bernhard-Reversat & Poupon, .1979) are nodulated when they are at the 
seedling stage at the laboratory or in nurseries, they seldom bear nodules as adults. This 
lack of nodules in the field was attributed by Bernhard-Reversat & Poupon (1979) to an 
active nitrate production in the soil. Drought may also be an important limiting factor of 
symbiotic fixation in forest ecosystems as it is in agroecosystems. Casuarina equisetifolia, 
a non-leguminous nodule-bearing tree, largely used for reforesting sandy soils on the 
coasts of West Africa, was reported to fix as much as 60 kg N ha-' yr-' in the Cap-Vert 
peninsula (Dommergues, 1963). 

More investigations are obviously needed to obtain reliable data on the nitrogen input 
through non-symbiotic and symbiotic N,-fixation in tropical forests. 

Nitrification and denitrification 
In contrast to the well-established concept that nitrification is slowed down in temperate 
forests, nitrification appears to be potentially active either in the humid forest such as the 
Banco and Yap0 forests in the Ivory Coast (Bernhard-Reversat, 1974,1975), in less humid 
conditions that prevail in the Casamance (Dommergues, 1956), or in the Sahelian savanna 
under Acacia senegal (Bernhard-Reversat, 1977). The nitrifying organisms which are in- 
volved in these acid soils have yet to be studied; investigations in that field should be 
initiated using the methodology proposed by Schmidt (1978). 

Quantitative reports on denitrification in forests are lacking, but there is some pre- 
sumptive evidence that losses through denitrification could occur rapidly, especially when 
soils are saturated (Moureaux, 1967 ; Bernhard-Reversat, 1975). 

Mineralization of organic nitrogen 
According to Bernhard-Reversat (19771, the mineralization rate in a Sahelian savanna in 
northern Senegal is considerable. She estimated that the amount of nitrogen mineralized 
under Acacia senegal and Balanites aegyptiaca during the period from January to Novem- 
ber was 126 kg and 66 kg ha-', respectively. Such values compare well with data which 
have been reported for tropical humid forests of the Ivory Coast (Bernhard-Reversat, 
1974). 
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Conclusion 
For the last 5 years, qualitative and quantitative studies on biological N2-fixation have 
been developed. But our knowledge of the ecology of this process is still inadequate and 
more investigations are urgently needed in order to elucidate vital problems such as that 
of the quantification of nitrogen fluxes attributable to biological N2 -fixation, competi- 
tion between Rhizobium, interactions between Rhizobium and Vesicular-Arbuscular 
mycorrhizae, effects of aridity upon N,-fixation. 

Data related to nitrification, denitrification, humification and mineralization of ni- 
trogen is still very scarce. Since it is not possible to initiate all the desirable investigations 
in these latter fields, we would like to suggest with Paul (1976) that, in the near future, 
the main effort be devoted to the evaluation of denitrification, together with other proc- 
esses leading to losses of nitrogen (ammonia volatilization, leaching) in a number of 
typical ecosystems. 
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