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Introduction 

Nitrogen compounds comprise from 40% to 50% of the dry matter of proto- 
plasm, the living substance of plant cells. For this reason, N is required in 
large quantities by growing plants and is indeed the key to soil fertility. Non- 
N,-fixing plants - for example, cereals - take all the N they need from the 
soil. In Senegalese conditions this uptake was estimated to be as follows: 
79-132 kg N/ha/crop for pearl millet; 74-84 for rice; 134 for sorghum; and 
12 1-138 for maize [3]. N,-fixing plants, essentially legumes, take a part of the 
N they require from the atmosphere, but we shall see later that the N uptake 
from soil may be relatively high. 

When N fertilizers are available, soil N levels are maintained or improved 
by applying these industrially fixed N sources. Such a technology, which 
allows continuous crop yields, is successfully used in intensive agricultural 
systems, but the following limitations have been progressively appearing: in- 
creasing cost especially in developing countries, low yields resulting from 
leaching and denitrification in many tropical soils, and pollution of under- 

- ground water by nitrates. The other alternative for maintaining or improving 
the soil N status is to exploit biological N, fixation. . 

In the last decades a tremendous amount of work has been devoted to the 
study of this process. Very promising results have been achieved at the level 
of the molecular and genetic manipulations of N,-fixing organisms,. but agri- 
culture and forestry have not yet benefited from-these remarkable advances 
in our knowledge. Such a failure can be partly explained by the following 
attitudes of researchers: (1) most studies have been focused on the symbiont 
and have neglected the host; (2) the identification of the potential limiting 
factors acting in situ has been overlooked, probably because of the extreme 
difficulty of this task; (3) relatively few attempts have been carried out to 
precisely quantify the process of N, fixation, especially for trees; (4) finally, 

, 
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the transfer of fixed N, to soil and non-N,-fixing plants has not been system- 
atically investigated. 

Improving the soil N status by exploiting the biological process of N, fixa- 
tion should be based not only on the use of highly active N,-fixing systems 
but also on methods facilitating the transfer of fixed N, to soil. Consequently, 
this paper will be divided into two sections. The first section will be devoted 
to the potential of the different N,-fixing systems and to the improvement of 
this potential. In the second section we shall briefly present the information 
we have on the transfer of fixed N, to soil and on the maintenance of fertility 
in relation to different types of soil management. 

. 

Nitrogen-fixing potential of agronomically important systems and their 
improvement 

Main N,-fixing systems involved in agriculture and forestry 

All major groups of symbiotic N,-fixing systems occur in agrosystems and 
forests. They can be simply classified as follows: 

Legumes - Rhizobium symbioses. 
Actinorhizal plants - Frankia symbioses. 
Azolla. 
Symbioses with Gymnosperms (especially cycads). 
In some ecosystems, N, fixation can also be achieved by free-living micro- 
organisms: 
N,-fixing blue-green algae (especially abundant in wetlands). 
Hkerotropic N,-fixing bacteria, for instance, Azospirillum thriving in the 
rhizosphere or Ön plant residues (such as straw). 

Validity of quantitative data of N ,  Jixation estimated in the field 

Methods for evaluating N, fixation in the field have been described recently 
in the excellent treatise edited by Bergersen [2]. The methods most generally 
used are as follows: 

- . _ _  

1. 
2. 

3. 

4. 

The difference on N balance studies [39]. 
The difference method (the quantity of N, fixed being measured by the 
difference between the total N content of N,-fixing plants and the total N 
content of non-N,-fixing plants growing in similar conditions) [ 671. 
IS-N-based techniques, especially the direct isotope dilution method 
[4,51,64] and the A value method [21]. 
The acetylene reduction technique [2]. 
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Other methods have been proposed; for example. with legumes and 
actinorhizal plants estimation of nodule numbers or weight has successfully 
been used to compare N,-fixing potentials of clones or cultivars. It is not 
possible to discuss problems related to biologiCal N, fixation in the field 
without checking the validity of the data that are repoked. Unfortunately, a 
part of these data must be discarded because the authors did not take into 
account the limitations of the methods they used [69]. Some published. and 
often quoted, estimations have been calculated from wrong assumptions. 
Thus Lezicaeiza lcucoccpphala was credited with a very high N,-fixing poten- 
tial, ranging from 600 to 1.000 kg N, fixed/ha/year [10,30]: Such values, 
however. are not valid; they are relateh to the total N accumulation in the 
foliage fraction of the tree and thus cannot be attributed solely to N, fixation 
because soil also contributed to the plant N nutrition [3 11. QuantifiLation of 
N. fixation by trees is difficult indeed. The isotope methods. which are 
known for their reliability, may lead to insufficiently accurate estimations: 
with trees. it is difficult to label the total volume of soil explored by the roots 
and to get a stable soil enrichment throughout long-term experiments. Fortu- 
nately. relatively accurate estimations of N, fixation can probably be ob- 
tained by using the difference method. provihed that the non-N,-fixing and 
N,-fixing systems exhibit equally efficient use of soil and/or fertiiizer N [j]. 

It is probably even more difficult to quantify N, fixation by blue-green 
algae and azolla in wetland rice fields. Many figuresthat have been reported 
are liable to criticism. especially evaluations based on acetylene reduction 
assay [65]. With these N,-fixing systems, the isotope dilution technique has 
not yet been used in the field or in field-simulating conditions, probably 
because of the difficulty of obtaining a non-N,-fixing control. 

Most studies on rhizosphere N, fixation have been carried out by using 
acetylene reduction assays. These proved that N, fixation actually occurs in 
the rhizosphere of non-nodulating plants. but thky were incorrectly used in 
quantifying rhizospheric N ,  fixation. since they ignored the limitations of the 
method [61.68]. The claim that rhizospheric N. fixation could be 
agronomically significant and the fact that some inocuiation trials had effec- 
tively increased the yield of some crops [U] generated an explosion of inves- 
tigations on this N,-fixing system up to the end of the seventies. Recent 
studies, however. have shown that rhizospheric N, fixation is only in the 
range of 1-18 kg N, fixed/ha/crop in wetland rice fields [53]. and the rate of 
N, fixation is certainly much lower in drylands, which are known to be a 
mtch less favorable habitat for N,-fixing free-living bacteria. Extensive field 
experiments performed in different countries, especially in India [62] and in 
the United States [ 5 9 ] ,  have clearly shown that if increases of crop yields 
resulted from inoculation with dzospirilltin? in some conditions. this re- 
sponse probably should not bc attributed to N. fixation but rather to other 
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mechanisms, namely, production of plant growth hormones, stimulation of 
nutrient uptake, or protection against diseases. 

By contrast, free-living micro-organisms can probably fix N, actively when 
they have access to large amounts of energetic substrate, a situation that 
occurs when straw or other plant residues are generously incorporated into 
the soil. Estimations of the N input through this process are still scanty. 

To summarize, one should always interpret with utmost caution N,- 
fixation estimations, especially when they are related to systems that are 
difficult to explore, namely, perennial crops, trees, blue-green algae, azolla, 
and the rhizosphere of non-nodulating plants. By contrast, a number of cor- 
rect estimations of N, fixation by annual legume crops are available [42], and 
these can be used with cdnfidence. Most of the discussion in the following 
sections will be based on these last types of data. 

Variations in the N,-fixing activity of the different systems 

The potential of N,-fixing systems varies a great deal. Among legume crops, 
for example, it is well known that soybean fixes N, much more actively than 
does bean. Table 1 shows that amongtropical N,-f;xing trees Aiacia mearnsii 
and Leucaena leucocephala are very active in Ñ, fixation, whereas Acacia 
holosericea is a poor fixer. However, such comparisons are often liable to 
criticism not only because of the lack of reliability of some estimations, as 

- _  
Table 1 N, fixation by trees in the tropics 

Species Method of N, fixed Rekience 
estimationa (kg/hdyr) 

Acacia mearnsii 

Acacia holosericea 

Acacia pennatula 
Gliricidia sepium - 
Inga jinicuil 
Leucaena leucocephala 
Prosopis glandulosa 
Erythrina poeppigiana 
Casuarina equisetifolia 
Casuarina equisetifolia 

' B  
I 
A 
A 
A 
A 
A 
C 
D 
B 
I 

200 
4-1 1 

6 
34 
13 
35 

110 
25-36 
51-66 

58 
40-60b 

A acetylene reduction assay; B: nitrogen balance studies; C: "N abundance studies indicating 
that 50% of total plant N comes from nitrogen fixation; D: root nodule turnover; I: isotope 
method (A value). 
1 I-month-old trees: 10,000 treedha. 
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F i p r c  1. Generalized pattern of N1-fising activity for an annual legume. 

mentioned earlier. but also because each individual NI-fixing system may 
exhibit large variations in activity. 

I 

Variations in the N,-fixing activity of a given system 

The activity of a given N,-fixing system varies greatly with the age of the 
system and with the environmental conditions. 

I úriatiom witli age 

The pattern of N,-fixing activity of annual plants is usually characterized by 
a peak just after flowering (Figure 1); the magnitude of this peak varies with 
environmental conditions and planting density. The seasonal pattern of N, 
tìxation for perennial plants is probably not very different from that of annu- 
al plants: they also exhibit a peak sometime during the growing season. The 
N, fixation pattern related to the whole life span of the perennial plants 
probably follows the curve represented in Figure 2. When the perennial 
plants are still young. N, fixation is negligible. but it increases rapidly with 
age. Thus during the first 3 months of its life, a seedling of Castiarinu fixes 
less than 0.05 g of N,, but during the following 6 months it can fis up to 3-6 

2 



Years 

Figure 2. Hypothetical pattern of N2 fixation during the first year of growth of a tree. 

g of N,. Such a surge in N,-fixing activity probably lasts for 5-10,years. When 
the climax has been attained, the trees grow on the combined N accumulated 
in the soil through decomposition of leaf and root litter, and N, fixation is 
very low. During the growing season N, fixation of a perennial plant exhibits 
a seasonal pattern. The occurence of such variations should be kept in mind 
when comparing stands that differ especially in age and planting density. 

Variations with enviroimental conditions 

100 

t 

- .  . .  - Large-variations can be directly related to variations of the environmental 
conditions, which are chemical, physical, or biological in nature [12,25]. A 
consequence of the high sensitivity of the N,-fixing systems to the environ- 
ment is the need for caution in-interpretingboth short- and long-term esti- - 
mates. 

- 

Technologies for improving N, fixation in the short term 

Up to now these technologies have been mostly related to the improvement 
of the symbiont performance, a topic that we shall mention briefly. We shall 
focus our attention on the approaches based on the host plant studies and 
recall some of the elementary principles of agricultural management that are 
too often neglected. We shall not discuss here the technologies that are pres- 



I 

101 

ently envisioned but not yet ready to be used. These include the generation 
of new N,-fising systems resulting from the transfer .of nifgenes (and other 
ancillary genes) to mycorrhiza [ZS], somatic hybridization of non-N,-fixing 
and N,-fixing plants, and introduction of expressible nif into the plant 
genome  SI. 

Improvenient of the synibiotic micro-orgunism and inocidatiori 

The recent advances in the molecular and genetic manipulation of micro- 
organisms offer the possibility of improving the strains of Rhizobium that are 
currently used. Broadening the host spectrum of specific strains has already 
been achieved by genetic manipulation [35]: competitiveness and/or effec- 
tiveness could probably also be improved by using the same technology. 
However. none of the strains of Rhizobium obtained by these means have yet 
been used in agronomic practice. and thus one must still rely upon strains 
that have been selected by the usual methods of screening [63]. Frankiu was 
isolated and cultivated in vitro for the first time only in 1979 [7], which 
means that the genetics of this symbiont is still in its infancy. The isolation 
and culture in vitro of blue-green algae associated with azolla or cycads have 
not yet been achieved: thus. any attempt to initiate genetic studies is preclud- 
ed. 

Inoculating the host plant with its specific symbiont to increase N, fixation 
is often recommended as a general and unfailing method. In fact. the benefi- 
cial effect of inoculation can only be expected when the symbiont is absent 
or in very low numbers in the soil under study or when the strain to be 
introduced is both competitive and more effective than the native strains. X 
few illustrative examples follow. 

Successfiil inociilutioiis 
- In most situations. including tropical soils. inocularing soybean with its 
specific Rhiiohiriiii japoniciiin significantly increases N, fixation and yields 
[l.6]. A less classical example is that of the inocuiation of Casuarina 
equisetz$blia with an effective strain of Fraizkiu. Table 2 shows that inocula- 
tion increased the growth of the tree more than did the application of N fer- 
tilizer. 

L'nsziccessjiil innetdation 
- In tropical soils. legumes of the cowpea cross-inoculation group show little 
or no response to inoculation. Thus in Nigeria little or no response has been 
obtained for cowpea, jack bean, lima bean. and pigeon pea [ 11. Another ex- 
ample. related to trees. is that of an inoculation trial of -4cacia holosericea 
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carried out in Senegal. Inoculation with the effective strain did not signifi- 
cantly improve the height of the trees after transplantation, and it slightly 
reduced the survival percentage (Table 3, second and third lines). 

Improvement of the host plant 

Enhancing N, fixation by plant breeding has been advocated for a long time 
[32,44,45], b i t  this approach has not yet been really exploited by plant genet- 

Table 2 Influence of inoculation with Frankia ORS021001 on height, dry weight, and N, 
fixation of 1 1 -month-old Casuarina Equisetifolia 

Treatments Height Dry weight N, fixed 

Inoculation N addition Yo Ndfaa g N,/tree 
(cm) (dtree) 

(&ree) 

O 0.5 170 a 295 a O O 
O 2.5 192 a 409 a O O 
i- 0.5 216 b 525 b 39-53b'- 3.3-2.3b 

a Nitrogen derived from atmosphere. 
First figure calculated from direct isotope dilution method, second figure from A value meth- 
od. 

Figures in same columns followed by same letter do not differ significa&ly, P = 0.05 (Duncan 
test). 

Table 3 Influence of the treatment of acacia holosericea seedlings in the nursery on survival and 
growth after transplantatinga Sangalkam, Senegal (unpublished) 

Treatment in the nursery 11 months 17 months 
after transplantating after transplantating 

Sterilizationb Inoculationc Survival Height Survival Height 
(YO) (cm) - ( O N  (cm) 

O O 38.2 a 29.4 a 36.8 a 105.3 a 
S O 89.6 b 38.6 b 89.6 b 119.9 b 
S R 75.0 c 36.2 b 72.2 c 117.7 b 
S RM 84.7 bc 45.6 c 84.7 b 134.2 c 

Seedlings transplanted when 2 months old. 
S: soil sterilization with methylbromide (300 g/m3). 
R inoculation with Rhizobium strain ORS841; RM double inoculation with Rhizobium and 
Glotnus mosseae. 

Figures in same columns followed by same letter do not differ significantly, P = 0.05 (Duncan 
test). 
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Figure 3. Time course of nodule dr) weight of peanut expressed as milligrams per plant (A: CY. 

33-206 and GH 119-20: B: cv. 55437.  Field experimcnt carried out at Patar, Central Senegal in 
1977). 

icists. In addition to plant breeding. screening of spontaneous or artificially 
induced mutants or screening followed by cloning of individuals with superi- 
or ability to fix 8, within a heterogeneous population would probably lead 
to interesting applications in the short term. A few examples follow. 

Crop- legiit H es 
- These legumes are knows to exhibit variations among cultivars. The varia- 
tions affect nodulation (Figure 3 )  or the amount of N, fixed. and thus signifi- 
cantly change the soil N balance (Table 4). Using ethyl-methyl-sulfonate 
mutagenesis and M 2  family pot selection. Gresshoff et al. [79] recently ob- 
tained soybean mutants showing excessive nodulation (up to threefold to 
fourfold increases in nodule number or mass) above that of wild plants. This 
supernodulation was also expressed in the presence of otherwise inhibitory 
levels ( 5  mM) of combined N (up to tenfold increases in nodule numbers). 
At the same time the nitrogenase activity of the soybean mutants was not 
affected by these inhibitory levels of combined N. 

N..:flsitzg trees 
- Many N,-fising trees are cross-pollinated so that the genetic heterogeneity 
of individ6als is considerable. This characteristic complicates germplasm es- 
ploration and selection. but it can be exploited by screening the best clones, 
a technique that implies that clonal propagation methods ara available. In- 
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vestigations in the latter direction are under way at the Bureau for Overseas 
Scientific and .Technical Research/National ,Center for Scientific Research 
laboratory in Dakar, and the preliminary results on Acacia senega1 and 
Casuarina spp. are most promising. 

Agriculttrral management 

We have seen that the amount of N, fixed by a given N,-fixing system is 
related to the potential of this system-which, in turn, is determined both by 
the associated symbiont (Rhizobium or Frankia) and by the host plant. How- 
ever, this potential is often limited by environmental, chemical, physical, and 
biological factors. In arid and semiarid conditions, water stress is a major 
limiting factor, as illustrated by Figure 4. The agronomist should attempt to 
minimize or eliminate the impact of these limiting factors. Since this topic 
has been adequately discussed already [ 13,261, we shall restrict our attention 
exclusively to the following two problems. 

Phosphorus availability 
- Any soil deficiency affects not only growth of the plant but also the func- 
tioning of the symbiotic system. A most common nutritional disorder is that 

- 8  

Table 4 Percent plant N derived from N2 (Yo Ndfa) and N balances of cowpea and soybean 
cultivars when grown in a soil low in available N 

- Cultivars N, fixed % Ndfa N balance 
(kg N,/ha) (kg Nlha) 

Cowpeaa - _ ^ _ _  - 

ER 1 
TVu 1190 
Ife Brown 
TVu 4552 

Soybead 

26/72 
22/72 
44lAl73 
Jupiter 
4/13 

50 61 
101 75 
81 16 
49 64 

143 
126 
110 
108 
64 

86 
80 
76 
75 
13 

+2 
+52 
+24 

+3 
- 

4-1 
+7 
-1 
-6 
-6 

[18]. 
(unpublished). 

For each crop, comparisons between cultivars were carried out at the same time, in the same 
soil. Tops were returned to soil in both experiments. 
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Soybean Groundnut 

Inadequate 
Rainfall 

N From: Fixation I'.! Fertilizer 

Figitre 4. Left: N, fixation bq soybeans inoculated with an effective strain of Rhixhiitrti in a 
field esperiment carried out in South Senegal (In IPS3 [adequate rainfall] percentages of plant 
N derived from N, fixation [Ndfa] and N2 fixed expressed as kgiha were 70% and 109%, respec- 
tively. whereas in 1980 [inadequate rainfall] related figures \vere 2.1~0 and 34'ko). 

Right N, tixation b) groundnut spontaneousl) nodulated b) name  R l i i : ~ h t ~ ~ ~ i  in a field experi- 
ment carried out ln central Senegal [In 1975 [adequate rainfall] Ndfa and N, fixed Here hh% 
and 57%. respectnel). irhereas in I974 [inadequate rainfall] related figures aere 44% and 52%. 
respectivel) [unpublished], diameter of circles IS  proportional to total N content ot plants). 

resulting from phosphorus deficiency. Alleviating this soil defect by applying 
appropriate amounts of soluble phosphorus dramatically restoes K, fixation. 
The example given in Table 5 is interesting because it shows that-a modest 
application of P (32 kgha) combined with inoculation with Gloinzts niosseoc, 
an endomycorrhizal fungus, significantly increased the percentage of N de- 
rived from atmospheric N, (9.0 Ndfa) and the total amount of N, fiAed (nearly 
a twofold increase) by field-grown soybean. Subsequently. the g;ain yield was 
significantly improved. The results of this inoculation trial with an 
endomycorrhizal fungus should not be extrapolated to other environmental 
conditions without caution. It should be emphasized that the successful effect 
of Gloiriiis t?ioss&ac inoculation reponed here was attributed mostly to the 
fact that the native endomycorrhizal populations were sery low in the esperi- 
mental site. 
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Inhibition of N,-Ji,uing systems by combined N 
- It is well established that nitrate and, to a lesser extent, other forms of 
combined N retard nodulation and N, fixation. Such an inhibition is obvi- 
ously responsible for the deficit in the N balance observed when the amount 
of N fertilizer applied to a given legume reaches inhibitory levels [ 181. A first 
approach to circumventing this inhibition is to use plant-symbiont systems 
that are capable of continuing to fix N, even in the presence of large amounts 
of combined N. We have already g&en the example of mutant soybeans 
obtained by Gresshoff et al. [29]. Sesbania rostrata, a stem-nodulated leg- 
ume, has been shown to have the unique ability to absorb combined N with 
roots and to fix N, with its stem nodules [15]. It has ben suggested that 
transferring the stem nbdulation characteristic from this plant to other leg- 
umes would be a way to develop new, uninhibited N,-fixing systems [ 13,141. 
A second approach, which has not been seriously explored, is to use some 
forms of N fertilizers that do not inhibit N, fixation and yet provide the 
plants with the complementary N required for their growth. Hardy et al. [32] 
proposed designating such forms of fertilizers as compatible fertilizers. In a 
preliminary experiment they found that ‘soybean meal’ applied to soybean 
not only did not inhibit N, fixation but increased it by 12%. It would be 
unrealistic to propose the use of soybean meal as a compatcble N fertilizer, 
but it would probably be possible to obtain new forms of ?4 fertilizers with 
similar properties. To start with, it would be worthwile to study the effect of 
the existing slow-release N fertilizers on the N,-fixing activity of symbiotic 
systems. 

‘2 

Fertility maintenance 

The contribution of N,-fixing systems to the soil N pool depends on their 

Table 5 Effect of inoculation with glomus mosseae on N, fixation and grain yields of 

- . -- - - -  

field-grown soybean with or without application of P fertilizer [22] 

Treatments N, fixed Grain yield 

Inoculation Superphosphate 46 Ndfa kgfha kg dry wt/ha kg N/ha 
(kgP/ha) ’ 

Rhizobium O 
Rhizobium + Glomus O 
Rhizobium 22 
Rhizobium i- Glomus 22 

67 a. 73 a 1,423 a 90 a 
67 a 80 a 1,431 a 98 a 
7 0 a  109 b 2,017 b 134 b 
1 6 b  139c  2,290 c 155 b 

~~ ~ 

Means followed by the same letter within columns do not differ significantly, P = 0.05. 
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N,-fixing potential and on the amount of fixed N transferred to the soil. We 
have already discussed in detail the means of obtaining systems with the 
highest N,-fixing potential. In this section we shallexamine the problem of 
the transf& of fixed N, to soil and give examples related to different types of 
agricultural and forestry management. 

J. Sprent [60] aptly recalled that ’legumes are not altruistic’. They fix N2 for 
themselves. normally releasing little N into the soil during their growth. 
However. some N is transferred from the decomposition of dead tissues such 
as leaves. cladodes or phyllodes, fruit. roots, and nodules. X return of N in 
plant tops to the soil via leaching is likely to occur during rain, irrigation, 
dewfall. or spraying [66]. The amount of N transferred is usually low for 
grain annual crops. since much of the current research on improvement of 
grain legumes is aimed at improving the harvest index of grain and ensuring 
that it is indeed harvested [33]. In contrast, larger amounts of N are probably 
transferred when tops are incorporated into the soil or after being trans- 
formed into farmyard manure. N transfers are considerable for legumes that 
are ploughed in as green manure. The same is true for trees that shed large 
quantities of leaves and fruit. 

According to Henze11 and Vallis [33]. 6Oo/o-70?6 of the legume N may be 
hanested and residues may have a lower percentage of N than the material 
harvested. Consequently. it is not surprising to obsene negative N balances 
in rotations comprising grain legumes. To improve the soil N status in such 
systems, the recommendation is to use cultivars that actively fix N, (Table 
4). to ensure the return of tops. and to avoid or minimize the additibn of N 
fertilizers. which are known to inhibit N, fixation. The main emphasis should 
be placed on rotations that ensure the ;eplenishment of the N stock. Thus. 
maintenance of soil fertility in a soybean-maize rotation in Senegal has been 
achieved by returning the tops of both crops to the soil. Improvement of 
fertility was attributed not only to the increase in soil organic matter but also 
to the enhancement of N, fixation by soybean. as suggested by the increase 
of nodule numbers (Tab]; 6). I t  is interesting to note that in this experiment 
a relatively high yield of maize (2.000 kg grain/ha) was obtained without the 
addition of N fertilizer in the framework of a 4year rotation. 
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Wetland rice 

Flooded soils appear to maintain higher N fertility than dryland soils. Mod- 
erate but fairly stable yields of rice (2 tonnes/ha) are maintained for many 
years without any addition of N fertilizer, a fact which is attributed to the 
input of N to the soil through spontaneous N, fixation. Four types of N,- 
fixing systems can be involved: legumes used as  green manure (and also, but 
only in China, a non-legume, Coriaria sirzica); azolla, which is u,ed in a 
similar way as legumes; blue-green algae; and heterotropic N,-fixing micro- 
organisms thriving on straw and, to a lesser extent, on living &e plants. 

Green manuring based on the incorporation of N,-fixing plants or azolla is 
certainly the most efficient technique, and it allows a substantial improve- 
ment of the N status of the soil. However, Roger and Watanabe [53] conclud- 
ed their excellent review on the 'technologies for utilizing N, fixation in 
wetland rice' by stressing the socioeconomic limitations of green manuring: 
this management practice is labor intensive, and it can be used only where 
economics is not a major factor. 

Since the ecology of blue-green algae is still poorly understood, Roger and 
Watanabe [ 5  31 would not confidently recommend algal inpculation in spite 
of the fact that this practice would probably require only-'little additional 
labor. According to these authors, the future for heterotrophic N, fixation is 
even less bright, except when it is associated with straw incorporation. 

We are well aware that the practices based on the production and incorpo- 
ration of a large biomass (legumes, azolla, and, to a lesser extent, straw) are 
limited by economic factors [33,53], but the use of stem-nodulated legumes 

Table 6 Influence of the return of plant residues or addition of organic imendment (compost) 
on yieldsa of soybean and maize grown in a sequential rotation for 4 years (unpub- 
lished) 

- -  . - 

Soybean 

Treatments Nodule number/ Grain yield Maize . 

\ Return of Addition Grain yieldb 
plant (day 5 5 )  

maize straw of compost (kg dry wt/ha) 

(kg dry wt/ha) 

(t/ha) 

o O 7 a  1,650 a 900 a 
+ O 27 b 2,000 b 1,300 b 
+ 1.5-2.0 26 b 2,250 c 2,000 c 

Mean yield for 3 successive years. 
No N fertilizer was applied at any time. 

Figures in same column followed by same letter do not differ significantly, P = 0.05. 
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with a high N,-fixing potential will probably facilitate the revival of 
composting and green manuring, such as practiced now or in improved ver- 
sions. In fact. Sesbaizia rosfruta, a stem-nodulated l'egume whose remarkable 
characteristics were discovered in 1979 [ 15.161. appears to be a good candi- 
date for green manuring or composting [52]. 

N,-fixing trees in mixed stands or associated with annual crops 

The contribution of trees to the N status of soil is a priori more important 
than that of annual crops because of two specific habits. 
1. Except for young trees (less than 1-2 years old), part of the N that trees 

take through their roots returns to the soil with litter: thus. N is continu- 
ously circulating in the ecosystem. The N returned in litter may be a high 
proportion of N derived from N, fixation (Yo Ndfa) or from soil uptake. 
An interesting consequence of this fact is that 'in low soil N conditions. 
leaf drop may be used as a very rough estimator of N, fixation. but it 
neglects the N stored in the plant during growth and N t u k d  over under- 
ground' [57] .  

2. Through their extensive root system trees act as a 'nutrient pump'. redis- 
tributing the nutrients. especially N. in the profile and contributing to 
their accumulation at the surface or the soil [so]. Thus trees appear to be 
good candidates for mixed cropping systems. However, one should be 
aware of limitations to their ue resulting from competition for light and 
water and. with some species. the production of phytotoxic compounds 
(allelopathq 1 excreted by roots or accumulated in the litter [36]. 

In temperate areas. growing mixed stands of N,-fixing and non-N,-fising 
trees has been attempted. but not with much S U C C ~ S S  except for the r&ama- 
tion of waste areas [43,56]. Although this approach has not yet been seriously 
studied in tropical and subtropical conditions. it should not be overlooked 
since spontaneous mixed stands do exist. For example. in Australian Elica- 
/ j p r z o  forests. species of .-lcuciu are widespread as understory shrubs with 
members of the Papilionoid tnbe or the cycad ,llucrozanziu (a thermophilic 
plant with coral-like nodules resulting from the association with an N,-fixing 
blue-green alga) [60]. hlixed stands of Eitcalyptus sieberi and . - l l ln~'u~ii~rrii~ 
lirtoralrs are not uncommon in southeast Australia [ 171. Mixed stands of 
Cdsziurirza sp. and .+~nucízrdiim occidentule have reportedly been used to fix 
sand dunes in Orissa [47]. 
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Intercropping tree legumes with annual crops 

Intercropping can be defined as growing two or more crops simultaneously 
in the same field. Ideally one of the associated plants should be able to fix 
N,. Some examples show that this type of intercropping can result in im- 
proved soil fertility and often increased yields. The classical example is that 
of Acacia albida associated with millet, sorghum, or groundnut. Acacia albida 
is a tree legume that has the unusual habit of growing new foliage during the 
dry season and losing its leaves during the early part of the rainy season. 
Crops can be grown around and under the tree without suffering from light 
and water competition; thus, they derive benefit from the topsoil enrichment 
[9,20,27,38]. In this'association it is not very clear whether the improved 
fertility of the soil under the trees is due mainly to N, fixation or to the 
redistribution of nutrients, especially N, in the profile (pumping effect). 
Intercfopping Leucaena leucocephala with maize is probably an interesting 
method. Experiments carried out that a population of 10,000 to 20,000 
plants/ha is adequate to provide sufficient foliage to coveruthe soil and supply ' 
substantial quantities of nutrients without significantly competing with 
maize. Table 7 shows that maize yields were only sligfitly reduced by the 
highest population of Leucaena leucocephala [49]. Except.-for a few clear-cut 
examples, such as that of Acacia albida, 'we have as yet very little experimen- 
tal evidence on tree-crop associations that tells us whether the species mix- 
tures will interact mutual inhibition, cooperatively or through one form or 

- 1  

Table 7 Maize height reductions and grain yields when grown in association with leucaena at ' 

CIAT, Colombia [49] 

- -  Leucaena, Maize - Maize 

Population Population Heighta yieldb 
plantdha plantslha reduction 
- - -  (%I (tlha) 

O 
O 

10,000 
I0,OOO 
20,000 
20,000 
40,000 
40,000 

25,000 
50,000 
25,000 
50,000 
25,000 
50,000 
25,000 
50,000 

O 
O 
2 

11 
O 

12 
10 
15 

4.6 
5.2 
4.7 
4.6 
4.2 
4.9 
3.5 
4.9 

Forty days after planting compared to check. 
Corrected to 15% moisture content. 
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another of compensation’ [36] .  This type of information is obviously re- 
quired if a particular tree-crop association is to be encouraged. 

* 

iV,lfi.yirzg tree-annual crop or N,~~.uirig-non-N,-~..uing tree rotatiom 

In New Guinea the following shifting cultivation system is currently 
practiced with success. Cusziariw oligodoìi is planted in wasted. N-deficient 
soils and grown for 5-1 O years. It is then harvested for wood or charcoal, after 
which the land is planted with various crops [57] .  The same system based on 
buildup of an N reserve by the N,-fixing tree is used in India [40]. Soil- 
improving properties of casuarinas-have also been exploited in alternating 
rotation with .-lnacardizim occidentale for the production of cashew nuts in 
India (J.C.G. Ottow. personal communication). 

Conclusion 

Restoration, maintenance. and improvement of the N status in soils can be 
achieved through biological N, fixation provided that the N,-fixing systems 
used exhibit a high N,-fixing potential. that no environmental factor limits 
this activity, and that ihe largest portion of fixed N, is transferred to the soil. 
Most often these conditions are far from being fulfilled. Thus there is a tre- 
mendous need for research in three major fields. 
I .  Improving the N,-fixing potential of existing systems or obtaining new 

systems is obviously a major requirement. There is a need for increased 
emphasis on the plant rather than on the associated symbiont. It is high 
time that we orient our efforts toward exploiting the genetic variability of 
the host plants. For trees, one should attempt to select the best ‘soil 
improvers.’ that is. trees that will fix the largest amounts of N, and also 
return N (and P absorbed together with N) to the soil via leaf fall or 
lopping [36.37]. The host plant and microbial approaches should be used 
to identify N,-fixing systems that would not be too sensitive to combined 
N. 

7. Identification of limiting factors. though often extremely difficult, should 
be carefully carried out at each site. This type of investigation is a prereq- 
uisite to any attempt to exploit biological N, fixation. It would be ineffec- 
tual to develop powerful N,-fixing systemi without first attempting to 
identify and eliminate potenhlly limiting factors. 

3. The problem of improving the transfer of fixed N, to soil should probably 
be undertaken by agronomists and economists: however, plant ecologists 
should study some aspects. such as those related to r,ie plant-to-plant in- 
teractions in agroforestry systems. 
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Biological N, fixation is probably the only alternative source of N in some 
specific situations: in countries where N fertilizer is unavailable or 
unaffordable' or where intensive labor is cheap and in agroforestry systems 
or rice fields where only moderate yields are expected. By contrast, intensive 
agriculture usually consumes large amounts of N fertilizer without attempt- 
ing to benefit from the input of N from N, fixation. Such a situation should 
be corrected not only for the sake of saving N fertilizers but also to avoid the 
pollution hazards that are linked to their use. We have already noted that the 
combination of biological N, fixation and N fertilizers is not a utopian 
dream,since the possibility exists of processing compatible fertilizers or ob- 
taining N,-fixing systems that are not inhibited by combined N. 

, 

. . .  
Notes 

i In Casamance, 1 kg of urea costs 150 FCFA (0.33 US $) during the summer of 1984; this price 
was considered as prohibitive by the farmers 

1 - 
c -  References r . ?  

1. Ayanaba A (1977) Toward better use of inoculants in the humid tropics. In Ayanaba A and 
Dart PJ, ed. Biological nitrogen fixation in farming systems of the tropics, pp 181-204. New 
York John Wiley. 

2. Bergersen FJ ed. (1980) Methods for evaluating biological nitrogen 3xation. Chichester: 
John Wiley. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

1 o. 

11. 

Blondel D (1 971) Contribution à l'étude de la croissance-matière sèche et de l'alimentation 
azotée des céréales de culture sèche au Sénégal. Agr Trop 26, 707-720. 
Bremner JM (1977) Use of nitrogen-tracer techniques for research on nitrogen fixation. In 
Ayanaba A and Dart PJ, ed. Biological nitrogen fixation in farming systems of the tropics, 
pp 335-352.. New York John Wiley. 
Broadbent FE, Nakashina T and Chang GY (1982) Estimation of nitrogen fixation by 
isotope dilution in field and greenhouse experiments. Agron J 74, 625-628. 
Bromfield ESP and Ayanaba A (1 980) The efficacity of soybean inoculation on acid soil in 
tropical Africa. Plant and Soil 54, 95-106. 
Callaham D, Del Tredici P and Torrey JG (1 978) Isolation and cultivation in vitro of the 
actinomycete causing root nodulation in Conzptonia. Science 199, 899-902. 
Cornet F, Otto C, Rinaudo G, Diem HG and Dommergues YR Nitrogen fixation by Acacia 
holosericea grown in field-simulating conditions. Oecol Plant (in press). 
Dancette C and Niang M (1980) Rôles de l'arbre et son intégration dans les systèmes 
agraires du nord du Sénégal. In Le rôle des arbres au Sahel: compte rendu du colloque tenu 
a Dakar, Sénégal, du 5 au 10 novembre 1979, pp 57-63, Ottawa: CRDI. 
Dijkman MJ (1950) Lezicaena - a promising soil-erosion-control plant. Economic Botany 4, 
337-349. 
Dommergues YR (1963) Evaluation du taux de fixation de l'azote dans un sol dunaire 
reboise en filao (Casuarina equisetifolìa). Agrochimica 105, 179-1 87. 



113 

17. Dommergues YR (1978) The plant-microorganism system. In Dommergues YR and Krupa 
SV. ed. Interactions between non-pathogenic soil microorganisms and plant. pp 1-36. 
Amsterdam: Elsevier. 

13. Dommergues YR (1982) Scarcely explored means of increasing the soil N pool through 
biological N2 fixation. In Whither soil research. Proc 12th Intern Congress Soil Science, 
New Delhi. pp 135-1 49. 

11. Dommergues YR. Dreyfus B, Diem HG and Duhoux E (19Sdl Fixation de l'azote et 
agriculture tropicale. La Recherche 16. 22-32. 

15. Dreyfus B and Dommergues YR (1980) Non-inhibition de la fixation d'azote 
atmospherique par l'azote combine chez une légumineuse A nodules caulinaires. Serbatiia 
rmruta.  C R Acad Sciences Paris D 39 1, 767-770. 

1 b.  Dreyfus BL and Dommergues YR ( 198 I I  Nitrogen-fixing nodules induced by Rhizohiurii on 
the stem of the tropical legume Sesbunia rostrata. FEMS Microbio1 1 0. 3 13-3 17. 

I ï .  Duhoux E and Dommergues YR The use of N2-fïxing trees in forestp and soil restoration 
in the tropics. Proc of.ABNF. Nairobi (in press). 

18. Eaglesham .ARJ. Ayanaba A. Ranga Rao V and Eskew DL ( 1982) bíineral N effects on 
cowpea and soybean crops in a Nigerian soil II. Amounts of N fixed and accrual to the soil. 
Plant and Soil 68. 153-192. 

19. Escalante G. Herrera R and Xranguren YJ (1983) Fijacion de nitrogen0 en arboles de 
sombra (Eryrhrina poepprgianal en cacaotales del norte de Venezuela. Pesq Agropec Bras, 
Brasilia 19 sin. 213-230. 

20. Felker P ( 1978) State of the art: .Acacia albida as a complementary permanent intercrop with 
annual crops. Washington: US Agency for International Development. 

21. Fried hf and Broeshart H (19751 An independent measurement of the amount of nitrogen 
fixed by a legume crop. Plant and Soil 13, 707-71 I .  

23. Ganry F, Wey J. Diem HG and Dommergues YR Inoculation with Glorizits r m m 7 a ~  
improves N2 fixation hy field-grown soybean. Biology Fertility of Soils (in press). 

73. Gauthier D, Diem HG, Dommergues YR and Ganry F Assessment of N, fixation by 
Casirariria eyui.rcri.telia inoculated with Frankia ORSO2 I 00 1 using "N methods. Soil Bio1 
Biochem (in press). 

24. Germani G I 1979) Nematicide application as a tool to study the impact of nematodes on 
plant productivity. In Monpi HO and Huxley P.A. ed. Soils research in agroforestry, pp 
247-3 13. Nairobi: ICRAF. 

25. Gibson .AH [ 1977) The influence of the environment and managenal practices on the 
Iegume-Rhizol)iim symbiosis. In Hardy RWF and Gibson AH. ed. A Treatise on dinitrogen 
fixation. pp 393-350. New York: John Wiley. 

16. Gibson AH. Dreyfus BL and Dommergues YR (1982) Nitrogen fixation by legumes in the 
tropics. In Dommergues YR and Diem HG. ed. Microbiology of tropical soils and plant 
productivity. pp 37-73. The Hague: NijhoffiJunk. 

27. Giffard PL (1971)  Recherches complCmentaires sur .Acacia dLuild.  Bois et Forêtes des 
Tropiques 135, 3-20. 

2s. Giles KL and Whitehead HCM (1975) The transfer of nitrogen-fixing ahility to 3 eukaryote 
cell. Cytobios 11, 49-6 I .  

29. Gresshoff Phl, McNiel DL and Carro1 B (1981) Symbiotically altered mutants of soybean: 
nodulation defects and supernodulation. In Second intern symp molecular genetics of the 
bacteria-plant interaction, 80. New York: Comell University. 

30. Guesarra .AB. Whitney AS and Thompson JR (1978) Influence of intra-row spacing and 
cutting regimes on the growth and yield of Leucaena. Agron J 70. 1033-1037. 

3 I .  Halliday J and Somasegaran P ( 1  982) Nodulation. nitrogen fixation. and Rhizobizirn strain 
aftïnities in the genus L t ~ i t r a ~ " ~ .  In Leumena research in the .Asian-Pacitic region, pp 27-32. 
0ttav.a: IDRC. 



114 

37. Hardy RWF. Burns RC and Halsten ED ( I  973) Appiications oî  the acetylene-ethylene assay 
for measurement of nitrogen fixation. Soil Bio1 Biochem 5? 47-8 I .  

33. Henze11 EF and Vallis I (1977) Transfer oî nitrogen between legumes and other crops. In 
Ayanaba A and Dart PJ, ed. Biological nitrogen fixation in farming systems of the tropics, 
pp 73-88. New York: John Wiley. 

34. Högberg P and Kvamström M (1982) Nitrogen fixation by the woody legume Leucaena 
/eucocephala in Tanzania. Plant and Soil 66. 21-28. 

35. Hooykaas PPJ, Van Brussel AAN. den Dulk-Ras H, Van Slogteren GAIS and Schilperoort 
RA ( 1  98 I )  Sym plasmid of Rhizobium trjfolii expressed in different rhizobia1 species and 
Agrohacferiunz turnqfaciens. Naiure, ?Y l ,  35 1-353. 

36. Huxley PA (1983) The role of trees in agroforestry: some comments. In Huxley PA, ea. Plant 
research 2nd agroforestry, pp 257-270 Nairobi: ICRAF. 

37. Huxley P.4 ed. ( 1983) Plant research and agroforestry. Nairobi: ICMF. 
38. Jung G (1969) Cycles géochimiques dans un Ccosystême de region tropicale sèche: Acacia 

albida, sol ferrugineux tropical peu lessive (Dior). Oecol Plant 4, 195-2 10. 
39. Knowles R f 1980) Nitrogen fixation in natural plant communities and soils. In Bergersen 

FJ ed. Methods for evduating biological nitrogen fixation, Dp 557-582. Chichester: John 
Wiley. 

40. Kondar S (1981) Cariarinu equnet[folio - A multipurpose cash crop in India. In Midgle? 
SJ. Turnbull JW and Johnston RD ed. Casuarina ecology management and utilization. pp 
66-76. Melbourne: CSIRO. 

41. Langkamp PJ, Fzqell GI; and Dalling MJ (1982) Nutrient cycling in a stand of Acucia 
hdosericea. I. Measurements .of precipitation, seasonal acetylene reduction, plant growth 
2nd nirropn requirement. Austr J Bot 30. 87-106. 

42. LaRue TA end Patterson TG ( 198 1) How much nitrogen do iegumes fix? Advances in &ron 
34. 15-38. 

43. Mikola P. Uomala P and Mälkönen E (1983) Application of biological nitrogen fixation in 
Europezn silviculture. in  Gordon JC and Wheeler C T  ed. Biological nirrogen fixation in 
îoresr ecosystems: foundations and apDlications, pp 279-294. The Hague: NijhoffIJunk. 

24. Nutman PS ( 19541 Symbiotic effectiveness in nodulated red clover. I. Variation in host and 
in bacteria. Heredity 8, 35-46. 

45. Nutman PS (1954) Symbiotic effecriveness in nodulated red clover. ïI. A major gene for 
ineffeciiueness in the hosr. Heredity S. 47-60, 

46. Orchard ER and Darby GD ( 1956) Fertili:? changes under continued wattle culture with 
special reîerence to nirrogen fixation and base status cjf the soil. In Compres rendus &ème 
congres inrem.aiiona1 science sol.. Paris D, pp 305-3 I O. 

47. Parro C and Behera RN t.1979) Cashew helps io fix sand dunes in O~ssa .  Indian Farming 

4g. Postgate JR and Cannon FC (1981) The molecular and genetic manipulalion of nitrogen 
fixaiion. Phil Trans R Soc h n d  B292. 58?-5%. 

48. Rachie KO (1983) Intercropping tree legumes with annual crops. In Huxiey PA cd. Piaat 
research and agroforestry, pp 103-1 16. Nairobi: ICRM. 

50. Raintree JE (!?S3) Broeconomic consideraiions in the design of agroforesrry cropping 
systems. In Huxley PA ed. Plant research and agroforestry, pp 271-289. Nairobi: ICRAF. 

51. Rennte RJ and Rennie DA (1981) Techniques for quantifying N, fixation in association 
with nonlegumes under field and greenhouse conditions. Can J Microbio1 29. 1022-1035. 

52. Rinaudo G, Dreyfus B and Dommergues YR ( I  983) Sesbunia rostraia green manure and the 
nitrogen content oî  rice crop and soi!. Soil Bio1 Biochem 15, 11 1-1 13. 

53. Roger P and Watanabe I (1985) Technologies for utilizing biological nitrogen fixation in 
weiland rice: potentialities. current usage, and limiting factors. Fertilizer Research (in 
press). 

28. 31-32. 



115 

54. 

55 .  

56. 

57 

5 s  

59 

6G 

61 

6:: 

63 

64 

hi 

66 

Lu- 

Roskoski JP. Montano J .  Van Kessel C and Casrilleja CI ( 19S?) Nirrogen fixaiion by tropicai 
woody legumes: potential source of soil enrichment. In Graham F'K ed. B i ~ l o g i ~ i l  nitrogen 
fixation technology for tropical agriculiure. pp 447-454. Cali Ci AT 
Rundel PW. Nielsen ET, Sharifi MR. Virginia R..?. jarre11 WM liohi DE and Shearer GE 
(1982) Seasonal dynamics of nitrogen cycling for a Prosopis woodland in lhe Sonoran 
desert. Plant and Soil 67. 343-353. 
Silvester WB (1977) Dinitrogen fixation by plant associaticm excluding legumes I n  Hard) 
RWF and Gihson AH ed. A treatise on dinitrngen fixation. IV: Agronom) and Ecolog) p~ 
141-190 Neu- York. John Wile!, 
Silvester M'B (19631 Analysis of nitroger. fixarion In Gordon JC an6 M'heelcr CT ed 
Biological nirrogen fixation in foresi ecosystems: foundations ana applications. pp i 73-2 I 5  
The Hague. Nijhoff'Junk. 
Smith RL. Bouton JH Schani; SC. Ouesenhem KH. Tyler ME. Milam JR. Gask.ins hlH 
and Littell RC ( 1976'1 Nitrogen fixation in grasses inoculated with S.piniiz-ln. 11pi71crun1 
Science 193. 1003-1005 
Smith RL. Schani. SC. Miiam JR and Ealtenspcrger Gì (19F41 Respocsrs of Scrgrlum and 
Ptwnrsritim species to the I\J:-fixing bacrenurr .%x.<pirdiun: brdcn .w 4ppl Environ 
Microblol 17. 1331-1336. 
Sprent JI I IPS31 4grisulIural and homculrural sysremr- imniicatiûns for forest? Ir, Gordop 
JC and b'heelcr CT ed Biologcai nitroeen fixation in fores: ec3z\stems founaarions anci 
applicarions. pp 21 5-23;. The Hague: !%jhoff.Juni. 
Van Berlium P and Da. Jh'l 11980) Nitrogenase aciikit! assnciated with soil cares ûi g r a s e s  
in BrasiÌ. Soil Bio1 Biochem i l .  i37-!4L! 
Venk.ateswarlu B and Rao 4 V  119S3b Response of pearl miller rn inoculation w t h  digerieren: 
strains of .~zcspid!urn hrcrsiimst. Plant and So!: -4. 3'Q-38~ 
Vincenr Jh.1 i 19701 A manual for the pracricai sua! ofroor-naduit hazrena IBF handto% 
no i 5 Oxford and Edinburgh. Elackwell 
Vos? PE. Rusche! rZF' Vicrona RL. Saiio ShlT anû hlatsui E i!QSs1! as a toû¡ I P  

biologrcai nirrogen fixaiion research. i n  G ~ h a m  PH and Harr:: S i  ed Biolop:a! nirrogcn 
fixarion rect?noiog; for tropical agncilllurL.. p~ 5-5-50. Caii. rCI.47' 
Warariahi I and Roger F'4 L I Q b j i  Nitrogen fi.xaiion i n  wetland nce fieid Ir, SubhL Lac K Y  
ea. Current de\xiupmenLs in hiolagicai niir3gen fixation. X - 2 7 b  F e ;  Delt;. Orfor<- 
and IRE 
H ' e t s e i ~ s r  R ani! Gan? F i  l9EZi Nirrnger iia!a:lcr IT; tmpich! ?grj>i.j:emi lr l  Corrrm?rgtis* 
YR 2nG Diem HG r d  hiicrobiologi ût rrûpical suiis ariú piani proouet:;:!.. pr :-3c Th-  
Hague ?iiihoR Junk 
Wlliam*. M fi. Jones M E  and fir:wiche CC t l O 7 - i  N Esatior measarem-n. h: !nia! 2 
differenct ant-, !:.Y .A-values i n  ivsimerrr! 4 g r ~ f i  ! fczL l C 2 3 t L Z -  



Management? of Nitrogen and 
Phosphorus Fertilizers 
in Sub-Saharan Africa 

Proceedings .of a symposium, held in Lome, Togo, March 25 - 28, 1985 

Edited by 

A. UZO MOKWUNYE and PAUL L.G. VLEK 
IFDC 
Muscle Shoals, Alabama 
USA 

3432 MONTPELLIER CEDD: 

I986 MAWTINUS NIJHOFF PUBLISHERS $' 
a member of the KLUWER ACADEMIC PUBLISHERS GROUP 
DORDRECHT / BOSTON / LANCASTER 

$ 


