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Many cowpea varieties (Vigna unguiculata L. Walp) have been proposed by research in Mali. None of these varieties were
investigated for their symbiotic potential in terms of root nodulation and mycorrhizal infection. An experiment was conducted at
Cinzana Research Station, from 2007 to 2009 with an objective to identify a cowpea variety with high symbiotic potential which
may improve millet/cowpea cropping global production. Randomized complete block (RCBD) design with a factorial combination
of 3 cowpea varieties (IT89KD-374, CZ1-94-23-1, and CZ11-94-5C) and 2 cropping systems (millet/cowpea intercropping and
cowpea-millet rotation) was used. On farm test was conducted to evaluate CZ11-94-5C and IT89KD-374 nodulation performance.
Cowpea variety CZ11-94-5-C had the highest nodule number and nodule weight. Millet/cowpea alternate rows intercropping
(1/1), only, had a significant influence on cowpea root infection rates by mycorrhizae, on the 45th day after emergence. IT89KD374 gave the best cowpea grain yield (1540 kg ha−1 ) in sole crop. The highest millet grain yield (1650 kg ha−1 ) was obtained under
CZ11-94-5C-millet rotation. Farmers’ fields assessments results confirmed CZ11-94-5C performance on research station. The
CZ11-94-5C cowpea variety needs to be more characterized.

1. Introduction
Cowpea (Vigna unguiculata L. Walp) is the main legume food
crop in the Sudano-Sahelian zone of Mali [1]. It is one of the
main pulses contributing to the economy of nitrogen in cropping systems with low input through the biological nitrogen
fixation [2]. This symbiotic nitrogen fixation can reduce
the rate of depletion of cultivated soils where legume-cereal
rotation is practiced [3]. If cowpea is nodulated by powerful
strains of Bradyrhizobia, 90% of the required nitrogen
for maximum yield can derive from biological nitrogen
fixation [4]. According to Peoples et al. [5] Dakora and
Keya [6], the values of N contribution by various legumes,

including Cowpea (Vigna unguiculata L. Walp), are important (50 to 300 kg N ha−1 yr−1 ). These values depend on the
legume plants density, the cropping system, and the legume
genotype [7]. Venkateswarlu et al. [8] showed that cowpea
Bradyrhizobia nodulating population density depends very
significantly on the cultural practices rather than rainfall. So
far, very little attention has been addressed to the agromicrobiological aspects in cowpea research in Mali. In order to
fill this gap, the present study was conducted from 2007 to
2009 at Cinzana Agronomic Research Station in the SudanoSahelian zone of Mali. The objective was to compare the
potential of root nodulation and mycorrhizal infection of
three cowpea varieties in three cropping systems and to
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very strongly acid (4.5) in the first 20 cm layer, extremely acid
between 20 and 60 cm deep. It is very poor in organic matter
(OM < 0.6%) and deficient in available phosphorus (P <
13 ppm) with a low reserve of total phosphorus.
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Figure 1: Rainfall in 10- or 11-day periods at Cinzana Agronomic
Research Station (1972–2001), 2007, 2008, and 2009.

2.1.2. Plant. The plant material used consisted of three (3)
varieties of cowpea and one variety of pearl millet. The three
cowpea varieties were IT89KD-374 (65–70 days) from IITA
(International Institute of Tropical Agriculture), CZ1-94-231 (75–80 days), and CZ11-94-5C (65–70 days) from IER
(Institut d’Economie Rurale), which is the National Agronomic Research Institute of Mali. These varieties are
semiprostrate and semideterminate cowpea varieties. The
variety of millet used was NKO × Toroniou C1 (110 days)
from IER.
2.2. Methods

identify an eﬃcient cropping system that can improve
cowpea and millet yields.

2. Materials and Methods
2.1. Site Description. The research was conducted at the
Cinzana Agronomic Research Station, SRAC (13◦ 15 N◦ 5◦
57 W, altitude 281 m). The Cinzana Station is located in the
Rural Commune of Cinzana, at 5 km far from Cinzana village
situated 45 km from Segou city on the way Segou-Mopti.
The climate is characterized by an interannual variability
of rainfall, turbulent high intensity, and irregular intraseason
rains. The rainy season begins in June-July and ends in
September-October. More than half of the rain usually falls in
July-August (Figure 1). Mean annual rainfall over a 30-year
period (1972–2001) was 670 mm. During the three years of
experimentation (from 2007 to 2009), rainfall received at
Cinzana Agronomic Research Station varied from 654 mm
(2008) to 909 mm (2007).
2.1.1. Soil. The research was conducted on a leached tropical
ferruginous soil with spots and concretions [9], a plinthaquic
Haplustalf according to the American classification [10].
Composite soil samples were collected on the depths 0–20,
20–40 cm, and 40–60 cm before the establishment of the
experiment to determine N, P, K, soil organic carbon C, pH,
and CEC. Soil organic carbon (SOC) content was measured
by the Anne method. Mineralization was done using concentrated sulfuric acid (H2 SO4 ) with dichromate of potassium
(K2 Cr2 O7 ) and the solution was titrated with iron sulfate
(FeSO4 ). The pH was determined by the electrometric
method in a soil solution with a soil/water ratio of 1/2.5.
Cation exchange capacity (CEC) and exchangeable bases
(Ca2+ , Mg+2 , K+ , Na+ ) were determined by the method of
ammonium acetate. The phosphorus was determined by the
method Bray2 (solution of HCl + NH4 F). The texture is
predominantly sandy in the first 40 cm layer of the soil. The
upper horizon (0–20 cm) contains only 6% clay, content that
is not favorable to the development and the maintenance of a
good structure. It is chemically a very poor soil. The pH is

2.2.1. Experimentation on Research Station. The experiment
was conducted in two series (2007-2008; 2008-2009) based
on a complete randomized blocks design, 4 replications.
Treatments consisted of a factorial combination of 3 cropping systems and 3 cowpea varieties. The 3 cropping systems
consisted of the millet/cowpea intercropping in alternate
rows (1 row millet/1 row cowpea), the millet/cowpea intercropping in interhills (2 hills mil/1 hill cowpea) and cowpeamillet rotation.
The 3 cowpea varieties were IT89KD-374, CZ1-94-23-1,
and CZ11-94-5C. Plot size was 7.5 m × 8 m = 60 m2 . Soil was
prepared by ridging to the tractor at 0.75 m spacing between
ridges or 10 ridges of 8 m long. Seedings were made manually
on the ridges. A dose of 300 kg ha−1 Tilemsi natural rock
phosphate (PNT) was applied in 2008 on all of the plots of
the first experiment and at the beginning of the 2009 rainy
season for the second.
Cowpea in monocropping system was sown on top of
ridges by hand at 0.40 m between the hills or 0.75 m × 0.40 m
and thinned at two plants per hill after crop emergence (66
667 plants ha−1 ). In the millet/cowpea intercropping alternating rows (1 millet/1 cowpea), the spacing of the cowpea
seedlings was 0.40 m between the hills, or 1.50 m × 0.40 m
and thinned at two plants per hill after crop emergence
(33 333 plants ha−1 ). In interhills system (2 hills millet/1 hill
cowpea), cowpea was sown at 1.60 m between the hills of
cowpea or 0.75 m × 1.60 m and thinned to two plants per
hill after crop emergence (16 667 plants ha−1 ). The cowpea
was sown to the lifting (raising) of millet in the interhills
cropping system (2/1), while it was sown simultaneously
with the millet in the alternating rows cropping system (1/1).
Weedings were done manually as needed using hoe and
mounded at the millet growth stage.
Crop symbiotic potential has been characterized through
the study of cowpea nodulation and the assessment of the
rate of mycorrhizal colonization of the roots of the two
crops (millet and cowpea). Nodules harvesting was carefully
done by digging up 2 hills of 2 plants in diﬀerent basic plot
points. All of the nodules collected were washed. The total
number of nodules was evaluated by counting. The size of

2.2.2. Evaluation of Cowpea Nodulation and Its Impact on the
Yield in Farmers’ Fields. Assessments of the promising results
obtained on station with CZ11-94-5C and IT89KD-374
cowpea varieties were conducted in farmers’ fields in Cinzana
Rural commune during the 2010 growing season. Eight villages of the municipality were chosen based on their accessibility (roadside). Farmers’ choice was made on voluntary basis
to conduct the test.
Two improved cowpea varieties CZ11-94-5C and
IT89KD-374 and the local millet variety of the collaborating
farmer were used. The two cowpea varieties are short
maturity types (65–70 days) as previously.
The experimental design used was plots of observations
in scattered replications. Each farmer had a block of complete
treatments and therefore was a replication. Six (6) treatments
were compared: sole crop of CZ11-94-5C (T1), sole crop of
IT89KD-374 (T2), millet/CZ11-94-5C intercropping (1
row/1 row) (T3), millet/IT89KD-374 intercropping (1 row/1
row) (T4), millet/CZ11-94-5C intercropping (2 rows/1 row)
(T5), millet/IT89KD-374 intercropping (2 rows/1 row) (T6).
Plots size was 400 m2 (20 m × 20 m). Cowpea plots did
not receive fertilizer. Mixtures of 50 kg DAP (diammonium
phosphate) and 50 kg ha−1 of urea were applied on the millet
rows.
The test was conducted in nineteen farmers’ fields. The
objective was to evaluate at farmer’s level the performance of
nodulation and the two cowpea varieties (CZ11-94-5C and
IT89KD-374) yields in three cropping systems.
The seedings have been carried out between July 25 and
August 03, 2010.

3. Results
3.1. Experimentation on Research Station. The rainfall distribution graph (Figure 1) indicated more rain (909 mm)
in 2007 than 2008 and 2009 (654 and 663 mm, resp.). In
2007 and 2008, the monthly rainfall was above the 30 years’
average while that of 2009 was much below. The year 2009
was particularly dry in June, July, and August and very wet
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the nodules has been measured with a slide calipers and their
eﬃciency estimated by dissection and observation of the
presence of corresponding to leg hemoglobin coloration
(reddish). Nodules weight dry was determined by weighing
after drying in an oven at 65◦ C.
Mycorrhizal roots were collected in the 45th day after
emergence and flowering stage. They were washed in tap
water to remove soil and dried in the shade. In the laboratory,
roots were treated with 70% alcohol and then rinsed with tap
water to eliminate alcohol. Then, were dipped in 10% KOH
at 80◦ C for 30 min followed by a bath Marie at 80◦ C for
10 min to eliminate the cytoplasmic contents of root cells to
better reveal the mycorrhizal structures.
Mycorrhizal fungi were highlighted directly on root
fragments after staining in a 0.05% Trypan blue solution for
30 min at 80◦ C and microscopy observation. Phillips and
Hayman [11] method was used to estimate the natural
mycorrhization rates.
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Figure 2: Nodules dry weight (mg/plant) as aﬀected by year ×
cropping system × cowpea variety interactions eﬀects (P < 0.01)
at flower buds and bloom stage at Cinzana Agronomic Research
Station, 2007 and 2008. Y1: year 1 (2007); Y2: year 2 (2008), S1:
alternate rows intercropping (1 row millet/1 row cowpea), S2: inter
hills intercropping (2 hills millet/1 hill cowpea), S3: cowpea sole
crop, cowpea varieties: IT89KD-374, CZ1-94-23-1, and CZ11-945C.

in September. In 2008, the last decade of July was dry. These
distribution patterns certainly had some influence on crop
growth habit and contributed to yield diﬀerences.
3.1.1. Cropping System Eﬀects on the Number and Weight of
Cowpea Nodules. At the flower buds stage, highly significant
diﬀerences (P < 0.01) were observed between cropping
systems eﬀects on the nodules number by plant (Table 1).
Alternate row intercropping (1 row millet/1 row cowpea) had
higher nodule number than any other treatment. Concerning
nodules dry weight, a three-way interaction (P < 0.01)
occurred between factors at all stages (Figure 2). The CZ194-23-1 cowpea variety tended to have the lowest nodule
weight in all systems while the CZ11-94-5C tended to have
the highest. A similar eﬀect was observed for nodules number
at bloom stage (data not shown).
3.1.2. Nodules Eﬃciency. Cropping system eﬀects on eﬃcient
nodule numbers (P < 0.05) indicated that at flower bud
stage, sole cowpea crop and cowpea in alternated row
intercropping had the highest numbers (Table 1). A slight
decrease in the number of eﬃcient nodules was observed
between flower buds stage and blooming (data not shown)
with a highly significant impact of the variety whatever the
development stage is.
3.1.3. Cropping System Eﬀects on Millet and Cowpea Mycorrhization. Average mycorrhization rates of cowpea and
millet were at the same order of magnitude at flower buds
(30–40%) and flowering stages (40–50%). Cropping systems
and cowpea varieties did not have a significant influence (P >
0.05) on mycorrhizal colonization rates, except the cowpea
on the 45th day where diﬀerences were highly significant
(P < 0.01) for the millet/cowpea alternate rows intercropping
(1/1).

4
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Table 1: Cowpea nodules number (nodules/plant) and eﬃciency as aﬀected by cropping system and cowpea variety at flower buds stage at
Cinzana Agronomic Research Station, 2007 and 2008.
Treatments

Flower buds stage
Nodules number (nodules/plant)

Years
Year 1: 2007
Year 2: 2008
Cropping systems
Millet/cowpea intercropping (1 row/1 row)
Millet/cowpea intercropping (2 hills/1 hill)
Cowpea sole crop
Cowpea varieties
V1: IT89KD-374
V2: CZ1-94-23-1
V3: CZ11-94-5C
Eﬀect
Year (Y)
Cropping system (S)
Year × cropping system (Y × S)
Cowpea variety (V)
Year × variety (Y × V)
Cropping system × cowpea variety (S × V)
Year × cropping system × variety (Y × S × V)
Coeﬃcient of variation (%)

Eﬃcient nodules (%)

41a
30b

77
76

47a
19c
40b

78ab
69b
81a

36
32
37
P values
<0.01
<0.01
0.07
0.06
<0.01
—
0.13
22.78

86a
62b
80a
P values
—
0.03
—
<0.01
0.30
—
—
21.21

Means followed by the same letters in the same column for each parameter are not significantly diﬀerent (P ≤ 0.05), according to Duncan test.

3.1.5. Cropping System Eﬀects on Millet Yields. Multiyear
analysis of grain and above-ground total biomass dry yields
of millet showed high significant interactions between year,
cropping system, and cowpea variety (P = 0.003 and
P = 0.002, resp.). The highest yields were obtained under
cowpea-millet rotation (Figure 4(b)). The grain and the
above-ground biomass total dry yields of CZ11-94-5C-millet
rotation in the first year (2008) were at the top of the ranking.
3.2. Experiment in Farmers’ Fields
3.2.1. Cropping System Eﬀects on Cowpea Nodules Number
and Weight. The diﬀerences between nodules numbers were
highly significant (P < 0.01) in favor of CZ11-94-5C,
whatever the cropping system (Table 2). No significant

70000
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3.1.4. Cropping System Eﬀects on Cowpea Plants Density and
Yield. The three-way interaction between year × cropping
system × cowpea variety was highly significant (Figure 3).
Cowpea sole crop was the best treatment whatever the
year. The most important plants density was obtained with
IT89KD-374 sole crop in year one (2007). The lowest plants
densities were observed under the interhills intercropping
system whatever the year. Cropping system had a high significant eﬀect (P < 0.01) on cowpea grain yield (Figure 4(a)).
The best grains yield was obtained under IT89KD-374 sole
crop, followed by the CZ11-94-5C. The lowest yields were
observed under the interhills cropping system.
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Figure 3: Cowpea plants density (plants/ha) as aﬀected by year ×
cropping system × cowpea variety interactions eﬀects (P < 0.01) at
harvest at Cinzana Agronomic Research Station, 2007 and 2008. Y1:
year 1 (2007); Y2: year 2 (2008), S1: Alternate rows intercropping
(1 row millet/1 row cowpea), S2: Inter hills inter cropping (2 hills
millet/1 hill cowpea), S3: Cowpea sole crop, Cowpea varieties:
IT89KD-374, CZ1-94-23-1 and CZ11-94-5C.

diﬀerence was observed between the dry nodules weight (P >
0.05).
3.2.2. Crops Yields. Cropping system had high significant
eﬀect (P < 0.01) on crops yields (Table 2). The best cowpea
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Table 2: Cropping system eﬀects on cowpea nodules number (nodules/plant), nodules dry weight (mg/plant) at bloom stage, and cowpea
and millet grain yield (kg/ha) in farmers’ fields in 2010.
Cropping systems
Farmers’ control
Cowpea variety CZ11-94-5C sole crop
Cowpea variety IT89KD-374 sole crop
Millet/CZ11-94-5C alternate rows intercropping (1 row/1 row)
Millet/IT89KD-374 alternate rows intercropping (1 row/1 row)
Millet/CZ11-94-5C alternate rows intercropping (2 rows/1 row )
Millet/IT89KD-374 alternate rows intercropping (2 rows/1 row)
Eﬀect
Cropping system
Coeﬃcient of variation (%)

Cowpea nodules
number by plant
No∗
22a
16b
20ab
15b
23a
17b
P value
<0.01
37.02

Cowpea nodules dry
weight (mg/plant)
No∗
160
117
140
119
163
139
P value
0.09
45.21

Cowpea grain
yield (kg/ha)
No∗
730a
605b
390c
340cd
280cd
245d
P value
<0.01
42.17

Millet grain
yield (kg/ha)
465a
No∗
No∗
335b
350b
485a
495a
P value
<0.01
21.41

Means followed by the same letters in the same column are not significantly diﬀerent (P ≤ 0.05), according to Duncan test.
No∗ : no millet.

grain yield was obtained under CZ11-94-5C sole crop. No
significant yield diﬀerences were observed between intercropping systems. Millet grain yields were significantly
higher (P < 0.01) for intercropping 2 rows of millet/1 row
of cowpea. Whatever the crop, the results showed the importance of plants density in getting good grain yields.

4. Discussion
The results showed highly significant eﬀects of cropping
system on cowpea nodules number and nodules dry weight
whatever the stage of observation with three-way high
significant interaction of year, cropping system, and cowpea
variety. These results were not supported by the finding of
Kombiok et al. [12] who reported that cropping systems have
no eﬀects on nodule number and nodule weight. Low nodulation in interhills intercropping could be explained by the
delay in the cowpea crop sowing in this system and shading
eﬀect which was much more important. Shading eﬀect
significantly inhibits the branching of cowpea when intercropped with the millet [13]. Interhills cropping limited
the growth and development of the cowpea because of the
competition between millet and cowpea for water, light,
and soil nutrients, thereby reducing the nodulation. The
performance of the CZ11-94-5C and the IT89KD-374
(Figure 2) was in agreement with Yusuf et al. [14] results.
The integration of the CZ11-94-5C and the IT89KD-374 in
cropping systems, because of the weight of their nodules, may
have a positive eﬀect on the biological nitrogen fixation in the
producers’ fields in the Sudano-Sahelian zone where continuous decline in the soil fertility and fertilizers accessibility are
major constraints [15]. According to Graham et al. [16], the
nodules weight is an important indicator for symbiotic potential evaluation.
The diﬀerences between cropping systems eﬀects on
cowpea nodulation can be explained by diﬀerences in plants
density of the diﬀerent systems. These results were consistent
with those of Makoi et al. [7]. The varieties CZ11-94-5C and

IT89KD-374 had high nitrogen fixation potential (high
nodulation) in sole and alternate rows cropping with the
millet. In reference to the results of Moharram et al. [17], Bell
et al. [18], according to which there is a relationship between
nodulation and nitrogen fixation, those varieties will set
more nitrogen in the system than CZ1-94-23-1.
However, nodule number and weight may be aﬀected by soil
low content in available phosphorus (09 ppm). Compared to
Russel [19] results, nodule number and weight may be aﬀected by soil low content in available phosphorus (09 ppm).
Phosphorus increases the nodulation and improves the
symbiotic activity [20, 21]. Osunde et al. [22] Carsky [23]
showed an increase in the number and weight of nodules per
plant of cowpea with phosphorus application.
The results of the main parameters for symbiotic fixation
(nodulation number and weight and the eﬃciency of
nodules) showed that the variety CZ11-94-5C has the best
symbiotic potential.
Mycorrhization rates increased from 45th day after
emergence to the flowering, whatever the cropping system
was in agreement with the observations of Bagayoko [24].
The eﬀects of crop rotations on the colonization of the cereals
roots by mycorrhizal fungi depend on the observation
period. The best mycorrhization rates observed in 2009 compared to 2008 can be explained by the presence of more
powerful strains and/or the precipitation factor. The ten-day
repartitions of the rainfalls of the two years were significantly
diﬀerent, although the diﬀerence between the total for 2008
(654 mm) is not significantly diﬀerent from that of 2009
(663 mm).
The best cowpea grains yields in sole crop (Figure 4(a))
with regard to intercropping were consistent with results
of Ndakidemi and Dakora [25]. The yields advantage in
cowpea sole crop was explained not only by the high plants
density but also by the absence of competition with other
crops. In intercropping system, photosynthesis reduction of
legume can occur because of the shading eﬀects of the leading
cereal crop, resulting in low productivity of legumes. This
confirmed the results of Makoi et al. [7].
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Figure 4: Crops yields: (a) cowpea grain as aﬀected by cropping
system × cowpea variety interactions eﬀects (P < 0.01), 2007 and
2008; (b) subsequent millet grain and above-gorund biomass dry
yields as aﬀected by year × cropping system × cowpea variety threeway interaction eﬀects at Cinzana Agronomic Research Station,
2008 and 2009. Y1: year 1 (2008), Y2: year 2 (2009), S1: alternate
rows intercropping (1 row millet/1 row cowpea), S2: interhills
intercropping (2 hills millet/1 hill cowpea), S3: cowpea sole crop,
cowpea varieties: IT89KD-374, CZ1-94-23-1, and CZ11-94-5C.

Under low plants density, cowpea roots accumulate more
nutrients, including mineral N, which inhibits the activity of
nitrogenase [26, 27]. Soil available phosphorus content in the
first 20 centimeters (09 ppm) is less than the defined standards for the achievement of the potential yield of legumes
(25 to 30 ppm, Breman et al. [28]; 20–25 ppm, Russel [19]).
Therefore, this low available phosphorus content would limit
cowpea nodulation, plant development, and yield.
Increase in millet grains yield in rotation is consistent
with the results obtained by diﬀerent authors [3, 29, 30].
Results showed the importance of cowpea plants density in
the previous crop on improvement of the performance of the
subsequent millet yield. These results are consistent with
those of Ayisi et al. [27] and Makoi et al. [7]. The great
biomass produced under the high cowpea plants density was
more likely to improve soil nitrogen fertility thereby increasing subsequent crops yields [7]. Pulses generally take more
than half of their nitrogen requirements in the atmosphere
[5]. Therefore, they take less nitrogen in the soil compared to
the nonfixing plants (cereals). However, in the cereal/legume

intercropping, cereal takes all of its nitrogen needs from soil
reserves; therefore, fewer quantity of nitrogen will be saved
for subsequent crop. Bationo et al. [31] recommended a
more integrated nutrient management which includes crops
rotation in the Sudano-Sahelian zone, where the climate and
soil realities are negative factors limiting the productivity of
soils. Rotation of crops increases the production of biomass
and crop residue necessary to the improvement of the low
level of soil organic matter. Figure 4(b) showed that cowpeamillet rotation in general and CZ11-94-5C-millet rotation in
particular can potentially improve yield and production in
the Sudano-Sahelian zone of Mali.
Rhizobium associated with cowpea in diﬀerent cropping
systems may also explain the results. Some specific strains
associated with cowpea varieties in diﬀerent cropping systems are responsible for the performance of crops rotation,
especially that of CZ11-94-5C-millet. In biennial rotation
(cowpea-millet), the best millet grain yields (2 100 kg and
2 000 kg ha−1 ) were observed after two previous cowpea with
Bradyrhizobium strains that were diﬀerent from those associated with two other varieties of cowpea with less important
residual eﬀects [32]. These Bradyrhizobium strains, despite
their lower nodulation frequencies (4 to 16% of infected
nodules), seemed to be eﬀective in improving soil fertility
by cowpea cropping for the subsequent millet crop. The
compatibility of specific genetic groups with this variety can
be more eﬃcient. This is in accordance with the results
obtained by N’diaye et al. [33] and Fall et al. [34].
The precipitation regime (year factor) also influenced
grains and above-ground dry biomass yields, even though
the annual rainfalls were equivalent (654 and 663 mm,
resp.). This was explained by the frequency and the ten-day
rain quantities which were diﬀerent during the two millet
cropping years (2008 and 2009, Figure 1).

5. Conclusion
Results of this study showed the performance of cowpea
CZ11-94-5C variety nodulation and its contribution to the
improvement of the performance of the subsequent millet
yield. The tested cowpea varieties and cropping systems did
not have a significant influence on mycorrhizal colonization
of millet and cowpea roots.
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CPCS, Comité Pédologique pour la Classification des sols,
1969.
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