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Variable Sorghum Growth in Acid Soils of
Subhumid West Africa
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Abstract A sequence of experiments was conducted to define soil chemical proper-
ties associated with poor early growth of sorghum |Sorghum bicolor (L.) Moench] in
selected Grossarenic and Plinthic Paleustalfs or Eutric Nitosols (FAO Legend) of
subhumid West Africa. Millet [Pennisetum americanum (L.) K. Schum] appears to be
tolerant to the soil problem under study. This soil constraint appears to inhibit sor-
ghum growth and vield in all the soil positions of the toposequence of the Cinzana
station (Meli), the toeslope excepted. Application of urea (100 mg N kg™ of soil) or
liming followed by an N application neither prevented svmproms of poor growth nor
significantly increased drv matter vield (DMY). However, application of P alone or
any treatment combination containing P resulted in improved sorghum growth and
vield. DMY was strongly correlated with Bray-1 P (r = 0.74%%). Exchangeable soil Al
had a significant bur negative impact on DMY (r = —0.42%%). Amending the soil with
Ttle'ml rock ph()sphate (RP) or Diamou lime significanily increased exchangeable soil
Ca®* and Mg**. Each ()f these amendments significantly reduced the concentrations of
exchangeable soil AI'Y. Phosphorus deficiency is one of the major factors limiting
sorghum growth and _\teld in these Paleustalfs. The need for P is more critical thar
that of N in these soils. Aluminum toxicitv is a secondary cause of this soil problen.
An application as low as 2.5 mg P kg ' of soil not only prevented svmptoms of poor
early growth but produced a si; mft( ant dry matter increase in the greenhouse. A
Bray-1 P level of 11.60 mg P kg ' of soil uppears to be the critical P requirenient for
optimum sorghum growth in these Paleustalfs.

Keywords spatial variability. sorghum, poor carly growth. P deficiency, Al
loxicity

Introduction

'The major constraints to crop production in Sahelian Africa include: (1) extremely defi-

cient levels of P and N, (2) soil acidity, (3) soil spatial variability. and (4) limited available
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soil water (Poulain, 1976: Stroosnijder, 1981; Wilding and Hossner, 1989; Takow et al.,
1991). The interaction of these factors has resulted in marked variability in crop estab-
lishment, growth, and yield within a single field (Scott-Wendt et al., 1988; Wilding and
Hossner. 1989: and Doumbia, 1990). These factors have resulted in a special problem for
sorghum [Sorghum bicolor (L.) Moench] in some sandy soils of subhumid West Africa.
Sorghum seedling emergence is, in general, uniform throughout the field. Then, | to 2
weeks after emergence, specific symptoms develop in areas irregularly distributed in the
field. Symptoms of such poor early growth appear as purpling of the leaves, leaf yellow-
ing, and death of the leaf tip. In extreme cases, scedlings become completely brown. The
roots show necrotic spots and do not grow below the first 10 or 15 cm of topsoil. Plants
in the most severely affected areas die.

Primary observations in farmers’ fields in villages surrounding the Cinzana station
and other sorghum-growing regions of Mali, especially sandy soils and toposequences in
valley systems of landscape. have indicated that this problem is not limited to the Cinzana
area. Leaf yellowing or purpling on affected scedlings in these fields was similar 10
observations made in the station. However, very few affected seedlings in these fields
displayed the strong brown color observed in the most severely affected areas of the
station. Local cultivars used by these farmers are less affected because they have been
selected over a long period of time for survival and stability over a wide range of
environmental conditions. These cultivars are able to survive under less favorable envi-
ronments where nutrient stresses are acute. Under such conditions, improved and cxotic
varieties generally fail to grow. The extreme form observed in the Cinzana station may be
due to the use of improved and exotic sorghums and acidifying etfects of N fertilizers. A
similar case of poor early sorghum growth was reported in Plinthic Paleustalfs of Burkina
Faso (Pichot et al., 1981). Poor seedling growth and establishment of sorghum in these
soils were caused by Al toxicity.

Other cases of Al toxicity have been reported in soils of the semiarid and subhumid
zones of West Africa. For example, aluminum toxicity—induced growth limitation and
decrease in peanut (Arachis hypogea L.) yields in Sénégal (Piéri, 1974) and poor root
development and low sugarcane [Saccharum officinarum L.) yield under irrigation in
Burkina Faso (Namoro, 1983). Studies by Scott-Wendt et al. (1988) and Davis—Carter
(1989) indicated that exchangeable Al was primarily responsible for poor early pearl
millet [ Pennisetum americanum (L.) K. Schum| growth in the poorly buffered sandy soils
of the semiarid Sahelian environment of Niger. However, Manu et al. (1991) reported that
Al toxicity was not a problem of regional concern in selected sandy to sandy loam soils
of West Africa but instead should be a focus ol localized research and control.

Soils of the semiarid and subhumid regions of Mali and other regions of West Africa
are commonly acid, weathered. and characterized by a dominance of kaolinite and ses-
quioxides (Juo and Fox, 1977; Wilding and Hossner, 1989; Takow ct al., 1991: Manu ct
al., 1991). Phosphorus is the most deficient and plant growth-limiting nutrient in these
soils (Enwezor and Moore. 1966; Pichot and Roche. [972: Poulain, 1976: Manu ct al.,
1991). Jones and Wild (1975) documented that P deficiency could be so acute that plant
growth stopped once the seed reserve of P had been depleted. In addition, Davis—Carter
(198S) and Gardiner (1999) found that P was one of the soil chemical variables most
related to uneven stand establishment and crop growth in Psammentic Paleustafs of
Western Niger.

This paper describes a sequence of experiments designed to define some of the soil
chemical properties associated with poor carly sorghum erowth in selected Paleustaits of
West Africa. The distribution of the problem along the different soil positions of the
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Cinzana toposequence was first evaluated. Then, a soil amendment study was performed
to identify plant nutrients that contribute most significantly to poor early sorghum growth
in these soils. In addition, a response curve was established for the most deficient nutrient.

Materials and Methods

The Experimental Site

The Cinzana station is located near 5° 56’ W and 13° 18’ N. It is approximately 281 m
above sea level and covers an area of 277 ha. The station receives an annual mean rainfall
of approximately 650 mm from May to October; about one-half of that rain falls in
July-~August, and rainfall intensity of 40 mm per hour is common. The annual mean
temperature ranges from 28°-30°C, with minimum and maximum temperatures of 8°C
and 40°C, respectively. The native vegetation is mostly dominated by shrub and grass
species. Soils in the Cinzana station are distributed according to a toposequence which
results in different soil positions or hillslope elements (Fig. 1): summit, shoulder, back-
slope, footslope, and toeslope (Ruhe, 1960). The toeslope portion of the area is extented
about 7 km to the Bani river, a major tributary of the Niger river. This type of topose-
quence or valley system of landscape is very common in Mali and in many other regions
of West Africa (Ouattara, 1990).

Influence of Soil Positions

An observation plot was planted in each toposequence position of the Cinzana station (Fig.
1) to evaluate the distribution of the abnormal sorghum [Sorghum bicolor (L.) Moench)|
growth problem. Each plot consisted of a subplot of sorghum (genotype Malisor 84—5) and
another of millet [Pennisetum americanum (L.) K. Schum]. Each subplot was 7 rows x 5
m long. The spacing between rows was 75 cm., and sorghum or millet (genotype HKP)
was planted in hills 50 cm apart. Planting hills were thinned to 2 plants. Two replications
were planted on 6 July 1990. Germinated planting hills and planting hills showing the
symptoms of poor growth were counted in each subplot. The percentage of planting hills
showing the symptoms was calculated. Each plot was sampled (first 15 cm of topsoil) for
laboratory analysis (duplicate determination). Soil pH was determined in water (1:2 soil:
water ratio) using a glass electrode and a pH meter. Exchangeable acidity and Al were
extracted using the KCI method described by Thomas (1982) and measured by titration.

Summit

Shoulder

Backslope % Bani
river
] L
Foolslope  1occiope 77 AV

about 7 km

Figure 1. Approximative illustration of the toposequence of the Cinzana station. Hillslope elements
indicated according to their respective positions on the landscape (Adapted from Ruhe, 1960). The
distance from the summit first plot to the last of the toeslope is about 1.8 km. The cumulative slope
is about 0.5%.
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Exchangeable cations were extracted with NH,OAc (pH = 7.0) and measured by atomic
absorption as described by Thomas (1982), Knudsen et al. (1982), and Lanyon and Heald
(1982). The effective cation exchange capacity (ECEC) was estimated by summing the
exchangeable cations and the exchangeable acidity. Aluminum + H* saturation was cal-
culated as a percentage of the ECEC. Plant available P was extracted with Bray-1 solution
as outlined by Olsen and Sommers (1982) and measured with a Technicon AutoAnalyzer,
(Technicon Industrial Systems, 1977). Particle size distribution was determined by the
hydrometer method described by Gee and Bauder (1986). Organic matter content was
estimated according to the Walkley-Black procedure (extraction with K,Cr,O, and esti-
mation by titration) outlined by Nelson and Sommers (1982).

Soil Amendment Study

This experiment was conducted in the greenhouse (in May and under natural light) using
a sample (0 to 15 cm) of sandy, mixed, isohyperthermic, Plinthic Paleustalfs or Eutric
Nitosols (FAO Legend) collected from the backslope, in a plot where poor early sorghum
growth had been observed. Selected properties of the soil are given in Table 1. A bulk soil
sample was collected, air-dried, ground, and passed through a 2-mm screen. A 10-L
plastic container filled with 10 kg of soil served as the experimental unit. The experi-
mental units were placed at random on the floor of the greenhouse.

The study was a factorial experiment conducted as a completely randomized design
with 3 replications. Factors evaluated were 4 soil amendments and 6 nutrient combina-
tions. The amendments included: (1) check, (2) lime requirement (LLR), (3) 2 x LR, and
(4) rock phosphate. Nutrient combinations included: (1) no nutrient, (2) N as urea, (3) P
as triple superphosphate (TSP), (4) N and P as urea and (NH,),HPO, (DAP), respectively.
(5) N and P as urea and TSP, (6) N, P, and K as urea, TSP, and KNO;, respectively. The
LR was based on exchangeable Al as suggested by Kamprath (1970). The liming material
was Diamou lime, a local material containing approximately 90% CaO. The rock phos-
phate (RP) source was Tilemsi RP, a local resource containing 12.22% P and 30.8% Ca
(Truong et al., 1978). It was applied at a rate of 102 mg P per cmole(+) of exchangeable
acidity (Sanchez and Uehara, 1980). Nitrogen was applied at a rate of 100 mg kg™'. P at
100 mg kg ', and K at 50 mg kg™'. Lime and P amendments were homogeneously mixed

Table 1
Selected Properties of a Sandy, Mixed, Hyperthermic Plinthic Paleustalf (USDA Soil
Taxonomy) or Eutric Nitosols (FAO Legend) Profile of the Cinzana Station

Horizon
Parameter Ap Bt2¢ Bv2 Bv4
Depth (cm) 0-26 35-50 77-101 150180
Clay (%) 5.1 7.3 12.0 28.7
Sand (%) 85.8 82.2 76.2 59.3
pH (H,0) 55 5.1 4.9 4.6
Organic C (%) 0.13 0.14 0.15 0.17
ECEC [cmol(+) kg ' 0.90 1.15 2.13 272
Al (%) 34 46 49 36

Bray-1 P (mg kg™") 5.24
“Al saturated in % of ECEC.
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with the soil prior to planting. Nitrogen and K were applied in 2 split applications (2-leaf
and 3-leaf stages) with irrigation water.

Malisor 84-5, a locally improved sorghum genotype that is sensitive to soil acidity.
was used. Sorghum was thinned to 3 plants per container and grown for 37 days during
which the soil moisture content was brought to field capacity by weighing.

The crop data collected included dry matter yield (DMY). At the end of the exper-
iment, each experimental unit was sampled (soil and plant) for laboratory analysis. Lab-
oratory analyses were performed to determine the effects of treatments on selected soil
chemical properties and nutrient concentrations in the plant shoot. Soil samples were
analyzed for pH, ECEC, exchangeable acidity and Al. and available P (Bray-1). Plant
samples were wet-digested (Nelson and Sommers, 1980), and analyzed for N and P
(Technicon Industrial Systems, 1977) and by atomic absorption for Ca (Lanyon and
Heald, 1982), Al (Barnhisel and Bertsch, 1982), Mn (Gambrell and Patrick, 1982), and Fe
(Olson and Eliis, 1982).

Data were statistically analyzed using the General Linear Model procedure of SAS
(SAS, 1985). In addition, nutrient means were tested within each amendment and across
the different amendments. Dry matter yield was correlated with various soil chemical
properties and shoot nutrient concentrations.

Response to Applied P

The greenhouse experiment was carried out as an initial step on which to base P rates for
a field study to measure sorghum response to applied P in Grossarenic and Plinthic
Paleustalfs of the Cinzana station or Eutric Nitosols (FAO Legend).

This experiment was designed as a 2 x 10 (lime x phosphorus) factorial experiment
(completely randomized design with 3 experimental units per treatment). The lime factor
consisted of a control and the lime requirement defined earlier. Rates of P included the
following: 0, 2.5, 5, 10, 15, 20, 40. 60, 80, and 100 mg kg '. All treatments received 100
mg N kg™' (as urea and KNO;) and 50 mg K kg ' (as KNO,) so that these nutrients would
not limit sorghum growth.

The limed soil was subjected to 3 cycles of wetting—~drying before planting during
which exchangeable acidity was monitored for neutralization of exchangeable Al. Then,
P rates were applied (mixing with dry soil) as TSP. Other experimental materials, meth-
ods, and conditions were the same as in the first greenhouse experiment. Plants were
grown for 31 days.

Results and Discussion

Influence of Soil Positions

One of the striking features of this problem is that millet seedlings, across the different soil
positions, did not display the dark purple or brown color symptom that is typical on
affected sorghum plants. Very slight yellowing was occasionally seen on millet seedlings,
but the strong purple or brown color that is typical of affected sorghum leaves was not
seen on millet seedlings at any soil position. In addition. no sorghum planting hill dis-
played stunted growth and leaf purpling in the heavy toeslope soil. These observations
suggest that only sandy soils of the toposequence seem to be affected.

Chemical properties of the different soil positions indicated that the toeslope soil had
higher (2 to 10 times) concentrations of exchangeable bases. However, the concentration
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of P that could be extracted with Bray-1{ solution was very low in the toeslope soil (3.31
ug P g7 of soil) and high in the shoulder soil (17.65 ug P g™"). Application of heavy rates
of Tilemsi RP to sandy soils of the toposequence and optimum sorghum growth at the time
of soil sampling may explain these differences in Bray-1 P concentrations. The toeslope
soil contained about 0.02 cmol(+) of exchangeable Al** kg™' of soil (15 times less than
the footslope soil). Organic matter content doubled from the summit to the toeslope
(0.39% organic C).

The fact that millet roots have been found to be highly tolerant to high concentrations
of exchangeable soil Al’* (Long, 1972: cited by Brenes and Pearson, 1973) may help
explain the tolerance of millet to the problem. Sorghum is considered to be intolerant to
high exchangeable soil Al (Sanchez, 1976). Walker et al. (1975) found sorghum more
sensitive than millet to excesses of Al and Mn in plant tissues. In addition, millet seems
to require less P than sorghum (Ajakaiye, 1979; Fox et al., 1974). Millet also seems to be
more tolerant than sorghum to low soil pH (Walker et al., 1975).

Dry Matter Yield

Plant symptoms of poor early growth similar to those observed in the field were displayed
only when either no nutrient or urea (100 mg N kg ' of soil) was combined in the limed
or unamended soil. The application of 100 mg N kg ' neither prevented the symptoms of
poor early growth nor resulted in a significant increase in DMY (Figure 1). The appli-
cation of P alone or any treatment combination containing P resulted in good sorghum
growth and yield (Fig. 2). In addition, symptoms of poor early growth as seen on sorghum
grown in these Paleustalfs strongly matched those described and pictured by Krantz and
Melsted (1964) as severe P deficiency.

Influence of Soil Parameters on DMY

Bray-1 extractable P concentrations of the different treatments showed about the same
pattern as that of DMY (Fig. 2). This may be explained by the significant, positive
correlation (r = 0.74*%*) between DMY and Bray-1 P. The soil phosphorus concentration
for treatment combinations containing no P was around 6 mg kg~ '—a value for extractable
P ranked in the low range for Bray-1 P (Olsen and Sommers, 1982). It was under these
treatments that symptoms of poor growth and very low DMY were recorded (Fig. 2).

Correlation analyses between DMY and selected soil chemical properties indicated
that exchangeable soil Al had a significant but negative impact on DMY (r = —0.42%%). In
fact, the Al saturation percentage of the soil sample used (34%) was well above the 5%
suggested as critical for sorghum in Puerto Rican Oxisols and Ultisols (Abruna et al.,
1975).

Sorghum Mineral Composition

Among the mineral concentrations determined in the shoot, P correlated best (r = 0.47%%)
with DMY, although r* = 0.22. Ajakaiye (1979) reported that sorghum grew best when the
P concentration in its shoot (about 24 days after planting) was within the range of 2.2-8.1
g kg™'. The Phosphorus concentration was less than 2 ¢ kg ' in the shoot of plants grown
without P application. Shoot concentration ranged from 4.18-7.25 ¢ P kg ' when P was
applied.

The concentration of Al in the shoot was near the toxic level of 500 mg kg™' reported
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by Grundon et al. (1987) when either no nutrient, N. or no amendment was applied. Thesc
treatments had very poor sorghum growth and very low DMY (Fig. 2). The concentration
of Al in the shoot had a significant but negative influence on DMY (r = —0.31%%),

Response to Applied P

Symptoms of early poor sorghum growth were seen only in treatment combinations
containing no P. Combining time with either N or NK did not prevent the appearance of
the above symptoms.

A rate as low as 2.5 mg P kg™' of soil not only prevented the plant symptoms but also
produced significant increases in sorghum growth and dry matter yield (Fig. 3). This
observation indicates that these soils have an extremely low P fixing capacity. Increasing
the rate of P beyond 15 mg P kg™' did not result in a significant increase in dry matter
production. Liming significantly enhanced the effects of applied P on dry matter yield
only at P rates lower than 15 mg P kg™' (Fig. 3).

Conclusions

Millet appears to be tolerant to the soil problem under study. Sorghum growth and yield
appear to be inhibited in all the hillslope elements. the toeslope excepted. Compared with
the other hillslope elements of the toposequence used. the toeslope soil had a negligible
AP*+H* saturation, higher organic matter content. and higher concentrations of exchange-
able Ca™ and K.

The data for plant symptoms of early poor growth, DMY. plant mineral composition.
and selected soil chemical properties suggest that P deficiency is one of the major lactors
limiting sorghum growth and yield in these Paleustalls. The need for P is more acute than
that of N in these soils. Exchangeable Al*", due 10 its negative and significant impact on
dry matter yield, 1s a4 secondary cause of this soil problem.

Diamou lime offers potential as an agricultural amendment. Tilemsi RP, as indicated
by this research and previous work (Thibout et al., 1981), can be directly used to improve
crop growth and yield in sandy, acid soils of the subhumid and semiarid tropics. Each of
these amendments increased the concentration of exchangeable Ca®* and Mg>* and de-
creased the concentration of exchangeable Al**.

These soils are very deficient in P and have an extremely low P fixing capacity.
Sorghum plants responded to applications as low as 2.5 mg soluble P kg '. An application
of 15 mg P kg ' of soil in a greenhouse study appears 1o provide adequate P for cptimum
sorghum growth in these Grossarenic and Plinthic Paleustalfs. This rate is slightly higher
than the recommended economic rate of 20 kg P ha™ for sorghum and pearl millet in most
soils of Mali (Poulain, 1976). Soil, DMY, and plant tissue data suggest that a Bray-1 P
concentration of 11.60 mg P kg™' is the critical P level required for optimum sorghum
growth in these soils.
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