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Abstract
 
Aarked spatial variability in crop growth over short distances in sandy Sahelian soils (psam­mentic Palenstalf sandy siliceous, isohyperthermic) causes yield reductions within a farmerslield and complicates anal'sis ofresults from field experiments. Planting pearl millet in a fieldfor two consecutive years indicated that the location of the areas ofpoor soil does not change

perceptibly between -'ears, and that crops are more affected in bad years than in good years.Rchitingplantheight !o soil physical and chemicalproperties at /01 points on two transectsshotwed hieh correlations with soil acidit v and other properties. Datataken from an area20kmfrom Sadur6 supported this finding. A nalvsis ofsurface soil samples and profi'es taken along a 
transect between areas of healthy and poor crop growth show that acidity decreases andalkalinitv increases as the healthy area is app.-oached, and that healthyareas ha ve soils with low 
acidity (<50-
surface(<5 em). 

Al * H saturation) down to 3 5-cm depths, while poor soils are acidic on the 
Pot studies and subsequent plant analyses of4-6 week-old seedlings sho wed high Al (>1400mg kg-) and Mn (-> 1600mg kg-') levels inplantsgrown in poorsoils.1,Issuecontents of>600mg kg-' were consistenth, associated with poor plant growth. Liming poor soils two weeks

before planting reduced An tissue but did not reduce Al tissue or improveplant growth. In sum.
plan tsgrown in good soils respond far more strongly to fertilizerapplications than plantsgro wnon poor soils. 

Risumi
 
Variabiliti spatiale des cultures des sols sahilens: Une forte variabiit spatiale de la croissancedes cultures sur de petites distances dans les regions sahLliennes de sols sableux (psammenticPalenstalf sables, silices,isoh yperthermique) diminue lesrendements des cultures et compliqueIi'nalvse des r~sultats d6coulant des exp 6riences menses par les chercheurs. Des semis de mil

pendant deux annbes cons~cutives dans un mime champ oat indiqu. l'absenced'un d~place­men,, perceptible des poches de sols mdiocres d'une ann6e h l'autre, et l'aggravationdu
pr@iidiceport6 aux cultures pendant les mauvaises ann~es par rapport aux bonnes annes.La mise en relation de la hauteur des plantes et desproprit~s physico-chimiques du soil, longde deux transects a montri une forte correlation entre l'acidit6 du sol et les propri~t6s y
L 'analysedes 6chantillons et des profils des sols en surface suivant une ligne transversalc 

aff~rentes. Les donnbes recueillies dans un rayon de 20 km ont corrobor6 cette constatation. 
s~parantles zones de bonne et mediocre cxoissance montreaugmentation des bases h mesure que Ponse rapproche de 'a zone ot) lacroissance est bonne, et 

..une diminution de I ..cidit6 et une 
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une faibleacidit6 des bonssols (50% AI +saturationque les sols pauvres sont acides en surface (5 cm).Des 6tudesen potet 	 "Yusqu 5 uneprofondeurde35cm tandisi'analysedesplantules 4g6es de quatre h six semaines ont montr6que lesppm) et en 

plan tes cultives str so/s m'diocres 6taient caractris~esMn (1600 ppm). Les plantes ayant 
par des teneurs 6levtesassoci 	 une teneur en Al 600 ppm 

en Al (1400es t une faiblecroissance Dune,a 	 aient toujoursloin superieureensolsriche 
on gLn6raleIarpo 

en so/s pauvres Ona misen 
aengraisestd 

sdencstnsur la diminution en Mn, mais non en Al. 	
tes aui e deCeuneffetposilifdela-hauy 

Introduction 
less-affectedpurple, or plantsbrown. If soil-moisture remains high, 

In many areas of the Sajel. crops grown on sandy 	
may continuesigl .I o e dil rete vaiblt 	 to grow and mayi 

soils display a marked degree of spatial variabilityn 	 plantsdi.p 
eventually produce a small head. The more-affectedin crop establishment 	 die ifi deprived ofw tregrowth, and yield within a 	

of water evennf rashfor a shorttsingle field. In some cases, the varability in crop 
period. Cowpea crops ( Vigna unguiculata)wh,ngrowth 	 affected become yellow and grow more f"lowly but 

is because 
 of the physical and biological
properties of the coarse, poorly buffered soil sys-
usually do not die.
 

tem. 
 Whileattributed crop variabilityto the existence may frequent!yof termite bemounds, 
Ma!erials and Methods1984.

proximity to trees, previous human activity(ChaseMoorman and Kang 1978), soilborne pests(Germani and Reversatgenic processes 1982), 	 The Site(Wilding and or variousDrees VanWambeke and Dudal 1978), 
1978, pedo- Preliminary studies were conducted at 

a particularly pro-nounced variability exists, which has a different 	
SATSahelianCenter(ISC),located the ICRI­

cause. In such cases, patches of poor pea,' 	
approximatelv40 km southeast of Niamey, Niger, Westmilletgrowth, 6-30 m in diameter virtually next to highly 	

(13W15'N htiude 20 Africa 
productive stands cause 	

18'E longitude)of 240 m. at ans altitudeyield losses and confound The site is locatedtreatment effects in researchers' field experiments 	
on a sand plain with 

(Moornan and Kang 1978). 	

2-8 m thick eolian sands covering one ofaseries ofstepped surfaces comprisedThe objectives of the studies reported here were 
gravels (West 

of cemented lateriteet al.to determine the causes 	
1984). The soil is sandy, sili­of variability, and to seek 

ceous, isohyperthermic Psammentic Paleustalf,comprised of approximately 90% sand. The sur­methods to eliminate the sources of this variability. face horizon (25-30 cm thick) is a yellowish redSymptoms 	 sand uderlain by a thick (> I m) red loamy sand orred sana horizon.
In the agricultural fields near Niamey, Niger, 

Rainfall is highly irregular both in distribution 
and total amount during :he short (approximateypatches of poor pearl millet (Pennisetum 	 4 mo) rainy season. Long-term mean annual rain­amernum) growth are often observed in farmers' fields 	
fall for the Kolo research station, about 20 kmand on research station plots. They are frequentlyassociated 	
from the ISC, is574 mm, with a90% probabilitv ofwith 	 receiving mores'g,,tly depressed 	 than 380areas in the 	 mm (Sivakumarfields, and often have darker surface soil than that 
1979) AnnualrainfallatthelSCduring et al.


in adjacent productive regions, and aweak, porous 
described here wa-


the sttde 
crust. between 240-680 mm.
Productive regions, in constrast, are often 

The site had been used for
associated with slightly elevated regions and loose, 	
a traditional pearlmillet-fallow rotation before being donated to the

very sandy soils. Symptoms of poor growth begin 	
ISC. Two years of fertilized crops had been grown to appear in pearl millet gence. 1-2 weeks after emer-	
on the 2-ha experimental field before the presentThe seedlings exhibit stunted growth and 
studi,: 	were begun. Previous experiments therecould not be interpreted due to the extreme varia­the leaves curl longitudinally, often turning yellow, bility in crop grrwth. Soils at the ISC are represen­
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tative of the large surrounding pearl millet-growing ahove. Head number, length, andareas. To extend the applicability of this cn-station weight were
recorded for each hill at harvest.study, three additional sets of soil samples (perfield) were taken from similar soils from three off-

In I85, the field was planted and fertilized at thesame rates and timesstation fields within 20 km of the ISC site, where 
as in 1984. Hand planting

variability in crop growth had been observed. 
permitted hills to be placed at the recommended II-rm spacing. Plant heights and yield parameters 
were recorded in the 50 x50-m subplot as in 1984. 

Soil Sampling and Analysis Soil samples were collected on a 4 x 4-m grid andanalyzed for pH (H,O and KCI), exchangeable 
acid ity, and Al.To determine causes of crop variability, two 50 m
50 r transects that intersected perpendicularly at
their midpoint were established. They extended 
 Pot Studies
over both productive and unproductive crop growthareas. Soil samples (0-15cm depth) were taken at

1-m intervals along ea,.h transect. They were ana-
Four pot studies were conducted during the 1984­

lyzed by the Institut national de recherches agro-
1985 dry season. Their objectives were:
*nomiques du Niger(INRAN) for organic matter, P 

Study 1:To determine the effect of soils taken 
(Brav I), particle-size distribution, cation exchange 

along a transect between productive and unpro­
capacity (CEC), bases (K, Ca, Mg, and Na), and 

ductive field regions Ln pearl millet seedling
root andeffective CEC. Soil pH (1:2.5 

shoot growth, and shoot mineralin both H20 andKCI), exchangeable acidity and Al, soil bulk den-
composition. 

@sity, soil surface elvation, and plant height were 
Study 2: To determine the effects oflime7nd Ca 

determined. All soil parameters 
applied to productive and unproductive sols onwere regressed

against plant height 
pearl millet seedling root and shoot growt;., andof pearl millet grown inpockets adjacent to each sampling site. 
shoot mineral composition.
 

In another study, 
* Study 3: To determine
26 soil samples the effect of nutrient 

depth) (0-15 cm applications, both individually and in selectedwere collected at regular intervals along a15-m transect where pearl 
combinations, on pearl millet seedling root andmillet de.elopment

declined somewhat regularly (i . from superior 
shoot growth, and shoot mineral composition.

0 Study 4: To repeat the t.growth to plant death). In addition, soil samples -d study using differ­
were collected in increments to adepth of 70 cm at 

ent combinations and a soil-sterilization treat­
each end anti at an intermediate Ir.zation 

ment to test for biotic factors. on thetransect. All soils were analyzed for bases, pH, and 
For the first study, the 26 soil samples collected
 

exchangeable Al and AI+H. 
along the transect between productive and unpro-
The bulk of the 26 ductive field regions, discussed above, were mixedsamples taken along the transect were then used in individually. Four replications from each of the 26pot studies. 

soil sites, using 7.5 kg of air-dried soil per pot, were
 

ISC Field Studies employed. Without further treatment, pearl millet
was grown for 37 days, and then harvested. Plant

Field studies were conducted at the ISC from 1984 

shoots and rocts were dried and weighed, and
shoots digested and analyzed for mineral compo­through 1985 to estimate the extent and severity ofvariability in crop growth. In sitivn.1984, pearl millet(var. CIVT) was machine-planted at a 1.0 x 0. 75-m 
Studies 2, 3, and 4 were carried out using soilsfrom extremely productive and unproductive areasgrid spacing in a2-ha field. Simple superphosphate of the experimental field. Each of the two types of(SSP) was machine-banded at the time of s-eding sails was mixed anu 10 kg of soil used in each pot.at a rate of 150 kg ha-1 (15 kg 7ha-). Urea(100 kg Amendments (Wendt 1986, Table I) were added 2ha-i) was applied by hand adjacent to each hill, halfat planting and halfat first weeding[about 15 days 

weeks before pearl imillet was planted. Five replica­tions of each treatn,-.-,after planting (DAP)]. Approximately 30 DAP, 
were employed. Plants 

plants were were thini.,d to four per pot after the first week,measured in the 
defined 

'. x 50-m squire and were allowed to grow for 28 days before harv­by the intersecting transects described esting. Harvested plants were treated as in the first 
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Table I. Pearl mille shoot growth in liming trial (Wendt 1986). 
Amendment 

Rate
(kg ha- ) 	 Limefi t o Shoot . 
Productive soil site(Control)	 factor Q pot-') 
Ca(OH)2+MgO 
Ca(OU)2+MgOCa(OH),+Mgo 
CaH),+MgO 

Ca(CH),+M0 
Ca(OH) 

2
Ca(OH), 
Ca(O)2 

Calo"* 

0 
27
54 

1080.795et,l08 

216 
540 
3520 

01I3lr. 
2 
4 

8 
2 

0 .31fg. 

0. 9 5el 

0.882efgh 
0.686de 

5.42 

5.69 
5.69 

Ca(OH),Ca(OH),140Ca(OH), 
CaCO.2H0 
CaCI 2 2H0 
CaCI 2.2H,0 
CaCI.2H,o 

CaI.H0568 

70. 

70
20 
700 
69 

139 
278 

556 

248 
20 

I 

2 
4 
40.648de 

0.848efg 
876efgh 

0. 709ef0.677de0. 786ef 
0.486ef 

0.489cd 

1.082gh 

1.105fgh 

6.02 

6.3271 
7.18 

5. 

5.97 
5.72 
5.94 

Unproductive soil site 5.4 

(Control)
Ca(OH)2+MgOCa(0).,*MgO 
Ca(OH),,MpO 
Ca(OH)2+Mg

8O 
Ca(OH), 

Ca(OH), 
) 

244 

489 
9 

19559 

3161 

0 

2 
0.236b 

0.250bc 
0.194ab 
0.148ab 

4.59 

5.98 
7.10 

8.39 

Ca(OH), 
Ca(OH) 2 
CaC12.2H,0CaC i :.2H ' O 
CaCI.2H,0 
CaCl,.2H,0 

1. teatment 

630 
1260 

25206271254 
2507 

25016506OO.O00a 

2 

4 
8
I 

2 

4 

.057ab20aO.233b 
0.4lab 

0 12lab 
02lab0.078ab
0.067ab 
0.035ab 

0.000a 

660 
6.0 

8.9192 
5.13 
5.09 

8 	 5.15i.D:notes the multiple olequuvaen.j of exchangeable acidity in the soil that the 
4.88treatments, i refers to the calcium equivalents ;"lative to the limed soils. 

applied lime can ncutr-lize. Fcr the CaCI,.2H12O2. Means not follou~ed by the Same letter are significantly at P =0.05 by Duncan's multiple range test. 

regularlv with well water from ISC whose proper-
Pot study.Inallfourpotstudies.
pots were watered plant heights 35were obtained between plant height and percen. 

ties are nearly equivalent to rainwater. 	 DAP. The highest correlations 
tage of silt (r =
-0.35**), exchargeable AI+H (r
0.33**), exchangeable Al (r =-0.36**),Resi'ts and Discussion 	 and soil pHrelated to pH in these acid soils, were also highlh 

Analysis of Soils 	
(r =0.22*a) Exchangeable bases and CEC, bothcorrelated with plant height. 

Chemical and physical parameters from the 101 
To det rmine if soil acidity was related to poorsoil samples collected from the intersecting 50-m 

samples from adjacent productive and unproduc­transe.-Is were statiscally compared to pearl millet 
tive regions were taken from similar soils in threefarmers'fields witilin 20 km ofthe ISC. In all three 
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cases, ,'he relationship between soil acidity parameters and ­plant growth was highly significant
(Table-2). The same relationship was observed inthe experin- :nt using soils taken along the transectdescribed above. Analyses of the surface 15-cm ofsoil showed that pH increased and exchangeable
acidity (AI+H) decreased along the transect leiding 
to the productive site (Fig.I). Exchangeabi. Ca,Mg, and K also increased (Wendt 1986). Al satura-tion (r =-0.95), exchangeable Ca (r =0. 8 8), Mg (r = 
0.94), Al (r =-0.95), AI+H (r =-0.96), and pH (r = 0.96) correlated strongly with the position on thetransect. 

Soil-profile samples a: the two extremes and at 
the midpoint of the trnsectchemical were analyzed. Theanalyses indicated a very low effective 
CEC (<1.3 cmol kg-J) and highly variable amountsof exchangeable cations. Of particular interest isthe variation in the exchangeable AI+H saturation,
i.e.. the percentage of exchangeable AI+H vs thesum of the exchangeable Ca, K, Mg, Na, and AI+H(Fig. 2). All soils had a low AI+H saturation at the 

8-----------AI H saturation-pH
 

6auain6 " .- --- - - \5 

Table 2. Soilchemical parameters infarmers' fields asa
function of crop growth (n 3). 

Exchaige- Exchange­
able able 

pH pH AI H
Area (H:O 

Al 
(KCI) (cmol k-, (emol kg')

Area with poor 
pearl millet 
yield 

Area with gocd 
pearl millet 
yield 

SE ±0.19 1 ±0.06 0 

CV %) 8.50 10.30 50.80 

surface, however the AI+H saturation of the unpro­ductive extreme of the transect increased to 45% ata depth of only 3.5 rm. The AI+H saturation at theproductive extreme increased more gradually, 

V60 

-20 "= u 
23 ,. 

5.06 3.99 0.42 0.17 

5.86 4.74 0.15 0.00 

4447-


o~3 02IrduieD stac.m Poutv
10 

1 2 1 

unrdutv to a prdctv reio (Wnd 1926)4 
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Percentage Al#.H saturation produce exceptional pearl0 10 20 
to 

millet stands. To30 40 50"..--- . . show the dramatic effect ofshort-distance changes 
6060 _in crop growth, two adjacent subplots were har­vested and compared (Table 3). The better of thetwo plots yielded over eight times the grain har­10 

vested from the poor plot. Analysis of all sites in 

20-
20 the 50 x 50 m area showed that if the entire area 

_ ,,,sites, yielded at levels observed in the upper 10% of the30 - grain production for the field would quadru-Prod uctive30 .completely 

UnproductiveM.40 ( 

40 Iand 
50- , / 50 

6 

70-
Figure 2. Percentage AI+ H saturation with depthalong a transect from an unproductive to a produc-
tive region (Wendt 1986). 

reaching 45% saturation at a depth of 3 5-cm. Thesoil at the midpoint of the transect was saturatedwith 45% AI+H at about 12 -cm. All soils hadpotentially toxic levels of exchangeable Al within35-cm of the surface. Increas:s in exchangeableAI+H were accompanied by decreases in exchan-geable Ca and K in all profiles (Wendt 1986). 

Field Studes 

In 1984, 4 .7% ofthe 2-ha research field used at ISC
was found to be totally barren, while 9%was found 

pie. This suggests that far more than the 4.7%barren area is being affected and may
respond to soil amendments.A comparison of the growth patterns in 1984 

1985 within the 50 - 50-m area made it appar­
ent that given locations remained unproductiveaffected during the wetter 1985 season than in the 

over the 2 years. However, the lesscrop wasdroughty 1984 season. This difference is believed 
by the authors to be due to the death of marginalplants in the drier 1984 that would have survived 
under more humid conditions. 

Pot Studies 

Soil Collected Along a Transect 

Plant bioma3s and pearl millet shoot mineral con­centration as a function of position along the tran­sect between unproductive and productive fieldregions were closely correlated with mineral con­centration in the soil (Wendt 1986). Extremelyhigb !oncentrations of Al (>1400 ug gI-1) and Mn
(>ki0 pg g-') suggest thai both of these elements
may have reached toxic levels in some plants. Pearlmillet shoot weight correlated extreniely well (r = 
-0.89) with plant Al concentration (Fig. 3). The
critical Al concentration for pearl millet growthcorrelated strongly with soil pH (Fig. 4). However, 

appears to be <600,pgg-1. Plant Mn concentration 
it did not correlate well with pearl millet shootweight, and proved to be an insien;ficant factor in 

Table 3. Pearl millet yields measured intwo 7m k 5.25 m plots separated uniformly by one meter in a research field and
fertilized at the ICRISAT Sahelian Center in 1984. 

Total Headhills Surviving Grainhills Number ofheads- ---------------- Stalkweight (kg ha-I)49 weight44 
 27 158 
 12449 47044 
157 
 1302 
 1030 
 2340
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7.4 

70
 
7 
 0 0.075 X2-0.666 x 7.67 

0r -0.89 

6.8 

0 
u-6.6 

0 

6.4-
F 6.2-

(
 

0 00 
0

6 

0 2 3 4 5 6 
Shoot mass (g)Figure 3. Ln (Al concentration) vs shoot mass for plants grown in the surface 15-cm of soil taken along a transect from an unproductive to a productive region (W\endt 1986). 

7.5- 0 

-7 

6.5 
y 0.245 x -3.78 x + 18.86
 

=-6 0
 
U0 

=0
 

=5.5­

"5 ­

4 .5 
0 
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Figure 4. Ln (shoot ,%in concentration) VS Soil pH 01!) for plants grown in the surface 15-cm of soil takenalong a transect fromn an unproductive to a productive region (Wendt 1986). 
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estimating pearl millet shoot weight in a multipleregression analysis with plant Al concentrations.The effect of toxic levels of Mn may be obscured Altoxicity or other elemental deficiencies. 

The Liming Experiment 

Selected chemical prope:ties of soils collected forthe liming study are summarized in Tnble 4. The 

.Selecedcheicaouseduptakelimingexperiment(Wend1986). 

Parameter
Exch.' Ca. cmol(-) kgI
Exch. Mg. cmolU ) kg-'
Exch. K. cmol(i.) kg-,
Exch. Na, cmol() kg-
Exch. Al, cmol(+) kg-i 

Exch. AH,cmol(+-)kg-,ECEC, cmol(-) kg-

AIlH saturation i,)

pH, H,0 

pH. 	 KCII M 

I. Ech Exchangeable. 


Table 

Amendment 

Productive soil ype 

CaC(02H
Control O 

CaCI..2fO 

CaC,.2HO 


Control0Unproductive soil typeCa(OH) 

CaOH, 

Ca(OH , 

Ca(O H, o 

r Soil siteimnepie.
Preducing 

Unproductive Productive
0.47 0.68 
0.04 0.09 
0.06 0.12 69
et al. 19	 198 6, Soileau0.02 	 )have reported plant uptake ofAl plants0.02 
0.36 	

limed to neutrality. Hargrove (198 6) hypothesized0.03 

0.57 0.17 tion of Al-organic matter complexes at pH values 
0.59 
 1.07 

49 
 16 
between 5and 7. Bloom :t al (1979) concluded thatAl-organic matter complexes control soil solution 

4.58 5.67 Al concentrations in soils with low CEC, even if the 
3.86 4.56 soils have low organic matter contents. Farina etal. (1982) suggest that availability of Al at near­neutral pH values may be due to increased micro­

productive soil had higher pf-, base saturation,and exciiangeable Ca, Mg, and K levels, and lessexchorsgeable Al than the unproductive soil. 
Pearl millet seedling growth and soil pH of var­

exchtreament Aitn the nep 
r imnti
es 
 m
ious treatments in the liming experiment are sum­
marized in Table I. Liming did not improve shoot
weight in either soil. The productive soil produced 
higher shoot biomass than the unproductive
all treatments. 	 soil inIn the unproductiiibiomass 	 soil, shootwas further inhibited by the addition of 
CaCI,. H20, which resulted in the death of the plantat the highest rates of application. However, lowrates ofCaCl,2"/-O actually increased Al- and Mn­pected resultsi th are explained by plant- tissue analy­unproductive soils. These unex­

sis (Table 5). Lime applications, while dram atically 
Mn concentrations, 

did not reduce plant 
andAl uptake. Additions ofCacl, actual;y increased Al

Mn uptake in the unproductive soils. Otherauthors fFarina et al. 1982, Fox et al. 

5.Elemental conrentrations in selected treatments in the liming experiment (Wendt 1986). 

Rate
 

0	 0.83102 
I 	

0.8 76c 
1.l Sd

2 
1.082d 

0 0.236b 
I 

0.233b3 0.141ab 
0.035a 

n
 

397 A 156 A 

485 A 118 A 
606 A 221 A 
345 A 304 A 

2328 CD 1373 B 

1397 B 237 A
1574 BC 
 83 A
 

2539 	 C69 7DIn the case Bof calcium chloride 2044067eq uiva len 	 C 7tsof Ca, re lative to th e 	 refers to the2. 	 Means lim in g trea tm en t for that so il.not followed by the same letter are significantly different at P =
0.05by Duntan's multiple range test. -'--­
,
 

I. The multiple of equivalents of acidity .6 a19that the applied limeis capabe of neutral 
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Table 6. Yield response to fertilizer treatments in the first nutrient experiment (Wendt 1986). 

Treatment Nutrients applied Shoot wt 
(g pot-') 

Unproductive type 

I P. Ca. Zn, S. B, N. Mo, K. Mg, lime, Mn. Cu' 1.09 de­2 P. Ca, Zn. S, B. N. Mo, K. Mg. lime, Mn 0.59 bc
3 P. Ca. Zn. S. B. N. Mo. K, Mg. lime 1.03 de4 P. Ca. Zn, S. B, N. Mo. K, Mg' 0.75 cd 
5 P. Ca. Zn. S, B. N. Mo. KI 

0.27 ab6 P. Ca. Zn. S. B. N, Io' 0.26 ab
7 B. NIP, Ca. Zn. S. 0.20 ab8 P, Ca. Zn. S. B' 0.15 a9 Zn. S. B' 0.09 a

10 Ca. B' 0.11 aII B 0.12 a
12 N. P. Zn. S 0.60 bc
13 P. Zn. S 0.26 ab14 Zn. S 0.07 a15 N. Mo 0.08 a
16 Mo 0.10 a
17 N 0.07 a18 P 0.24 ab19 K I 0.07 a20 Control 0.12 a 

Productive soil type 
21 Control 1.33 e22 P. Ca. Zn. S. B, N. Mo, K. Mg. Mn, Cu' 3.11 f 
I. These treatments contained chloride salts. 
2. Means not followed by the same letter are significantly different at P = 0.05 Duncan's multiple range test. 

bialdegradationofAl-organicmatterathigherpH 
values and consequent release of plant-available Al-
organic acid complexes. 

Nutrient Experiments 

Soil properties in the nutrient experiment were 
similar to those in other trials. Productive soils had 
higher pH, base saturation, and exchangeable Ca, 
Mg, and K levels, and lower exchangeable acidity. 
Plant response to nutrient applications in the 
unproductive soils was sufficient to increase plant 
growth, which never exceeded growth of plants in 
the productive soils with no amendments applied 
(Table 6). Plant growth in productive soils im-
proved dramatically in response to nutrient appli-
cation. 

A significant increase in pearl millet shoot 
weight in the unproductive soils occured with the 
application of N, P, Zn, and S alone (Treatment 
12). While several fertilizer combinations improved 
pearl millet production on the unproductive soil, 
all successful treatments involved P and N. 

Tissue analyses (Table 7) indicate that unpro­
ductive soils did not supply adequate levels of P, K, 
and Mg, and were toxic to Al and Mn. Additions 
of P. K, and Mg increased plant growth by amelio­
rating apparent deficiencies of these nutrients in 
unproductive soils. Lime decreased plant Mn con­
centrations (Treatments 1. 2. and 3). Elimination 
of lime from treatments did not result in increased 
plant Al uptake. This is probably due to the pres­
ence of P in unlimed treatments. Elimination of P 
from the nutrient solution increased plant Al 
uptake (Treatment 18 vs 20) and decreased plant 
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Table 7. Elemental concentralions in selected treatments in the first nutrient experiment (Wendt 1986).Trea t- S h oo t 
ment 	 er m n We d 19 6)_Wt (g pot-') 

P 	
Plant elcgmeental concentrationK Mg Al 

Soil 
(g kg-') 

Mn pHUnproductive 6ug g-1)
I 1.09de, 2.6cd 35.9de 	 soil type 62.4b 4 7a2 0.59bc 	 a 544ghp2.7bed 3 7 .ef 2.4b 	 2l.0de 	

4 8 4a 17 a2.5cd 	 5.48h35.2de
4 0.75cd 	 2.4b 397a5 3.3de 	 134a0.27ab 3

38.7ef 	 5.29fgh.Ocde 4 1.9ab 43
0.60bc 0.8ef 	 0a12 2.8cd 27.6cd 	 59 6a 

818b 
13 0.26ab 	 2 6 8.4a1265b 42.5bcd 17 7 8a 	 .87bcde.5ab 	 6 6 0 1.9ab a 929b 

45.2 2fgh1.ab 	
. 5 4a939b 

17 18 0.07a.24ab I 4ab1b
2.lbc 211.3a20 	 3a.ab I-Bab 2 2 3O.12 0 3.bc 2 23c63 156a 	 7c 99.8a .Oab 	 1c .49 .labc 	 la 4.69bcl.7ab 	 967b
1248b 	 5.11 efg786b 4

21 1.33eProductive 	 .64ab 
soil type21 3 . 3e 2.3bcd 3

22 3.11 f 	 2.8de 44. le 45.4f .6c 303.9d2303a l 22a 5.00crier 
nnfollowd by he 

I. M.9d 332same letter are significantly different at P 
a 26 1a 5.09def=0.05 by Duncan's multiple range test. 

Table 8. Yield respoAse to fertilizer treatments in the second nutrient experiment (Wendt 1986). 
Treatment T et etNutrients 

applied 
Shoot wt 

Unproductive soil type g o rlI Control 

23 PP. N 
4 	 0.05aJP, N, Ca2 
5 	 0.31abP. N. Ca, Mg S26 	 P. N. Ca, Mg, S 1.09bcd 

0.38ab
7 P. N, Ca, Mg' S,8 	 0.43abP, N. Ca. Mg S. Zn K1

9 P. N, Ca. Mg S. Zn. K. .12bcd10 	 82P, N. Ca. Mg, S. Zn, K, B. Mo- 0.31ab
 
11 0.46ab
P, N, Ca, Mg S. ,Zn. K. B. Mo. lime1213 	 0.45abP.P. N,N, Mg, S. Zt1, limeCa, Mg, S. Zn, K, B. Mo, lime 

1.5cde 

1.62cde 

14 	 Productive type soil 
Control 

16 PN. C.70 
16 P. N. Ca, Mg S. Zn2 

17 00ae
P. N, Ca, Mg, S. Zn. K, B, Mo'SPN,CaMgSZn. K , Mo 2.8f 
I. These soils Were sterilized by heating at 105oC for 24 hours. 	

385g 

2. These treatments contained chloride salts.	 
2.22ef3. Means not followed by the same letter are significantly different at t' 0.05 by Duncan's multiple range test. 
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Table 9. Elemental concentrations in selected treatment.; from the second nutrient experiment (Wendt 1986). 
Plant elemental concentrationN P K Ca MgAlTreatment Shoot wt N M

kKagA]
I .5'(g kg-1) - ug Mn0­O.05a t 0.7a 14.Oa2 0.3lab 8.7cd 1.5ab1.8bc 15.4a 

2574e 866e
3 6.Babc1.09bcd 

14 1.3a 1052bcd 438bc2.3bcd5 .3a 6.8abc0.43ab 2.Oab 613abc 673de1.8bc 14 .6a6 8.2bed1.l2bcd 2.2b I 148cd2.2bcd 774de14 .9a 6.6ab10 0.45ab 2.4b 519abc 609cd1.5ab 32.8bc 6.5abII 1.3a1.58cde 1514d 826de2.7cd 42.4d13 9.4de1.l5bcd 1.7ab43.2b 2.8d 317a 152a16.6a14 I 1oe0.70abc 38.8ab 
3.8c 420ab 222a1.6b

15 2.00def 
34.3c 8.3bcd 4.9d 679abc45.3b 184a 

16 6.6e 25.3b 6.3a 4.6cd2.81f 43.5b 6.4e 397ab 320ab
3 29.5bc 8.7cd17 .85g 37.4ab 6.4e 

6.le 509abc 208ab45.Od 7.1abc18 2.22ef 34.9a 6.9e 3.6c 539abc 186a44.1d 9.8de 4.4cd 638abc 174aI Means not followed by the same letter are significantly different at P= 0.05 by Duican's multiple range test. 

biomass. All treatments that had P as -an amend-
ment showed reduced plant Al concentrations,
clearly showing the effect of P in reducing Al toxic-it., Additions of P had no effect on plant Mnconcentrations. 

Yields and plant mineral compositions for the 
second nutrient experiment inare summarized 
Tables 8 and 9. This experiment generally substan­tiated what had been observed in the first nutrientexperiment. The combination of P and N reduced 
Al concentrations in pearl millet shoots grown onunproductive soils and improved biomass produc-
tion substantially. Further, the detrimental effectof chloride salt additions is clearly evident (Treat-
ment 3 vs 4,5 vs 6, Table 8). The chloride salts hadthe effect of increasing Al uptake and decreasing
shoot biomass. When sulfate salts were substituted
for chloride salts (Treatment 4, Table 8) biomassproduction and shoot Al concentration improved
dramatically. Soil sterilization did not improve the
unproductive soils (Treatment II vs 12, Table 8)indicating that biological factors were not the 
cause of poor crop performance, 


Phosphorus availability 
 from applied P washigher in productive than in the unproductive soils(Treatments I and 3 vs 14 and 15). The apparent
increase in P-fixation in unproductive soils sug-gests that P is being precipitated by Al in the solu-
tion (Birch 1951). Phosphorus can also be immo-
bilized by Al in root tissue (Wright and Donahue 

1953). Phosphate"liming", i.e., the precipitation ofAl with P, may be an inefficient use of P fertilizer inacid Sahelian soils. Woodruff and Kamprath (1965)observed that P fertilizer addition for optimal
pearl millet growth was reduced by 50% when theexchangeable soil Al was first neutralized by
liming. 

Conclusion 

Aluminum toxicity is the probable cause of poor
pearl millet growth in the unproductive soils usedin the pot studies and is probably the primary cause
of variability in pearl millet stands in the fieldsexamined. Mn toxicity may also be an important
factor contributing to poor crop production, but inthese studies it was at most a secondary problem.

Elemental deficiencies exist in these soils, com­pounding the variability problem. The unproduc­
tive soils in particular produced plants deficient inN, P, K, and Mg when compared to values given inthe literature. These deficiencies may also play arole in soil variability as they are more pronounced
in unproductive than in productive soils. Even soilstaken from relatively productive areas in the fieldresponded dramatically to fertilizer inputs. Thisindicates the need for comprehensive fertilizer
research involving several nutrients and nutrient 
combinations. 
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Liming of unproductive soils with Ca(OH)2 hadasignificant effect inincreasing soil pH and reduc-
Hargrove, W.L. 1986. The solubility ofaluminum­

ing plant Mn uptake, but did not affect plant Al 
organic matter and its implication in plant uptakeof aluminum Soil Science 142:179-181uptake or improve biomass production. The inef­fectiveness of lime applications in reducing Al tox-icity has been reported elsewhere and is still under 
Moorman, F.R., and Kang, B.T. 1978. Microvaric

investigation by the authors. The use of chloride 
ability of soils in the tropics and its agronomicimplications with special reference to West Africa.

salts increased plant Al uptake and decreased plantbiomass on the unproductive soils, 
Pages 26-44 in Diversity of soils in the tropcsbut did not (Stelly,adversely affect plant growth in productive soils. 

M., ed.) ASA Special Publication no. 34. 
By comparison, the use of sulfate salts did not have 

Madison Wisconsin, USA: American Society ofan adverse effect Agronomy.on either productive or unpro- Sivakumar, M.V.K., Virm-ni, S.M., and Reddy,ductive soils. 
S.J. 1980. Rainfall climatology of West Africa:Niger. Information Bulletin no. 5. Patancheru, 

Acknowledgment A.P, India: International Crops Research Institutefor the Semi-Arid Tropics.
This work was conducted within the collaborative
agreements between Tropsoils, INRAN, 
Soileau, J.M., Engelstad, O.P, and Martin, J.G.,and Jr. 1969. Cotton growth on an acid fragipan sub-ICRISAT. 
soil. II.Effects ofsoluble calcium, magnesium, andaluminum on roots and tops. Soil Science Societyof America Proceedings 33: 919-924. 

References Van Wambeke, A., and Dudal, R. 1978. Micro­variability of soils of tropics. Pages 13-28 in Diver-Birch, H.F. 1951. The relationship between base sity of soils in the tropics (Stelly, M., ed.). ASAsaturation and crop response to phosphate in acid 
Special Publication no. 34. Madison, Wisconsin,
USA: American Society of Agronomy.soils. Nature 168:388-389.


Bloom, P.R., McBride, M.B., and Weaver, R.M. Wendt, J.W. 1986. Pearl
typhoides) response millet (Pennisetum1979. Aluminum and organic matter in acid soils: 
to soil variability in sandy

buffering and solution Ustalfs near Niamey, Niger,aluminum activity. Soil West Africa. M.S'.thesis, Texas A&M University, College Station.Science Society of America Journal 43:488-493. Texas, USA. 87 pp.Chase, R.G. 1984. Rapport annuel (1983). 
 Pre- West,
pared for the INRAN Senior Staff leeting, 12-22 
L.T., Wilding, L.P., Landeck, J.K., andCalhoun, F.G. 1984. Soil survey of the ICRISATMar 1984, Maradi, Niger. 

Sahelian Center, Niger, West Africa. Texas, USA:Farina, M.P.W., Summer, M.E., and Channon, P.1982. Lime-induced Texas A&M University.yield depressions in maize Wilding, L.P., and(Zeamaize L.) on highly weathered soils. Proceed- Drees, L.R. 1978. Spatialmicrovariability:ings of the 9th International Plant Nutrition Con-
a pedologist's viewpoint. Pages


ference 1: 162-168. 1-12 in Diversity of soils in the tropics (Stelly, M.,
ed.). ASA 
 Special PublicationFox, R.L., De Datta, S.K., and Wang, J.M. 1964. 
no. 34. Madison,
 

Phosphorus and aluminium uptake byplants from 
Wisconsin, USA: American Society of Agronomy


latosols in relation to liming. Pages 595-603 
Woodruff, J.R., and Kamprath, E.J. 1965. Thein phosphorus absorption maximum as measured by

Transactions of the 8th International Congress of the Langmuir isothermSoil Science. Bucharest. and its relationship tophosphorus availability. Soil Science Society ofGermani, G., and Reversat, G. 1982. Effet sur lesrendements de l'arachide au S~n~gal de deux pro-
America Proceedings 29:148-150. 

duits n~maticides, DBCP et EDB et d'un amende-
Wright, K.E., and Donahue, B.A. 1953. Alumi­num toxicity studies with radioactive phosphorus.ment organique. (In Fr.) OI&agineux 3(11):521-524. Plant Physiology 28:674-680. 

240 


