0038-075X/91/1525~0315$03.00/0
Soi. Science

Copyright © 1891 by Williams & Wilkins

PA - AR LD

LAY r-~, (._if‘“( (é

November 1991
Vol. 152, No. §
Printedin U.S.A.

FERTILITY STATUS OF SELECTED MILLET PRODUCING SOILS OF
WEST AFRICA WITH EMPHASIS ON PHOSPHORUS

A. MANU,' A. BATIONO,? anD S. C. GEIGER!

Major millet (Pennisetum glaucum (L.)
R.Br.) producing soils of West Africa are
mainly found in the Sudamno-Sahelian
agroecological zone. These soils are gen-
crally sandy in texture, heve noor buffar-
ing capacity, and are low in native fertil-
ity. For successful management of these
soils for sustainable production, fortility
factors influencing nutrient availability
need to he evaluated. Soils were sampled
at selected locations chroughout the agro-
ecological zone. The nutrient status of
these soils was determined and related to
P dynamicr. Soils were generally nentral
to acid in reaction, but few had any meas-
uzable amounts of exchangeable Al. Total
P, Bray 1 extractable P, and P adsorption
maxima were low which reflected their
low levels of clay and organic matter.
Phosphorus sorption characteristics wers
controlled by the poorly crystalline Al and
Fe phases and the soil clay fraction. The
poorly crystalline Al and Fe phases were
highly correlated with the clay fraction
(r = 0.99***), The P external requirement
ranged from 11 to 40 mg P kg~! soil. Given
the low levels of total and labile P in these
soils, P amendments will be necessary for
sustained productivity. However, moder-
ate amounts of P amendments would be
necessary as a result of the relatively low
fixation capacity of these soils.

West Africa produces 74% of the total millet
(Pennisetum glaucum (L.) R.Br.) grown in Af-
rica and 28% worldwide, making it an important
millet preducing area (FAO 1986). The majority
of this rroduction occurs in *he Sakelian ard
Sudanian ecological zones where annual rainfall
averages between 200 and 1200 mm/year, and
potential evapotran.piration can range from
1200 to 2200 mm/year (Dancette and Hall 1979).

Parent materials of the soils of the subregion
are generally composed of granitic rock or acid
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sanc'= (continental terminal) which give rise to
sandy, slightly acid soil systems. Parent mate-
rials for soils of the semiarid to arid regions are
often reworked sands of eolian origin (Wilding
and Hossner 1987). 'The most extensively uti-
lized soils for millet production are classified as
either Ustalfs (south) or Psamments (north) in
the U.S. Soil Taxonormy.

A strong yield response is generally obtained
from the use of fertilizers or organic amend-
ments in these soiis. Phosphorus is cne of the
moet limiting nutrients to millet growth in the
Sahel (Pieri 1985). Respcnse to N fertilization
is generally nonexzistent until the P requirement
is met (Bationo et al. 1989),

The cbjectives of this study were to survey
the status of P and other nutrients of selected
millet producing soils of the subregion and to
examine tke factors which influence P sorption
and availability.

MATERIALS AND METHODS

Site selection

Twenty-four soils (sites) were sampled from
six countries in West Africa which represented
a range of soils commonly used for the produc-
tion of millet (Fig. 1). Four of these sites were
sampled from 2 to 4 times making a total of 31
samples,

Soil analysis

Soils were air dried and ground to pass
through a 2-mm eieve. Soil pH was measured in
H:;0 and N KCl using a 2:1 solution:soil ratio.
Exchangeable Al and total acidity weve mens-
ured as described by McLean (1982). Exchange-
able bases were displaced with N NH,OAc and
catious determined by atomic absorption spec-
trophotometry {Ca and Mg) or flame photome-
try (X and Na). Organic carbon was determined
by the method of Walkley and Black (1934).
Totai N was determined by the Kjeldahl proce-
dure as described by Bremner and Mulvaney
(1982).

Total P was determined by wet digestion with
perchloric acid. Available P was extracted by the
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FI1G. 1. Generalized agrocli-

matic map of West Africa with
selected locations where soils
were sampled.

Bray 1 extractant, and P in solution was ana-
lyzed by the molybdate blue method as described
by Olsen and Sommers (1982). Phosphorus sorp-
tion characteristics were determined using the
method of Fox and Kamprath ( 1970).

Poorly crystalline and free Fe and Al oxides
were determined by oxalate extraction
(Schwertmann 1973) and citrate-dithionite ex-
traction (Jackson 1958), respectively. Iron was
measured by atomic absorption spectrophotom-
etry. Aluminum was determined by titration to
the phenolphthalein endpoint as outlined in
McLean (1982),

RESULTS AND DISCUSSION

Fertility parameters

All goils were sandy to sandy loam in texture.
Clay contents ranged from 0.7 to 11.7% with an
average of 3.5% (Table 1). These soils exhibited
a wide range of pH values from slightly acid (pH
5.2) to mildly alkaline (pH 7.6); however, only
one soil had a pH higher than 7.2. While Al
saturation ranged up to 15%, only 13% of the
8oils contained meavurable amounts of ex-
changeable Al. These results indicate that soil
acidity, especially Al toxicity, is not a problem
of regional concern but instead should be a focus
of localized research and control.

Levels of organic carbon, total N, and effective
cation exchange capacity (ECEC) were low. The

PERHUMID ( P ET for 8 menths or more )
=] HUMID (P ET for pariod belween 6- 8 months )
TRANSITION HUMID/SUBHUMID (P__ET for period 5-6 mcnihs)
SUBHUMID (P2 ET for period batween 2-4 months)
SEMI ARID(PZET for pariod betwaen 2~ 4 months )
ARID (P2£T for period between -2 months )

DESERT ( R2ET for period less thon one month }

Source T L Lawson lITA 1979

interrelationships between these fertility-
related variavles are listed in Table 2. Native
levels of organic C were highly correlated with
total N (r = 0.97***) which indicated that crop
production within these systems, where N fer-
tilizers are not used to any great extent, couid
be dependent on the maintenance of soil organic
matter. Organic C was also highly ccrrelated
with ECEC (r = 0.87***) which indicated that
8oil organic mavter migh: be a more dominant
influence on soil cation exchange capacity
(CEC) than the soil clay fraction.

Native phosphorus status

The amount of total P in these soils ranged
from 25 to 349 mg-kg™' and a mean of 109 mg-
kg™'. Available P was also generally low, ranging
from 1 to 30 mg.-kg™ with an average of 6 mg-
kg™'. However, 77% of these soils had available
P values of less than 8 mg-kg~! which hag been
determined to be the critical P level required to
obtain 90% of the maximum millet yield in the
sandy soils of Niger (Bationo et al. 1989). None
of these soils had a recent history of phosphorus
fertilization, so the available P parameter rep-
resents a background level for agricultural soils
of this region.

The low contents of the above P parameters
may be related to several factors, including;

1) Parent materials, which are mainly com-
posed of eolian sands; these materials con-



TABLE 1
Chemical and Physical properties of soils

pH Total Exchangeable Dithionite Ozalate Bray total
Location BS* AL b Pu’
H,0 KCl oce N Chay ca Mg K Na  Acidity ECEC Al Fo Fe Al P P
% ppm % cml. kgt % % mg-kg
Makalondi 68 55 038 ;7 1.2 0.60 033 05. 002 007 1.28 94.84 0.00 312 4500 247 111 3.7 51 46.08 123
Fada 7.1 63 294 1160 13 9.14 216 1lis 004 0.11 1257 99.16 0.00 1455 14400 1025 663 168 237 14132 228
Bittou 68 61 072 181 2.7 2.26 088 060 003 009 6.82 98.68 0.00 312 3400 539 202 6.9 )1 71.32 199
Tenkc:lop 60 48 0.72 192 3.0 1.65 073 015 008 003 257 96.88 .00 581 5900 695 184 5.6 64 82.34 23.1
Pya 6.5 50 072 22 6.1 1.53 083 007 o004 007 254 9723 0.00 2709 25100 1500 337 1.0 87 84.91 282
Dapaong 8.4 58 051 219 17 0.90 043 012 o004 020 168 8788 1.12 738 98300 423 229 4.1 82 52.04 144
Bambey 64 46 0.23 87 1.3 0.59 036 002 003 013 114 88.59 0.00 289 2100 256 192 3.1 89 52.78 17.2
Bambey 66 52 026 93 1.0 0.88 067 004 003 005 158 86.82 0.00 289 2100 238 233 4.1 77 48.10 282
Sinkou® 60 47 o075 333 9.0 1.568 072 029 o0.08 010 275 96.36 0.00 1971 18600 9.1 180 130.65 338
Sinkou* 6.5 656 095 338 5.6 242 087 022 o004 008 360 98.33 0.00 1657 18900 669 430 6.7 135 12372 15.6
Gayat 58 43 o052 226 39 1.16 042 00¢ o0.04 020 187 83.11 1.00 670 8400 45 257 3.2 86  101.00 208
Gaya*® 57 42 o058 235 4.0 1.03 038 008 005 022 173 87.63 0.00 626 6300 43 109 91.12 23.5
Gaya* -89 47 o84 298 4.7 1.98 063 ¢C.22 o004 008 285 97.19 0.00 693 8200 616 450 L7 14 10488 259
Gayg' 6.3 64 069 189 29 114 030 0.6 o002 007 169 9584 000 1141 19200 694 247 59 91 101.00 30.7
Cobery 6.7 42 o032 103 1.5 0.23 012 005 003 021 0.64 61.71 1099 513 7500 214 157 20 73 61.37 25.0
Tara 5.6 41 045 197 3.1 0.47 227 o010 0.02 039 1.20 58.06 10.04 850 14100 560 481 33 129 129.20 2717
Nuvrongo 6.2 61 094 225 1.3 1.84 063 009 o003 007 268 9755 0.00 648 7300 500 184 4.5 73 66.69 149
Sadore' 67 43 o042 123 1.3 037 023 008 C.02 J22 o091 76.24 220 469 6000 225 148 28 68 55.31 15.8
Sadores 60 48 034 163 18 0.44 033 ¢16 o2 007 1.01 93.06 0.00 312 5600 297 275 8.5 85 51.51 124
Sadores 62 41 o022 4 1.0 0.15 008 0038 0.2 023 054 57.00 9.34 357 6300 198 112 6.9 68 51.67 16.9
Daoura 6.1 54 039 1928 11 0.83 050 005 o002 007 148 95.25 0.00 132 1500 323 130 4.8 41 28.76 10.5
Samaru 60 49 o098 299 6.3 177 094 033 002 010 3.14 9%6.94 000 1007 7500 878 502 96 132 13042 26.1
Bakura 56 4.3 080 243 117 3.32 141 015 0.4 023 5.15 95.62 0.00 1253 10200 2225 761 14 112 19261 6568
Funtua 76 68 278 1180 44 1645 207 041 005 023 19.20 88.80 0.00 1007 8600 1116 654 303 349 25308 118
Bembereke 70 64 217 701 44 4.13 032 0065 0.08 0.14 4.70 9710 0.00 1388 14600 1138 595 79 150 15535 38.6
d: 66 58 1.10 251 3.7 2.67 013 018 004 008 308 97.39 0.00 693 700 385 295 32 101 78.11 20.5

Sotuba 6.2 49 048 142 39 1.49 0.13 016 o005 096 1.89 36.82 0.00 670 7800 321 336 1.9 87 93.06 23.2
Bemako 56 43 o064 194 6.0 1.86 009 015 .09 019 238 92.14 0.42 895 8800 822 502 123 149  137.35 33.6
Cinzana 5.3 40 04: 178 3.2 0.93 007 009 0.8 04 159 71.92 14.52 895 8800 607 502 11.1 124 133.77 39.2
Zinder 6.7 53 008 31 0.7 0.53 002 006 0.05 006 071 9225 0.00 155 2900 111 49 1.9 43 27.80 11.0
Yeds 87 55 0.5 69 1.0 0.98 003 007 o0.06 005 1.23 9593 o0.0¢ 110 1700 214 147 21 25 30.15 11.8
Mean 62 50 0.5 268 35 210 065 018 0.4 0.14 3.10 88.33 1.0 793 €810 §99 325 61 109 84.30 229

* OC = organic carbon,

*BS = bage saturation.

© Al = Al saturation,

“b = P sorption maximum

*Pex = P oxterna] requirement (mg » kg ).

'Fallow in year p ing sampling.

¢ Cultivated in yesr preceding sampling.
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tain low raineral reserves and lack primary
weatherable minerals recessary for nu-
trient recharge.

2) A high proportion of totsl P in these soils
is ofter in occluded form and is not avail-
able to plants (Charreau 1974).

3) Low levels of organic matter and the re-
moval of crop residues from fields; organic
matter has a favorable effect on P dynam-
ics of the soil; in addition to mineralizing
to release P, the competition of organic
liganda for Fe and Al oxides surfaces can
result in a decrease in fixation of applied
and native P (Bhat and Bouyer 196§).

In the semiarid tropics, meintenance of or-
ganic matter has been a very difficult task. A
greater part of the residue produced is removed
from the fields to be used for animal feed or
used in traditional village industries. Tremen-
dous termite activity leads to rapid desomposi-
tion of remaining residue. High temperaiures
during the prolonged dry season and the lumid
conditions during the growing season lead to a
very rapia rate of organic matter mineralization
(Birch 1958). This results in very low equilib-
rium levels of organic matter (0.75%) in these
sandy coils which is reflected in low organic P
contents.

Phosphorus sorption characteristics

Uptake of P by growing crops is affected by
the interaction of soil P with constituents of the
soil matrix. To gain a greater appreciation of
the dynamics of P within these soil systems, P
gorption characteristics were determined. Sorp-
tion data were fitted to the Langmuir equation,
and P sorption maxima (b) were calculated from
the slope of the resulting curve. The P external
requirement was also determined using the P

sorption data. The P external requirement i

defined as the critical level of P in the soj

8olution needed to obtain 95% of maximun

yield. Fox and Kamprath (1970) found 0.2 ug I
ml™ as the P external requirement for rille
when grown in pots in an Ultis :1. This value
was uscd as a reference level in this documenn
for the calculation of the P external require-
ment. A large range of P sorption maxima were
obtuined on these soils ("Tahle 1). Soils of this
region can be considered as having relatively low
P sorption cepacities compared to clay rich Ul-
tisols and Oxisols found in more humid tropical
regions (Sanchez and Uehara 1980). The low P
sorption capacity of these soils is also reflected
in the low values of the P exterrn:al reouirement
(Table 1.

Total P in these soils was highly correlated
with organic matter and the poorly cryctalline
Al phase (as measured by cxalate extraction)
and to a lesser cxtent with clay, poorly crystal-
line Fe, and the free Al and Fe oxide phases
(citrate-dithionite extraction) (Table 3).

Phosphorus sorption masxima were most
highly correlated with orgenic carbon, clay, and
poorly crystalline Al and Fe phases. It appears
that the interrelationships between clay and
pootly crystalline Al and Fe phases control not
only P availability but also the potential reactiv-
ity of P (0s measured by the sorption maxima).
These results are in concurrence with those of
Fox and Searle (1978). Juo and Fox (1977) found
that the clay contribution to P sorption was
related to the specific surface area of Fe and Al
oxides, while Ellis and Truog (1955) attributed
the effect of clay on P adsorption to exposed
edge site Al and Fe on clay surfaces.

The relationships between organic rmatter,
clay, and poorly crystalline Al and Fe are pre-
sentad in Table 4. The poorly crvstalline Al and

TABLE 2

Simple correlations (r) between selected soil fertility parameters and average annual rainfoll (n = 31)

Ca Ecec  Ommic  poN Clay Rainfall
pH KCl 0.62%%* 0.64*** 0.65°** 0.62°** -0.02 0.25*
Ca 0.88%** 0.88°** 0.92¢** 0.36°** 0.31°**
ECEZ 0.86*** 0.91%** 0.40°** 0.36***
Organic matter 0.97%* 0.46°** 0.42%°*
Total N 0.44°** 0.34%°*
Clay 0.40°*

“* and *** indicate significance at the 0.05 and 0.0005 levels, respectively.
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TABLE 3
Simple correlations (r) relating selected s0il Pproperties and P sorption and availability indices (n = 31)
Total P Bray1 P b* P.*

O-ganic matter 0.8]1%** 0.71%** G.71%e 0.12
Clay 0.52%** 0.24* 0.75%« 0.71%*
Oxalate

Al (n = 29) 0.73%%* 0.51°** 0.91%* D.64**

Fe {n = 29) 0.48°%** 0.24 0.75%** 0.69°**
Dithionit;

Al 0.52**¢ 0.21 0.60%°* 0.50°*

Fe 0.48%* 0.11 0.40%ee 0.42%+°
P parameters

Total P 0.83°* 0.85%* 0.24

Bray1 P 0.66*** -0.06

b 0.55°**

*b = P adsorption maximum,

®Pe = P external requirement.

** and *** indicate significance at the 0.05 and 0.0005 levels, respectively.

TABLE 4
Stepwise multiple regression models describing
relationships between organic matter, clay, and poorly
crystalline Al and Fe (n = 29)

rI
Poorly crystalline Al
Al = 184 -+ 185 organic matter 0.45%*
Al = 105 + 67 clay 0.72%**
Al = 79 + 92 organic matter + 54 0.80***
clay
Poorly crystalline Fe
Fe = 340 + 340 organic matter 0.24°*
Fe = 45 + 163 clay 0.78***
Fe = 27 + 63 organic matter + 160 0.80%°*
clay
Poorly ciystalline Al + Fe
Al + Fe = 534 + 520 organic mat- 0.33%**
ter
Al + Fe = 166 + 234 clay 0.84%*
Al -+ Fe « 123 + 154 organic matt- 0.86***

ter + 211 clay
*** Indicates significance at the 0.0005 level,

Fe in these soils are associated with the clay
fraction. ‘T'he fact that organic matter and clay
inhibit the formation of a strongly crystalline
oxide phase has been well documented
(Schwertmann 1988). Sanchez and Uehara
(1980) stated that the positive correlation of
organic matter contents to P sorntion is most
likely a result of increased “finely divided ses-
quioxides” in soils; containing increased levels of
organic matter.

Bray 1 P was highly correlated with organic
matter ard poorly ciystalline Al. No significant
correlation was obtained with the total free Al
and Fe phases,

CONCLUSIONS

The results of this study indicate that selected
rurface soils from millet growing areas of the
semiarid trovical regicn of West Africa can be
described by the following characteristics:

1) Sandy to sandy loam textures in the sur-
face horizon.

2) Low levels of clay and organic matter re-
sulting in low effective CEC,

3) A small percentage of soils containing any
appreciable amounts of exchangeable Al

4) Low levels of native soil P,

5) Relatively low P sorption capacity.

6) P sorption and availability parameters
controlled by Al and Fe oxides, organic
matter, and clay soil fractions.

In the attempt to manage these soils it should
be noted that these poorly buffered svil systems
can become acidified and depleted ef nutrients
under continual cropping systems. Total P levels
are low and P solution concentration (intensity
factor) can be limiting. The guantity factor can
also become an immediate concern for sustained
production. Under the traditional farming sys-
tem in Niger, average millet grain and stover
yields are 400 and 2,200 kg-ha™, respectively
(Bationo et al. 1989). The amnount of P taken up
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in grain is 0.8 kg-ha™ and 0.6 kg-ha~! in stover,
representing a net annual plant uptake of 1.4
kg-ha™! of P, In this system, it is estimated that
75% of stover is removed frum the field and used
oither as animal feed or in village industries.
This represents a significant annual export of
1.25 kg-ha™! from the already P-deficient goil.
The shift rrom the traditional long-term fallow
gystem to continuous cropping as a result of
ircreased population pressure in these regions
does not permit recycling of tue nutrients nec-
easary to maintain adequate nutrient levels for
sustained production. A frw years of continuous
cropping could therefore lead to severe nutrient
deficiencies.

Sustained agricultural production will there-
fore require management technologies that will
promote nutrient availability in general. To
maintain an adequate pool of labile P in these
soils will require input of P from excernal
sources. This could be in the form of inorganic
P fertilizers; however, the low adsorption capac-
ity of the soils will necessitate the use of low to
medium levels of P. Phosphorus can also be
supplied from orgenic sources, including manure
and erop residue. Return of millet residue to the
field at the end of the planting season will reduce
the complete loss of P taken from the soil.
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