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ABSTRACT
Drought occurs often in the West African Sahel, but studies have

shown that soil water availability is not usually the limiting factor to
pearl millet [Pennisetum glaucum (I..) R. Br.] production, and that
field water-use efficiency (WUE)—i.e., the ratio of yield to evapo-
transpiration (ET)—is almost always very low. The purpose of this
study was to determine management effects on yield and water use
of pearl millet for a range of climate conditions in the Sahel. Grain
and aboveground dry matter yield, daily vapor pressure deficit, and
soil water data were taken during four years of contrasting rainfall.
Within any given year, genotype, plant population, and fertilizer had
relatively small to no effect on ET, but large effects on yield. When
high plant population (>20 000 hill h;i ') was combined with high
fertilizer application (>40 kg N ha"1 and a!8 kg P ha"1) during
the wettest year, total ET was increased by 50 mm. High fertilizer
application tended to slightly increase ET and thereby deplete soil
water reserves, but this was not associated with yield decline. Yield
and water-use data refute the view that, by maintaining fields at low
fertility and low plant populations, farmers reduce risk of crop failure
during drought by reducing crop water use. Compared with traditional
practices that use plant populations as low as 5000 hill ha"' and
zero fertilizer input, moderate plant population (10 000 hill ha"1) and
fertilizer application (20 kg N ha"1 and 9 kg P ha ') substantially
increased yield and approximately tripled WUE even during 1984,
the driest year on record. In general, grain yield was better predicted
from ET within different management categories when corrections
were made for mean daily vapor pressure deficit during the growing
season (VPD). The study provides evidence for the need to moder-
ately increase pearl millet plant population and fertilizer application
in the Sahel to efficiently use available water without risk of crop
failure through depletion of soil water reserves. It also provides a
practical, albeit empirical, basis for predicting yield under different
management systems from seasonal ET and VPD data.
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ATHOUGH DROUGHT OCCURS OFTEN in the West Afri-
can Sahel, several studies have concluded that soil

nutrient availability is more limiting than water avail-
ability to pearl millet production. These conclusions
were based largely on fertility-response data during wet
and dry years (e.g., Bationo et al., 1989; Timofeyev et
al., 1988) and soil water balance data (Cisse and Va-
chaud, 1988; Payne et al., 1990a; Klaij and Vachaud,
1992; van Duivenbooden and Cisse, 1993). In the water
balance studies, pearl millet water-use efficiency
(WUE), defined as yield/ET, was found to be very low
compared with WUE of other cereal crops. Cisse and
Vachaud (1988) and Klaij and Vachaud (1992) noted
further that, in contrast to many crops, pearl millet yield
could not be predicted from cumulative evapotranspira-
tion (ET).

Low WUE can be addressed by at least three manage-
ment options: (i) fertilizer addition, (ii) increased plant
population, and (iii) use of more water-efficient geno-
types. When rainfall is limiting, however, these options
might increase ET to the point of exhausting plant-
available water before maturity (Viets, 1962). This
would increase risk of crop failure, which subsistence
farmers in the Sahel must avoid. A popular view is that
keeping plant populations low and maintaining fields at
low fertility reduces crop water use and thereby mini-
mizes risk of crop failure. The objectives of this study
were to determine the effects of the three management
options listed above on (i) pearl millet yield, ET, and
other water balance terms and (ii) yield-ET relations
for a range of Sahelian climatic conditions.

Abbreviations: D, root-zone drainage; DM, aboveground dry matter
production; DOY, day of year; AS, change in root-zone soil water
storage; ET, evapotranspiration; INERA, Institut National d'Etudes
et de Recherches Agricoles, Burkina Faso; INRAN, Institut National
de Recherches Agronomiques du Niger; VPD, mean daily vapor pres-
sure deficit for growing season; WUE, water-use efficiency.



482 AGRONOMY JOURNAL, VOL. 89, MAY-JUNE 1997

MATERIALS AND METHODS

Three experiments were conducted between 1983 and 1990
at the ICRISAT Sahelian Center (13°15’ N; 2°17’ E), near
Niamey, Niger, where mean annual rainfall is 580 mm. Surface
soil horizons at the Sahelian Center have a sandy loam to
loamy sand texture, a pH in water (1:1) of =5.5, a CEC 
=0.9 cmol kg-~, and an organic matter content of =3 g kg-~.
In the U.S. system of soil taxonomy, the soils are classified
as sandy, silicious, isohypothermic Psammentic Kandiustalfs.

Experiments

The experiments were (i) a Nitrogen x Plant population
experiment, conducted in 1983, which used one genotype,
three N levels, and three plant spacings; (ii) a Fertility × Plant
population x Genotype experiment conducted in 1984 and
1985, which included three fertility levels, three genotypes,
and three plant spacings; and (iii) a Genotype × Fertility
experiment, conducted in 1990, which used five genotypes at
three fertility levels. In all experiments, plants were thinned
to three plants per hill --15 d after sowing. Pertinent genotype
information is given in Table 1.

Agronomic aspects of the N × Plant population experiment,
which was carried out in 1983, 1984, and 1985, were reported
by Bationo et al. (1990). Water-use data, which were not
reported by Bationo et al. (1990), were collected only in 1983.
The experiment consisted of a split-plot factorial design ar-
ranged in four randomized complete blocks, with plant popula-
tion as the main plot treatment and N rate as the subplot
treatment. Main plots were 21 by 11 m, and consisted of four
5- by 10-m subplots separated by alleys i m wide. Phosphorus
was applied as single superphosphate at 13.6 kg P ha-~, and
K as KC1 at a rate of 25 kg K ha-a. Seeds were planted without
ridging in rows 1 m apart. Water-use data were collected for
plant populations of 5000, 10 000, and 20 000 hills ha-1, and
for N rates of 0, 20, and 40 kg N ha-a. Nitrogen was split-
applied as urea. The first split was broadcast 3 wk after sowing,
and the second was broadcast and incorporated at 6 wk after
sowing. The variety used was CIVT (Table 1).

In 1984 and 1985, experimental factors were fertility, plant
population and genotype. A fourth factor, not relevant to this
paper, was cowpea [Vigna unguiculata (L.) Walp.] intercrop.
Fertilizer levels were (i) 0 kg N -1 and 0 kgP ha-a, (ii ) 23
kg N ha-1 and 8.8 kg P ha-1, and (iii) 46 kg N -a and 17.6
kg P ha-1. Phosphorus was broadcast-applied before planting
as single superphosphate. Nitrogen was applied as calcium
ammonium nitrate in two side dressings at approximately 2 wk
and 1 mo after sowing. Pearl millet was sown on ridges at
plant populations of 5000, 10 000, and 20 000 hills ha-a. Varie-
ties used were CIVT, Sador6 Locale, and the hybrid ICH 412
(Table 1). The experimental design was a split plot with six
blocks for the first two varieties, but only three for ICH 412

in 1984 because it was not used in the intercropped treatment.
There were three blocks for all varieties in 1985. Subplot
dimensions were 6 by 6 m.

The 1990 experiment also used a split-plot design, with
fertility level as the main plots and genotypes as subplots in
six blocks. However, only three main plots of each fertility
level were installed with access tubes, such that soil water
content was measured in three plots of each variety at each
fertility level. Subplots were 18 by 3 m, and consisted of four
ridges spaced at 0.75 m apart. Hills were planted 0.60 m apart
on ridges, giving a plant population of 22 220 hills ha-1. Fertil-
ity treatments were identical to those of the 1983 experiment.
Varieties were IKMV 8201, ICMV IS 85321, ICMV IS 85327,
P3 Kolo, and Sador6 Locale (Table 1).

For purposes of discussion, fertility levels and plant pgpula-
tions in each experiment were classified as low, medium, and
high. However, the low-fertility treatment in the 1983 N x
Plant population experiment had a basal application of P for
the low-fertility treatment, whereas in the other experiments
the low-fertility treatment had no P application. The 1990
Fertility × Genotype experiment used only a high plant popu-
lation.

Water Balance and Water-Use Efficiency

For each experiment, soil water content was determined
weekly, using gravimetric sampling for the upper 0.25 m of
the soil profile and a Troxler (Research Triangle Park, NC)
Model 3322 neutron probe at greater depths. Access tubes
were installed to a depth of 2.6 m. Evapotranspiration was
calculated from the water balance equation

dS = R- (ET + D) [1]

where dS is the change in soil water storage in the root zone,
R is rainfall, ET is evapotranspiration, and D is root-zone
drainage. Equation [1] assumes that runoff, runon, lateral flow,
and upward capillary flow are negligible. These assumptions
were based on infiltration data of Hoogmoed et al. (1991) and
hydraulic gradient data of Payne et al. (1990b). Experimental
fields had slopes of less than 2%.

The root zone was assumed to be 1.5 m deep, based on
published (Payne et al., 1996, 1990a) and unpublished studies
at the Sahelian Center and surrounding sites. The term D was
calculated for each access tube using the two-stage method
of Klaij and Vachaud (1992). To calculate D during the second
stage (i.e., after the wetting front has passed the bottom of
the access tube), we used the hydraulic conductivity function
of Hartman and Gandah (1982), which was determined at 
nearby site with similar soil characteristics. Neutron probe
measurements were made approximately weekly.

Water-use efficiency was calculated as grain or above-
ground dry matter (DM) divided by ET. In an attempt 

Table 1. Brief characterization of the pearl millet genotypes used in the three experiments.

Days to
Genotype Description maturity Source~" Year:~

ICH 412 Hybrid, IIA x ICP 412 90 ICRISAT 1984, 1985
IKMV 8201 Derived from germplasm accession P449 from Mali 90 INERA/ICRISAT 1990
ICMV/IS 85327 Derived from crosses between local cultivars 90 ICRISAT 1990
ICMV/IS 85321 Derived from INRAN-ICRISAT genepool INMG 1-1 90 ICRISAT 1990
Sador~ Locale Local source of Heini Kiri, the predominant landrace 110 Sador~ Village 1984, 1985, 1990

of western Niger
CIVT Derived from recombining lines from local cultivars 95 INRAN 1983, 1984, 1985

Kolo, HKN, Guerguera, and Tampagagi
Derived from four local cultlvarsP3 Kolo 90-95 INRAN 1990

INERA, Institut National d’l~tudes et de Recherches Agricoles, Burkina Faso; INRAN, Institut National de Recherche Agronomique du Niger.
1983: Nitrogen × Plant population experiment. 1984,1985: Fertility × Plant population × Genotype experiment. 1990: Genotype × Fertility experiment.
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correct for year-to-year differences in atmospheric evapora-
tive demand, WUE was divided by the average daily atmo-
spheric water vapor pressure deficit during the growing season
(VPD) (De Wit, 1958), and by the sum of average daily vapor
pressure deficit between neutron probe measurements,
summed over all measurement intervals during the season
(Y, VPDorobe). The latter was used to approximate the daily
integral of vapor pressure deficit (Tanner and Sinclair, 1983).
Daily mean vapor pressure deficit was calculated as the mean
of vapor pressure deficit determined at 0700 and 1300 h. Air
temperature and relative humidity, measured at 2 m height
within 150 m of experimental plots, were used to calculate
vapor pressure deficit using the equations of Campbell (1977).
Analyses of variance for yield, ET, and WUE data were made
using GENSTAT (Numerical Algorithms Group, Ltd., Ox-
ford, UK). Linear regression of yield-ET, yield-ET/VPD, and
yield-ET/EVPDprobe relations were made using SYSTAT
(SPSS, Chicago, IL).

RESULTS AND DISCUSSION

Weather

The four growing seasons contrasted one another con-
siderably (Fig. 1). Both 1983 (602 mm total rainfall) 
1985 (545 mm total rainfall) could be considered as good
years, but the 1983 season started much earlier than the
1985 season, and therefore was much longer. The 1990
season (400 mm total rainfall) was dry, but not severely
so. The 1984 season (260 mm total rainfall) was the
driest on record for this region, and caused widespread

food shortages. Average daily vapor pressure deficit
between neutron probe measurements also differed
(Fig. 1). Mean daily vapor pressure deficit for the entire
growing season was 0.80 kPa in 1983, 1.70 kPa in 1984,
1.28 kPa in 1985, and 1.46 kPa in 1990.

Yield Response

Analysis of variance for the 1983 data showed no
interaction between N and plant population treatments
on yield in 1983. Grain and DM yield increased greatly
from low to high fertility levels and low to medium
plant populations (Table 2). There was no further yield
increase from medium to high fertility levels, and there
was an apparent reduction in yield at plant populations
of 10000 and 20000 hills ha-1. Bationo et al. (1990),
however, reported further yield increases using greater
plant populations (40 000 hills ha-~) and at greater N
rates (60 kg N ha-l).

Despite the fact that 1984 was the driest year on
record, grain yield increased from low to high plant
population, and from low to medium fertilizer applica-
tion (Table 3). Dry matter yield increased from low
to high fertility, but decreased from low to high plant
population. There were also grain yield differences
among genotypes. In every factor combination, the early
hybrid ICH 412 equaled or surpassed the other varieties.
This was undoubtedly due to its earliness (Table 1). The
intermediate variety, CIVT, generally performed better
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Fig. 1. Mean daily vapor pressure deficit between neutron probe measurements and rainfall patterns at Sador~, Niger, in 1983, 1984, 1985, and
1990. The sum of mean vapor pressure deficit between probe measurements for the growing cycle of the latest-maturing variety is also indicated.
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Table 2. Grain yield, aboveground dry nmtter (DM) yield, grain
water-use efficiency (WUE), and aboveground DM WUE 
pearl millet as affected by fertilizer application and plant popu-
lation in 1983.9

Yield Water-use efficiency

Grain DM Grain DM

-- kg ha-’ -- -- kg ha-~ mm-~ --
Fertility

Low 1344 3871 4.5 12.9
Medium 1950 5307 7.2 17.8
High 1870 5305 5.9 16.6
Mean 1721 4828 5.8 15.8
SE 135 182 0.60 0.55

Plant population, hills ha-~
5 000 743 2018 2.5 6.8

10 000 2347 6849 7.8 22.7
20 000 2074 5618 7.3 17.8
Mean 1789 4828 5.8 15.8
SE 131 219 0.56 0.73

Evapotranspiration data are not presented, due to statistical interaction
between fertility and plant population treatments.

than the relatively late-maturing Sador6 Locale. When
planted using more-or-less traditional practices (i.e., at
plant populations -< 10 000 hills ha-I with no fertilizer
input), grain yield was less than 200 kg ha-1 for the local
landrace, illustrating why 1984 was a year of famine
in Niger. Consistent with 1983 results, there were no
interactions between fertilizer application, plant popu-
lation, or genotype.

Rainfall in 1985 was only slightly below the annual
mean, and yield was considerably greater than in 1984
(Table 4). Grain and DM yield increased greatly from
low to high fertilizer application, and from low to me-
dium plant population. There was a decrease in grain
yield from medium to high plant population, but a slight
increase in DM yield. There were also main effects due
to genotype. The local landrace had the least grain yield

Table 3. Grain yield, aboveground dry matter (DM) yield, evapo-
transpiration (ET), grain water-use efficiency (WUE), 
abovcground dry matter water-use efficiency (DM WUE) 
pearl millet as affected by fertilizer application, plant popula-
tion, and genotype in 11984.

Yield WUE

Grain DM ET Grain DM

--kgha-t- mm -kgha -~mm ~-
Fertility

Low 257 1350 219 1.17 6.1
Medium 383 2008 226 1.71 8.9
High 351 2096 225 1.57 9.3
Mean 330 1815 223 1.48 8.1
SE 46 110 1.7 0.20 0.43

Plant population, hills ha-~

5 000 297 1971 226 1.31 8.7
10 000 324 1784 222 1.46 8.0
20 000 370 1689 222 1.67 7.6
Mean 330 1815 223 1.48 8.1
SE 16.6 65 1.2 0.07 0.30

Genotype
Sador~ Locale 222 1749 230 0.96 7.6
CIVT 370 1754 221 1.65 7.9
ICH 412-~ 468 2067 213 2.19 9.7
Mean 330 1815 223 1.48 8.1
SE 15 60 1.1 0.07 0.27

For ICH 412, the SE should be multiplied by 1.4, because it was used
in only half the replicates.

Table 4. Grain yield, aboveground dry matter (DM) yield, evapo-
transpiration (ET), grain water-use efficiency (WUE), 
aboveground dry matter water-use efficiency (DM WUE) 
pearl millet as affected by fertilizer application, plant popula-
tion, and genotype in 1985.

Yield WUE

Grain DM ET Grain DM

-- kg ha t -- mm - kg ha-1 mm ~ -
Fertility

Low 513 2526 359 1.45 7.1
Medium 1292 5645 368 3.54 15.3
High 1696 7703 371 4.60 21.0
Mean 1167 5291 366 3.20 14.5
SE 72 102 3.3 0.17 0.25

Plant population, hills ha-I
5 000 1052 4433 370 2.88 12.0

10 000 1300 5564 374 3.54 14.9
20 000 1150 5877 355 3.22 16.5

Genotype
Local 1074 5915 391 2.75 15.2
CIVT 1203 5039 359 3.33 14.0
ICH 412 1224 4920 348 3.52 14.3
Mean’~ 1167 5291 366 3.19 14.5
SE 46 214 8.1 0.13 0.55

~Mean and SEfor comparison with levels of plant populations and ge-
notypes.

but the greatest DM yield, whereas the reverse was true
for the hybrid ICH 412. As with the 1983 and 1984 data,
there was no interaction between experimental factors
on yield.

Fertilizer application greatly increased grain and DM
yield in the 1990 experiment too (Table 5). Grain yield
was greatest for the variety P3 Kolo, and least for IKMV
8201. Despite the fact that 1990 rainfall was low, grain
and DM yields were generally similar to those of 1985.
Once again, there was no interaction between genotype
and fertility application on yield.

Soil Water Balance

Analysis of variance for the 1983 experiment indi-
cated an interaction between N and plant population
treatments on ET. During the growing season, ET was
remarkably similar for all treatment combinations save

Table 5. Grain yield, aboveground dry matter (DM) yield, cvapo-
transpiration (ET), grain water-use efficiency (WUE), 
aboveground DM WUE of pearl millet as affected by fertilizer
application and genotype in 1990.

Yield WUE

Grain DM ET Grain DM

-- kg ha-t -- mm - kg ha-~ mm-1 -
Fertility

Low 373 2139 270 1.40 7.9
Medium 784 5407 271 2.95 19.9
High 1055 5628 292 3.60 19.0
Mean 737 4391 278 2.65 15.6
SE 122 379 7.1 0.47 1.5

Genotype
|CMVIS 85321 736 3497 269 2.76 13.0
ICMVIS 85327 697 4327 278 2.52 15.6
IKMV 8201 557 2993 268 2.12 11.3
P3-KOLO 1004 4511 273 3.62 16.4
Sador~ Locale 693 6629 300 2.24 21.7
Mean 737 4391 278 2.65 15.6
SE 67 344 5.0 0.21 1.1
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N × Plant population experiment. The solid stepped line represents cumulative rainfall since the first neutron probe measurement.

the highest N and plant population combination (Fig.
2). Total ET for this combination increased by =50 mm
relative to the other treatments, for which total ET was
=300 mm (Fig. 2); however, ET was always less than
cumulative rainfall, indicating no increased risk of ex-
hausting soil water supply. Greater ET in the high fertil-
ity/high plant population combination resulted from
lesser dS, and therefore lower water content at the bot-
tom of the root zone. Lower water content decreased
D due to lower hydraulic conductivity (Fig. 2).

The 1984 water balance data (Fig. 3) contrasted 1983

data greatly. Cumulative ET in 1984 matched cumula-
tive rainfall closely during most of the season, then sur-
passed it towards the season’s end, suggesting extraction
of profile-stored water from 1983. Extraction of water
stored from the previous year was also reported for
pearl millet for an exceptionally dry year by Payne et
al. (1990a). Even though rainfall was low in 1984, total
ET nonetheless increased slightly due to increased soil
fertility, and there were differences among genotypes
(Table 4). There was no effect of plant population 
ET. Although higher fertility levels slightly increased
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Fig. 3. Root-zone water balance as affected by fertility and genotype for all plant population treatments of the 1984 Fertility × Genotype x

Plant population experiment. The solid line represents cumulative rainfall pattern during the growing season. Root-zone drainage was negligible
in 1984.
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ET during the season, all treatments nearly exhausted
plant-available water several times during the season
(Fig. 3) due to catastrophically low rainfall. Therefore,
it is difficult to conclude that increased fertilizer applica-
tion increased the risk of exhausting crop water supply
before maturity. Because of very low rainfall, D was
negligible in 1984.

In 1985, ET increased from low to medium fertility,
and decreased from medium to high plant population
(Table 4). During most of the season, ET was less than
rainfall, but there was a dry spell that occurred before
Day of Year 224 (DOY 224), when cumulative rainfall
was 180 mm (Fig. 4). Averaging across genotypes (there
was no effect of genotype on ET at this time), ET was
136 mm for low-fertility plots and 164 mm for high-
fertility plots. Although this might suggest some in-
creased risk of exhausting available water supply before
crop maturity due to fertilizer addition, yield and WUE
further increased as fertility level went from medium
to high (Table 4). This slight increase of ET due 

increased soil fertility was reflected by a slightly de-
creased D relative to low-fertility treatments (Fig. 4).
After 224 DOY, ET was much less than cumulative
rainfall.

Unlike the 1984 season, which was catastrophically
dry, the 1990 season represented the type of drought
that a farmer at this latitude might see once in a decade
or so. Water balance data for 1990 (Fig. 5) were there-
fore particularly interesting. From medium to high fertil-
ity levels in 1990, total ET increased by =20 mm. (Table
5). Among genotypes, Sador6 Locale had the greatest
ET (300 mm), which was 20 to 30 mm greater than
ET for the other genotypes. Throughout 1990, D was
negligible. Figure 5 shows that high-fertility treatments
tended to have slightly higher ET throughout the grow-
ing season. At season’s end, the late-maturity local land-
race had total ET greater than total rainfall, suggesting
some extraction of water stored at lower soil depths
from the previous year. The water balance data there-
fore suggest increased risk of exhausting available water
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supply due to greater ET in the highest fertility level,
especially for the local landrace. As with the 1985 data,
however, the greater ET due to increased fertilizer addi-
tion was associated with substantially increased yield
and WUE (Table 5).

Overall, water balance data from 1984, 1985, and 1990
suggest that any genotypic differences in ET were
mostly related to length of the growing cycle (see Table
1). For example, total ET in 1984, averaged across all
fertility and plant population treatments, was 230 mm
for Sador6 Locale, 221 mm for CIVT, and 213 mm for
ICH 412 (Table 3). Similarly, in 1985 total ET was 391
mm for Sador6 Locale, 359 mm for CIVT, and 348 mm
for ICH 412.

Water balance data show that fertilizer addition
slightly increased ET. Although calculations of dS
seemed to suggest that, in dry years, high levels of fertil-
izer addition might increase risk of exhausting available
soil water reserves before maturity, there was no evi-
dence of yield loss during the two dry years (Tables 
and 5).

Increased plant population had a generally positive
effect on yield, but little if any effect on total ET. Indeed,
the 1985 data suggest that higher plant population de-
creased ET. Combining high fertility levels with high
plant population increased ET by =50 mm in the wettest
year (Fig. 2), but water balance data showed there were
ample soil water reserves. The yield and water balance
data therefore do not support the popular view that, by
maintaining fields at low fertility and low plant popula-
tions, farmers reduce risk of crop failure during drought

by reducing water use. Water balance data suggest fur-
ther that, during average and wet years, high fertilizer
application, alone or combined with high plant popula-
tions, tended to decrease dS and D, thereby increasing
the amount of water available to the crop.

Water-Use Efficiency

Even though the data sets on yield and soil water
balance are not rigidly compatible in terms of experi-
mental design over the four years, to our knowledge
they offer the best opportunity thus far to draw general
conclusions on how the management factors of genotype
choice, fertilizer addition, and plant population can af-
fect pearl millet water use and WUE under a range of
climate conditions in the Sahel.

Mean values for yield and ET of each combination
of plant population and fertility level from the four years
of data are pooled in Fig. 6 for the three most commonly
used varieties in these experiments (i.e., Sador6 Locale,
CIVT, and ICH 412). These data illustrate why Ciss6
and Vachaud (1988) and Klaij and Vachaud (1992)
found it difficult to predict pearl millet yield from ET.
The lack of a linear relation between yield and ET
contrasts sharply with that reported for grain sorghum
[Sorghum bicolor (L.) Moench] (Stewart, 1989) 
maize (Zea mays L.) (Hanks, 1983). The poor correla-
tion may be due in part to the small range of values
(i.e., relatively small variance from the mean value) 
the x- and y-axes. Stewart’s (1989) sorghum data, for
example, ranged from 100 to 700 mm for ET, and from
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Fig. 6. Relation between pearl millet grain and dry matter yield and evapotranspiration in 1983, 1984, 1985, and 1990 at Sador~, Niger. Points

are for the varieties Sador~ Locale, CIVT, and ICH 412.

less than 500 kg to nearly 10 000 kg ha-1 for grain yield.
Our data ranged only from =200 mm to =400 mm for
ET, and from =200 to =2000 kg ha-1 for grain yield.
However, poor correlation is probably due mostly to
the relative insensitivity of ET to management for crops
with leaf area indices of less than 2 (Ritchie, 1983),
which is almost always the case for pearl millet in the
Sahel (e.g., Azam-Ali et al., 1984; Amadou, 1994).

In Table 6 we summarize linear regression results for
yield as a function of ET, ET/VPD, and ET/ZVPDprobe
for different categories of plant population and fertility.
Some aspects of these regression equations are very
much debatable, such as how points should be grouped
in terms of fertility and plant population, whether a
linear model is the most appropriate, and whether some
points ought to be excluded as outliers. For example,
the very poor linear relation shown for DM and ET/
~WPDprobe at low plant population and low fertility is due
mostly to one point from 1983. A general conclusion,

however, is that there were two or perhaps three fertil-
ity-dependent linear relations for yield and ET for the
two categories of plant population (low and medium-
to-high). The increase in slope with increased fertility
is consistent with studies of the effects of P and N fertil-
ization on wheat yield-ET relations (Power et al., 1961;
Jensen and Sletten, 1965). The data also lend empirical
support to Forest et al.’s (1991) model, which uses fertil-
ity-dependent curves of pearl millet yield as a function
of ET/ETM, where ETM is atmospheric potential evap-
oration, to predict yield for farmers’ fields in West
Africa.

The practical advantage of correcting ET for seasonal
vapor pressure deficit to predict DM and grain yield can
be evaluated from regression models with and without
vapor pressure deficit correction (Table 6). Overall,
these results indicate that ~PD is a useful term to incor-
porate into ET-based models of yield for millet, espe-
cially for grain yield, whereas using ET/EVPDprobe gave

Table 6. Results of linear regression of pearl millet grain and dry matter yield on evapotranspiration (ET) and the ratios of ET to mean
daily vapor pressure deficit (ET/Vlr[I) and to mean daily vapor pressure deficit between neutron probe measurements of soil water
content, summed over the growing season (ET/~VPDp,ob~). Pearl millet was grown in 1983, 1984, 1985 and 1990 in Niger, West Africa.

Slope Intercept R2 SEES
Plant Soil
population fertility ET ETNPD ET/~VPD? ET ET/VPD ET/~VPD ET ETNPD ET/~VPD ET ET/VPD ET/~VPD

Grain yield

Low Low 1.98 1.83 145 - 165 22 99 0.63 0.68 0.79 117 109 91
Medium 6.67 5.91 316 -1135 -417 87 0.90 0.93 0.70 162 139 255
High 7.07 6.76 336 -1240 -552 94 0.94 0.96 0.44 165 165 469

Medium to high Low 1.85 1.66 373.8 -119 69 -240 0.63 0.56 0.65 393 107 302
Medium 7.01 8.27 727.8 -918 -755 -504 0.3 0.85 0.86 543 326 314
High 9.39 7.71 698.8 -1570 -551 -294 0.68 0.89 0.88 531 290 311

All points combined 5.67 5.5 505 -783 -378 -230 0.32 0.55 0.56 588 479 470

Dry matter yield

Low Low 5.76 5.08 207 158 769 1301 0.56 0.54
Medium 22.14 19.46 665 -2750 -337 1916 0.9 0.91
High 27.27 25.77 1 017 -3936 -1223 1652 0.96 0.96

Medium to high Low 10.17 10.05 1 069 -690 289 610 0.63 0.63
Medium 31.48 22.18 1 916 -4500 -399 1304 0.71 0.73
High 39.27 23.80 2 100 -6427 -128 2148 0.85 0.61

All points combined 24.3 16.0 14 101 -3343 139 716 0.47 0.38

0.22 393 405 474
0.26 543 511 1378
0.25 531 542 2218
0.78 519 545 610
0.72 1315 1261 1304
0.57 1254 2038 2148
0.36 1820 1971 2004

~VPDp,ob, the form used in the text, is here shortened to EVPD, under space limitations.
SEE, standard error of estimate.
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Fig. 7. Dry matter water-use efficiency (WUE) as related to mean seasonal vapor pressure deficit for three fertility levels at medium-to-high
(10 000 to 22 000 hills ha-1) and low (5000 hills ha-1) plant population. Data are for the genotypes Sador~ Locale (open symbols) and CIVT
(closed symbols).

inconsistent results. Incorporating VPD into ET-based
models may be particularly useful when comparing data
from sites that differ considerably in atmospheric hu-
midity, such as landlocked Niger and coastal Senegal
(Dancette, 1983).

The inverse linear relation between vapor pressure
deficit and crop transpiration ratio (kg biomass kg-1

transpiration) predicted by theory (Tanner and Sinclair,
1983) was only partially manifested by our WUE and
VPD data (Fig. 7). For all years except 1984, WUE
tended to be lower for crops that were widely spaced
or that received no fertilizer. Presumably this would be
due to an added clothesline effect (Tanner, 1957, cited
in Ritchie, 1983) in sparse canopies with low leaf area
indices, for which vapor pressure deficit estimates from
standard meteorological measurements at 2 m are prob-
ably inadequate.

Slopes in Table 6 indicate that pearl millet grain
WUE, corrected for VPD, is =1.7 kg mm-~ kPa-1 under
low-fertility conditions no matter what the spacing, and
varies from =5.9 to =8.3 kg mm-1 kPa-1 under high-
fertility conditions. Assuming a VPD of 1.3 kPa during
a normal year, and sufficient rainfall to produce a crop,
this implies 1.3 kg of grain for every 1 mm of ET under

low-fertility conditions, and from 4.5 kg to 6.4 kg of
grain per 1 mm of ET under high-fertility conditions.
These values compare well with estimates of Forest et
al. (1991) of 3 kg -1 under the best of farmers’ condi-
tions and 10 kg mm-1 under intensive, researcher-man-
aged conditions in Senegal. Even under high-input con-
ditions, the grain WUE of pearl millet is considerably
lower than the global value of 15.0 kg mm-1 for sorghum
grain (Stewart, 1989).

Despite yield and WUE differences among the three
plant populations, genotypes, and fertility levels, there
was a strongly linear relation between WUE and yield
(Fig. 8). A greater slope is shown for this relation 
1983, presumably due to the unusually low VPD, and
in 1984, presumably due to reduced soil evaporation
caused by a more frequently dry soil surface (Ritchie,
1983). Greater WUE in 1984 may also be due in part to
an increased transpiration ratio of water-stressed pearl
millet (Payne et al., 1995). Data in Fig. 8 are consistent
with Stewart’s (1989) conclusion that greatest WUE 
achieved at greatest yield. A corollary supported by this
study is that managing and breeding for greater pearl
millet yield also achieves greater WUE.

Overall, our data suggest that pearl millet yield and
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Fig. 8. Grain water-use efficiency (WUE) of pearl millet as a function of yield for 1983, 1984, 1985, and 1990 growing seasons.
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WUE for most climatic zones of the Sahel can be opti-
mized without risk of exhausting plant-available water
using moderate plant populations of at least 10 000 hills
ha~', and moderate fertilizer applications of =20 kg N
ha"1 and =9 kg P ha"1. Greater yields and WUE are
possible using plant populations ^ 20 000 hills ha"1 and
fertilizer applications of ^40 kg N ha"1 and >18 kg P
ha"1. Water balance data suggest that this may increase
ET and therefore introduce some risk of exhausting
available water during dry spells, but for our study this
increased ET was associated with greater yield even
during dry years.
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