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SUMMARY

The interaction of water stress and time from sowing to floral initiation was investi-
gated in the field with pearl millet hybrid BJ 104, Extended daylength was used to
delay panicle initiation (PI) and flowering (FL) of crops exposed to single periods of
mid-seagon drought. Growth, yield and yield components were related to the number
of days for PI and FL in both irrigated and water-stressed treatments. Delay in PI
regulted in more leaves and tillers per plant, and greater leaf area, height and total
dry matter. Grain yield, however, was not affected resulting in lower ‘harvest index’.
There was, however, an increase in the grain yield of main shoots which was offset by
a proportional dgerease in the grain yield of tillers.

Water stress effects wore dependent on the physiological stage of the crop at which
stress occurred, as a result of the photoperiod treatments. Water stress prior to panicle
initiation did not affect the grain yield of the main shoot but increased tiller grain
yield, resulting in a higher total (crop) grain yield. Water stress during panicle develop-
ment reduced the grain yield on the main shoot but this loss was compensated by the
grain from the increased number of tiller panicles which reached flowering. Water stress
during flowering and grain filling reduced grain yields of both main shoot and tillers,
making this the most sensitive stage. Photoperiodic control of floral initiation can
provide an escape mechanism to avoid the coincidence of mid-season water stress with

sonsitive periods of growth.

INTRODUCTION

Pearl millet [ Pennisetum americanum (L.) Leeke]
is one of the most important cereal crops in the
semi-arid regions of Asia and Africa. Inter- and
intra-geasonal variation in the duration and amount
of rainfall in these regions is the major environ-
mental factor limiting its productivity. The need
for crop varieties better adapted to these regions
has been repeatedly elaborated and argued
(Wittwer, 1979).

In rainfed semi-arid agriculture drought stress
can occur at any time during crop growth. Reduc-
tion in grain yield due to water stress is greatest
when stress coincides with the most sensitive
stages of crop growth (Hanson & Nelson, 1981). If
patterns of drought stress exist it is possible to
avoid severe effects of stress by developing varieties
whose sensitive growth stages coincide with favour-
able moisture periods. Lahiri & Kumar (1966) and
Mahalakshmi & Bidinger (1985) reported that
water stress during panicle development in pearl
millet had little adverse affect on crop grain yield,

as tiller grain yield was able to compensate for
losses in main shoot grain yield. Seetharama et al.
(1982) found that flowering and early grain filling
were the stages most sensitive to water stress.

In west Africa where the rainfall distribution
varies with latitude photoperiod response appears
to be a key adaptive factor of sorghum land races,
allowing them to adjust their time of flowering to
the most advantageous period for maximizing
grain yield (Curtis, 1968a). Turner (1981), dis-
cussing the role of photoperiod sensitivity in drouglit
adaptation, pointed out that this adaptive mechan-
ism had received very little attention in crop
improvement, although photoperiod insensitivity
had proved successful in shorteaing the crop season.
The present investigation was designed to test the
concept that a photoperiod-mediated delay in floral
initiation would provide an effective escape
mechanism from a period of early-mid-season
drought stress. Normal and extended daylength
treatments were used on a single cultivar to simulate
early and late flowering cultivars. A single period
of water stress was imposed on both treatments,
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Fig. 1. Weekly total rainfall ([]) and pan evaporation ( ), weekly mean maximum (---) and

minimum (- -

- -) temperatures during the cropping season in 1980 and 1981. The three growth periods

in the two photoperiod treatments and the water stress (in bold line) periods are indicated by lines at the

top.

permitting the effect of the same intensity of water
stress to be studied at different phenological stages.

MATERIALS AND METHODS

Pearl millet was grown on a medium depth
(ca. 1 m) Alfisol (plant available water 100 min),
a member of clayey-skeletal, mixed isohyper-
thermic family of Udic Rhodustalfs, at the Inter-
national Crops Research Institute for the Semi
Arid Tropics (ICRISAT) Center, Patancheru,
Andhra Pradesh, India, during the dry season
(February-May) in 1980 and 1981. The weather
during the cropping seasons, the sowing time and
the water-stress periods (relative to crop develop-
ment) are given in Fig. 1. Temperature and

evaporation rate are somewhat higher than those
during the normal rainy season but are not
markedly different fromn those occurring during
periods of severe drought in the normal season.
The crop was irrigated and the water-stress treat-
ment was imposed by withholding irrigation during
the selected treatment period.

Pearl millet is a quantitative short-day plant
(Burton, 1965) and flowering can be delayed by
extending the daylength. The two photoperiod
treatments were normal days (ND) where the
plants received natural photoperiods (11-6-12-4 h
in February) and the long days (LID) where 16 h
photoperiod was given by illuminating the crop for
an additional 4h in the evening with tungsten
filament bulbs mounted 2-5 m above the ground.
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Table 1. Effect of photoperiod and water stress on morphological traits,
grain yield and yield components in 1980

Normal daylength
A

Long daylength

[ B Y r Al

Variables Irrigated Stress Irrigated Stress S.E. (1)
Days to flowering 41 41 61 68 0-2
Hoeight (cm) 139 104 213 155 37
No. of panicles/plant 2-6 1:7 1-8 2:2 0-27
Grain dry weight (g/m?) 171 78 164 185 26-0
1000-grain weight (g) 6-2 51 48 4-0 0-62
No. of grains/m? ( x 10%) 2-79 1-54 346 4-68 0-473
Total dry weight (g/m?) 445 229 759 644 50-0
Harvest index (%) 38 34 22 28 33

8.E. (1) for comparing irrigation with stress at the same daylength.

10 -
2 8-
E s
= 74
B4
5 6
£
g
2 5
G .
2 4
. T T ' -
10 20 30 40 45

Days after emergence

Fig. 2. Total number of tillers per plant in photoperiod
and water stress treatments in 1980. A, ND irrigated;
O, LD irrigated; A, ND stress; @, LD stress.

The minimumn intensity of light received at ground
level in the LI) treatment was 15lux. The two
photoperiod treatments were in adjacent blocks
and sufficient border was left to avoid interferonce
by diffused light.

The two irrigation treatments were an irrigated
control (irrigated throughout to field capacity by
flooding furrows between ridges at approximately
10-day intervals) and a water-stress treatment where
irrigation was withheld from 20 to 53 days after
emergence (DAE) in 1980 and 20 to 45 DAE in 1981
respectively (Fig. 1). Thereafter the water-stress
treatment was regularly irrigated to field capacity
until maturity. As flowering and maturity were
delayed in the LD treatment, irrigation was
continued for a longer period than in the ND
treatment. Prior to termination of the water-stress
treatment, leaf water potential of the youngest

fully expanded leaf was determined using a
pressure chamber.

The experimental dosign in both the years was a
modified split-plot design, with the two photo-
period treatments as the main plots. These were
arranged as strips across the three replications to
avoid interference by diffused light. The subplots
consisted of the two irrigation treatments in 1980
and the two irrigation treatments by the two plant
densities (6 and 12 plants/m?) as factorial treat-
mentg in 1981, The treatments were replicated
three times. This design does not provide valid
ostimates of error for main plot effects or for subplot
by main plot interactions at the same levels of
subplot, 1.e. daylength treatment effects and
irrigation x daylength effects at the same level of
irrigation  treatrnent (Cochran & Cox, 1957).
However, the effects of interest, irrigation treat-
ment within daylength treatment, can be statistic-
ally compared.

Millet hybrid BJ 104 was sown in plots consisting
of four rows each of 4 m long. Seeds were machine-
sown on ridges 75 cm apart; rows were 8own more
thickly than needed for the required plant density
and plants were thinned at 10 DAE to the required
plant density.

Nitrogen (N) and phosphate (P,0;) each at the
rate of 40 kg/ha were banded into the ridges prior
to planting. Additional nitrogen at the rate of
40 kg/ha was side dressed when the crop was
15 DAE. In the LD treatment another 40 kg N /ha
wag side dressed at 35 DAE because the extended
growth period resulting from the LD treatment
increased the requirement for N. The plots were
kept free from weeds and there was no incidence
of disease or pests.

Panicle initiation (PI), flowering and maturity
were determined as described by Maiti & Bidinger
(1981). The water-stress periods are expressed in
relation to three growth stages (Fig. 1): (1) emer-
gence to panicle initiation (GS81); (2) panicle
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Fig. 3. Leaf area of individual leaves in the two photoperiod
and water stress treatmonts at anthesis.

initiation to flowering (GS2); and (3) flowering to
maturity (GS3). The above-ground plant material
from 3 m of the central two rows (4:5m?) was
harvested at crop maturity and main shoot
panicles and tiller panicles were separated for
determining yield and yield components. The
remaining leaf and stem material was oven dried
at 70 °C and dry weight determined.

In 1980, total number of tillers per plant was
recorded on 15 consecutive plants in one row from
each plot at 20, 27, 34 and 41 DAE. At the time of
flowering the total leaves were counted and leaf
area above the tenth leaf from the base was
measured by a leaf area meter (L1-3100 area meter
LICOR, Lincoln, Nebraska).

RESULTS

Experiment 1 (1980)
Growth and development

In irrigated plants, the LD treatment delayed
both panicle initiation and flowering, which
occurred at 35 and 61 DAE respectively, compared
with 16 and 41 DAE for the ND treatment
(Table 1). As a result of the extended vegetative
period in the LD treatment, the number of tillers
per plant was greater than in the ND treatment
(Fig. 2). Similarly plant height (Table 1), the total
number of leaves and the area of most individual
leaves were also greater in the LD plants (Fig. 3).
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Table 2. Grain yield and number of grains per unit area of main shoot and tillers
in the photoperiod and water stress treatments in 1980

Grain dry weight

No. of grains/m?

(g/m?) {(x 10%)
r e Al ~ A Y
Treatment Main shoot Tiller  Main shoot, Tiller
ND irrigated 124 47 2:0 08
ND stress 75 3 1-5 01
LD irrigated 146 18 31 0-4
LD stress 132 53 33 1-4
s.E, (1) 20-1 86 0-48 0-23

8.E. (1) for comparing irrigation with stress at the same daylength.

Water stress roduced plant height and number of
tillers in both ND and LI plants. Water stress
reduced the individual leaf size but it did not affect
number of leaves in either photoperiod treatment
(Table 1; Figs 2 and 3). Water stress had no effect
on time to flowering in the ND treatment but
delayed it by 7 days in tho LD treatment.

Yield and yield components

In the irrigated LD treatment delay in PT and
floworing resulted in fower tillers producing a panicle
(Table 1) than in the irrigated ND treatment,
despite a greater total number of tillers being pro-
duced (Fig. 2). This effect was offsot, however, by
largor heads, resulting in an inereased total number
of grains por unit area in the LD treatmont
(Table 1). However, individual grain size was ro-
duced in the LD irrigated treatment, resulting in
similar grain yields in the two photoperiod treat-
ments (Tuble 1). The major effect of the LD treat-
ment in the absence of stress was the extended
vogetative growth period which inereased total dry
matter and reduced the ratio of weight of grain to
weight of total above-ground dry matter (harvest
mdex).

Tho effects of water stress in the two photoperiod
treatmonts were deopendent upon the physiologieal
stage of the crop at which it occurred (Fig. 1).
Water stress decreased the number of panicles per
plant in the ND treatment (where stress occurred
during GS2 and part of (G83) but did not have a
significant effect in the LI treatment (where stress
occurred during GS1 and a part of GS2). The
combined adverse effects of water strosg on numnber
of grains and 1000-grain weight resulted in a severo
reduction in grain yield in the NI treatment
(Table 1). Water stress did not affect either yield
component significantly in the LD treatment. As a
result grain yield was not reduced in the LD stress
treatment in contrast to the effect of stress in the
ND treatment (Table 1). Water stross also reduced
total dry matter more in the ND than in the LD
treatment, but the effects of stress on harvest index

were primarily determined by the effects on grain
yield (Table 1).

Whon grain yields were separated into main and
tiller yield fractions the interaction of the two stress
and daylength treatments was apparent (Table 2).
The water-stress treatment in ND reduced both
nurnbor of grains and grain yield on the main shoot
and virtually eliminated grain yiecld of the tillers.
In the LD treatment where flowering was delayed
by both LD and wator stress (Table 1), both
number of grains and grain yield of the main shoot
were unaffected by stress. Grain yield and number
of grains of the tillers were significantly increased
by the stress in the LD treatment, because of an
increase in the number of tiller panicles per plant
(Table 2).

Experiment 2 (1981)
Growth and development

The effoets of the LD treatmont on development
were siimilar to those in 1980; PI and flowering
wore delayed by 20 days and 15 days respectively,
and there was an increase in plant height and
number of leaves (Table 3). There were fower
panicles per plant at high plant density (12
plants/m?) than at low (6 plants/m?), but there
was no effect of plant density on number of leaves,
days to flowering, plant height, total dry weight,
harvest index, grain dry weight, 1000-grain weight
or number of grains (Tables 3 and 4).

Water stress had no effect on number of days to
flowering in the LI} treatment but did delay
flowering in the ND treatment (Table 3). Plant
height was reduced by water stress, but to a lesser
degree than in Expt 1.

Yield and yield components

The prolonged vegotative phase in the LD plants
again resulted in a reduced number of panicles per
plant in the irrigated treatment. This was ap-
parently accompanied by an increased number of
grains per head, as the total number of grains per
unit area in the two photoperiod treatments was
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Table 3. Effect of photoperiod, water stress and plant density on morphological traits,
1000-grain weight, total dry weight and harvest index in 1981

Normal daylength Long daylength
No. of ’ A ) Ie —A~ Al
plants/m? Irrigated Stress Irrigated Stross 8.E. (1) 8.E. (2)
No. of leaves/main stem
6 16 15 20 19 — —
) 12 16 15 19 19 — —
Height (cm)
6 145 136 190 166 — —_
12 155 131 182 162 7.7 10-9
No. of panicles/plant
6 470 5-04 2-86 371 — —_—
12 3-41 3-56 1-59 2-56 0-220 0-311
No. of days to flowering
6 42 46 56 62 — —
12 42 46 61 59 i-5 22
1000-grain weight
6 61 63 6-8 7-4 — —_
12 59 59 6-1 6-8 0-34 048
Total dry weight (g/m?)
6 561 498 723 857 — —
12 586 509 707 849 496 70-2
Harvest indox (94
6 37 43 29 36
12 38 41 29 34 1-8 2-6

8.E. (1) for comparing irrigation with stress at the same daylength.
s.E. (2) for comparing plant density and irrigation at the same daylength.

Table 4. Grain yield and number of grains per unit area of the main shoot, tillers, and

total in the photoperiod, water stress and plant density treatments in 1981

Main shoot Tiller Total
No. of I'e —A N Is —A— ) r A
plants/m? Treatment ND LD ND LD ND LD
Grain weight (g/m?)
6 Irrigated 70 104 137 109 207 213
12 Irrigated 105 165 121 39 226 204
6 Stress 57 116 150 186 207 302
12 Stress 81 150 125 139 206 289
8.E. (1) 79 137 19-4
S.E. (2) 11-2 19-4 27-4
Number of grain/m? ( x 104)
6 Irrigated i-2 1-5 2-3 1-6 3-4 3-1
12 Irrigated 1-8 2.7 21 0-7 39 34
6 Stress 0-9 1-6 2-4 2-6 33 42
12 Stress 1-4 2-2 21 2.0 3-5 4-2
8.E. (1) 0-14 0-24 0-35
8.E. (2) 0-19 0-34 0-49

8.E. (1) for comparing irrigation with stress at the same daylength.
8.E. (2) for comparing plant density and irrigation at the same daylength.
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not different (Table 4). Individual grain size was
unaffected by the LD treatment. Grain yields were
thorofore similar in the two daylength treatments
in tho absenco of stress (Table 3).

The effects of water stress on yield components
in the LD treatment were similar to those in Exptl,
i.o. more panicles per plant and more grains per
unit area. As a cousequence grain yield in the
water-strossed LD treatment was significantly
higher than in the irrigated LD troatment (Tables 3
and 4). In the ND treatment, water stress did not
affect nurnber of panicles, number of grains por
unit area or grain size (in contrast to Expt 1); as a
consedquence grain yleld was not affocted by the
stress (Tables 3 and 4). The difference betweon the
2 years’ results was due to the difforonces in time
of occurrence of the stress in relation to crop
developmental times. In 1981, the stress in the
ND treatment occurred during GS2 (but not in
GS3 as in 1980) and the stress in the LD treatment
occurred only in the initial stapges of GS82 (com-
pared with most of (82 in 1980) (Fig. 1).

Relative contributions of the main shoot and
tillers to number of grains and grain yield were
affectod by all three treatments, namely photo-
period, water stress and plant density (Table 4).
At highor plant donsity the increase in the main
shoot grain yield contribution to the total grain
vield was at tho cxpense of the grain yield of the
tillors. Delay in floral initiation in the absence of
stress also incroased the contribution of the main
shoot panicle (Table 4). Water stress decreased the
grain yield contribution by the main shoot only in
the ND troatment. The grain yield of the tillors was
not affected in the ND troastment but was increased
by water stress in LD treatment which resulted in
tho overall yield increase in this treatment (Table 4).

DISCUSSION

Effect of photoperiod

P1 and subsequently flowering were delayed in
the LD treatment, an effect that has been reported
previously (Bilquez, 1963; Barnes & Burton, 1966;
Begg & Burton, 1971). The number of leaves, leaf
area, height and total dry weight were ms ‘kedly
inereased owing to the extension of the vegei tive
period. Leaf area profiles showed the most ren ark-
able response to LD (Fig. 3). The last six leaves on
the LD plants were considerably larger than the
corresponding ones in the ND plants, increasing the
total leaf area on the main stem by size of indi-
vidual leaves and as well as by the number of
leaves produced. Similar responses to photo-
periods which delay flowering have been roported
in pearl millet (Ong & Everard, 1979; Begg &
Burton, 1971), wheat (Thorne, Ford & Watson,
1968; Chinoy & Nanda, 1951), barley (Kirby &
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Eisenberg, 1966) and sorghum (Caddel & Weible,
1972; Kassam & Andrews, 1975).

In spite of produeing more tillers per plant, the
number of panicles per plant was reduced in the
LD treatment. Ong & Everard (1979) also observed
that in short days, the total number of tillers in
pear]l millet was decreased but the number of ears
per plant increased. In other cereals there is
generally a reduction in the percentage of tillers
producing ears in photoperiods which delay
flowering, but this effeet is compensated by an
increase in total tiller production, generally
resulting in a higher absolute number of ears per
plant {e.g. Thorne et al. 1968). A net reduction in
number of productive tillers in non-inductive
photoperiods seems to be uniquo to pearl millet.

The number of grains and grain yield per unit
aroa were not affected by LI in theo irrigated plants,
although there was an increase in number of grains

n the main shoot and a decrease in the tillers.
Sinece grain yield was not affected and total dry
matter was increasod in LI), harvest index was
roduced. Similar changes in longer photoperiods
have been reported in pearl millet (Ong & Everard,
1979; International Crops Research Institute for
the Semi Arid Tropics, 1982) and sorghum (Kassam
& Andrews, 1975). It is clear that daylength,
operating either through growth hormones or
through changes in duration and rate of develop-
ment of phenological stages, affocts patterns of
competition between shoots and betweon vegeta-
tive and reproductive parts in a plant.

Effect of plant density

Interplant competition also affects the number of
panicles per plant in tillering crops like barley
(Kirby, 1967; Kirby & Faris, 1972), wheat
(Darwinkel, 1978) and pearl millet (FEgharevba,
1977). In both photoperiod treatments reducing
interplant competition increased the number of
panicles per plant. The effects of reduced competi-
tion between plants and delay in PI on number of
panicles, though opposite, were exactly additive.
At high plant density, competition between plants
resulted in lower grain yield per plant, but this was
compensated for by the increased number of
plants. The contribution of the main shoot to total
grain yield, relative to that of the tillers, was higher
at high plant density than at low plant density in
both photoperiods, but the effect was more pro-
nounced in LD. These two effects, inter- and intra-
plant competition on the relative contributions of
main shoot and tillers to yield were more than
additive, i.e. increases in main shoot yields of 35
and 34 g/m? respoctively in the high population
and LD treatment individually, compared with an
increase of 95 g/m? when the two treatments were
combined (Table 4).
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Effect of water stress

Plantsinboth ND and LD treatments experienced
the same duration and intensity of water stress
(measured leaf water potentials were —1-54 and
—1-48 MPa at 51 DAE in ND and LD plants,
respectively, in 1980 and — 1-46 and — 1-58 MDPa at
42 DAE in ND and LD plants, respectively, in
1981) walthough they were at physiologically
different growth stages. In 1980 the ND treatment
experionced water stress during GS2 and the early
part of grain filling and the LD plants during the
later GS1 and most of the GS2 stages (Fig. 1),
respectively. The reduction in grain yield in water-
stressed NI plants was due to the coincidence of
severe water stress with flowering and oarly grain
filling. This was reflected in the reduced number of
panicles per plant and number of grains per unit
area (a smaller and not significant reduction in
grain size) in the stressed plants. Previous studies
on the effects of time of stress on pearl millet also
identified flowering and early grain filling as the
most sensitive stages (Seetharama et al. 1982). This
is in general the case in cereals (Hanson & Nelson,
1981). Water stress had no effect on grain yield of
LD plants in 1980 as flowering was delayed until
well (15 days) after the termination of the stress
treatment. This delay in flowerimg was a result of
both delay in Pl due to the LD treatment and
(to a lesser degree) delay in flowering due to water
stress, an effect which has been reported previously
(Mahalakshmi & Bidinger, 1985).

These responses clearly illustrate the prineiple
that the eoffects of water stress depend upon the
stage of developrnent of the erop when stress occurs.
This interaction of growth stage and stress treat-
ment was particularly apparent when grain yields
were separated into main and tiller fractions. Girain
yield and number of grains were reduced on both
main and tiller panicles in the ND treatment as
both developed and flowered during the stress. In
the LD treatment where flowering was delayed
grain yield and number of grains of the main shoot
were not affected as the latter part of the GS2
period was completed after the termination of the
stress. Grain yield of the tillers, in contrast, was
increasod owing to an increase in productive tillers
because water stress affects the competitiveness of
main shoots (Mahalakshini & Bidinger, 1985).
Chinoy & Nanda (1951) were similarly able to
reverse the effect of water stress during grain filling
in early- and late-maturing wheat varioties by
manipulating daylength.

In 1981, plants in the ND treatment experienced

V. Ma"gAvLAKsHMI AND F. R. BIDINGER

water stress only during GS2 whereas in the LD
treatment the stress was primarily during GS1. As
water stress was torminated prior to flowering in
both ND and LD plants there was no reduction in
overall grain yield in either treatment. In the ND
treatment thero was a small reduction in yield in
the main shoot which was offset by an increase in
grain yield of tillers. Both effects were similar
though less pronownced, to those in LD treatment
in 1980, where stress occurred at apparently the
samo phenological stage (Kig. 1). Such compensatory
ability has been reported previously in pearl millet
(Mahalakshmi & Bidinger, 1985). Water stross in
tho LD treatment occurred during GS1 and did not
affect the grain yield of tho main shoot and
mereased grain yield and number of grains of the
tillers, resulting in higher total grain yield.

In summary, water stress prior to panicle
initiation did not affect the grain yiold of the main
shoot, but did inereaso tiller grain yield resulting in
higher total crop grain yield. Water stress during
382 reduced the grain yield on the main shoot but
this loss was compensated by the increased tiller
grain yiold. Water stress during flowering and early
grain filling reduced grain yield in both main shoot
and tillers.

The benefit. of later floral initiation in both years
underlines the fact that drought escape can be an
importantmechanisminearly—-mid-seasondroughts,
just as drought escape by carly flowering is advan-
tageous 1n late-season drought. In locations where
the onset of the rainy season is uncertain but the
ending is well defined, photoperiodic control of
flowering provides an opportunity to sow whenever
the rains begin and ensure that flowering occurs at a
time when the moisture regime is most favourable.
If the rains begin carly, which may increase the
risk of early-season drought, a long vegetative
period provides some messure of escape. Local
landraces of sorghuin in Nigeria which have s strong
photoperiodic response flower around the same
time relative to the ending of the rains irrespective
of latitude (Curtis, 1968a) or time of planting
(Andrews, 1973). This time of flowering was also
found to be the optimum for maximum grain yields
(Curtis, 1968b). In locations where there are such
recognizable patterns of drought during the growing
season, photoperiodic control of flowering may
provide a powerful and simple mechanism to
reduce yield loss. This alternative could easily be
exploited before & major investment of resources in
breeding for drought tolerance or avoidance is
made.

—_—
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