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S U M M A R Y

Four genotypes of groundnut grown with limited irrigation during the post-rainy season in 
Central India produced similar amounts of dry matter per unit of intercepted solar radiation (e) 
before pod-filling, although different e values were observed during pod-filling. The relation 
between cumulative transpiration and intercepted radiation was similar for all genotypes. When 
drought became severe, fractional radiation interception (f) was reduced by folding of leaves, 
with little decrease in leaf area (L). The ratio f/\/L was used as an index of the degree of leaf 
folding and was correlated with leaf water potential. The degree of,folding varied with geno
type and may have contributed to the observed differences in e and the dry matter:water ratio 
(q). The genotype EC76446(292) had the smallest q and largest f / s / L  ratio (the poorest radia
tion avoidance), while Kadiri 3 had the largest q and smallest value of f js jL .

R. B. Matthews, D. Harris, J .  H. Williams y R. C. Nageswara Rao: La base fisiologica para  
diferencias de rendimiento entre cuatro genotipos d e cacahuete (Arachis hypogaea) com o res- 
puesta a la sequia. 11, Intercepcion d e la radiacion solar y m ovim iento d e  la hoja.

R E S U M E N

Cuatro genotipos de cacahuete cultivados bajo regimen de riego limitado durante la estacion 
despues de las lluvias en la India Central produjeron cantidades similares de materia seca por 
unidad de radiacion solar interceptada (e) antes del relleno de la vaina, aunque se observaron 
distintos valores para (e) durante la etapa del relleno de la vaina. La relacion entre la transpira- 
cion acumulada y la radiacion interceptada era similar para todos los genotipos. A1 agravarse la 
sequia, la intercepcion de radiacion fraccional (f) fue reducida mediante con el plegado de las 

. hojas, con poca disminucion del area foliar (L). Se utili20 la relacion f/%/L como mdice del 
grado de plegado de la hoja y fue correlacionado con el potencial h/drico foliar. El grado de 
plegado vario segun el genotipo y puede haber contribuido a las diferencias observadas en e y 
la relacion materia seca:agua (q). El genotipo EC76446(292) tuvo la menor q y mayor relacion 
ijs/'L (el evitar de radiacion mas pobre), mientras que Kadiri 3 tuvo la mayor q y menor valor 
para i js /h .

IN TR O D U C TIO N

This paper is part of a series describing the physiological basis for contrasting 
yield responses to drought by four groundnut genotypes. In Part I (Matthews
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et al., 1988) it was shown that despite similar amounts of water being trans
pired, the dry matter:water ratios (q) and, in particular, harvest indices (h) 
varied significantly between genotypes, resulting in dramatic differences in 
their pod yields (Y). A second approach is to examine differences in dry mat
ter produced (W) by each genotype in terms of the solar radiation intercepted 
(S) and the amount of dry matter produced per unit of radiation intercepted 
(e), where W = eS.

The rate of dry matter accumulation (dw/dt) depends both on the leaf area 
index (L) of a crop, and on the orientation of this area with respect to the sun. 
Because photosynthetic rate per unit leaf area in groundnut usually shows a curvi
linear response to increases in irradiance (Pallas and Samish, 1974), the rate of 
photosynthesis per unit of intercepted light increases as irradiance decreases. 
It follows that if the angle between the normal to a leaf plane and the solar 
beam increases, photosynthesis becomes more efficient but less radiation is 
intercepted. Less energy has to be dissipated by either evaporation or re-radia- 
tion; consequently leaf temperatures may be lower. This may be advantageous 
in the semi-arid tropics (SAT) where transpiration is often limited by drought, 
and without evaporative cooling leaf temperatures can often rise several degrees 
higher than air temperature (Gates, 1968) to a level at which severe tissue 
damage may occur (Sullivan et al., 1977).

Some crop species, such as groundnut and cowpea, are able to respond to 
drought by paraheliotropism -  folding and orienting their leaves -  thereby 
reducing the intensity of radiation received. A corresponding increase in q has 
been reported in some species (Mooney et al., 1977) and a lowering of the 
mean temperature of leaf tissue in.others (Babu et. al., 1983 ; Shackell and Hall, 
1979 ; Ehleringer and Forseth, 1980).

In this paper the contribution made by each of the components in the equa
tion W = eS to differences in dry matter produced by each of the genotypes is 
examined, and the possible influence of paraheliotropism on these components 
is considered.

M A T E R IA L S  AND M ETH O D S

Four genotypes of groundnut (Arachis hypogaea) with a range of yield res
ponses to drought were grown in-a medium deep alfisol at ICRISAT, Patan- 
cheru, in Central India. Two of the genotypes, TMV 2 and Kadiri 3, are com
monly grown by Indian farmers, while the other two, NC Ac 17090 and EC 
76446(292). (hereafter referred to as NC and EC) are genotypes with large 
differences in performance in the ICRISAT drought screening programme. 
The crops were irrigated until 20 days after sowing (DAS) to ensure uniform 
establishment, then received no further water until 72 DAS and again at 107  
DAS. Full details of the design and management of the experiment are given 
by Matthews et al. (1988).

At weekly intervals, a sample of ten plants was taken from each plot to
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determine leaf area and shoot dry matter. Three plants were selected at random 
from each sample and their leaf areas measured using a leaf-area meter (LICOR 
3000). The leaf area for the whole sample was then estimated by dividing the 
total leaf weight of the sample by the specific leaf weight of the sub-sample. 
Leaf area index was calculated by multiplying this value by the population 
density. Dry weights of the 10 plants were then measured after drying for 48 h 
at 105°C. The coefficient of 1.65 used by Duncan et al. (1978) to adjust dry 
weights for the higher energy content of pods, based on the energy content of 
mature pods from well-irrigated crops, is inappropriate in the present droughted 
stands because of the lower ratios of kernel weight to pod weight obtained. 
Using the shelling percentage of well-irrigated crops, a revised conversion co
efficient of 2.4 was therefore calculated for kernel tissue weights alone.

Whole spectrum solar radiation, both incident upon and transmitted through 
the foliage, was measured using tube solarimeters (Delta-T Devices) and their 
output recorded with a data-logger (Campbell Scientific Inc.) at half-hourly 
intervals throughout the season. The fraction of incident radiation intercepted 
by the crop (f) was estimated as the difference between incident and trans
mitted fluxes.

Bulk leaf water potential (i/zj) of leaves in the top, middle and bottom layers 
of the canopy was measured using a hydraulic jack (Rajendrudu et al., 1983) 
twice weekly from 54 to 91 DAS and weekly thereafter. Values from each 
layer were combined to give a mean value.

R E S U L T S

The relation between the energy-adjusted shoot dry matter and cumulated 
intercepted radiation for each genotype during the season, the slope of which 
is e, is shown in Fig. 1. Until pod filling, when about 300/M J m-2 of radiation 
had been intercepted, there were no significant genotypic differences between 
the values of e, the mean value being 0 .40  ± 0 .07 g MJ-1. However, from around 
the start of pod-filling at about 75 IDAS, e declined for all genotypes. This 
implies a change in the efficiency of conversion of radiation into dry matter 
during pod filling, although it is possible that leaf damage from- insects towards 
the end of the season may have contributed to these lower values. There were 
significant differences in e between genotypes during this stage; values (in g 
MJ-1), estimated from the slopes of the regressions for each of the genotypes* 
were: TMV 2, 0.29 ± 0 .0 5 ; Kadiri 3, 0 .39 + 0 .05 ; NC, 0 .35 ± 0 .0 5 ; and EC, 
0.27 ± 0 .02. At the end of the season, all genotypes had intercepted the same 
amount of solar radiation but had produced different amounts of dry matter.

The relation between the dry matter:radiation quotient, e, and the dry 
matterrwater ratio, q, can be expressed as e = qr, where r is a coefficient with 
units in kg water MJ-1. The differences in e between the genotypes were pri
marily a consequence of variations in q rather than r. Indeed, when transpired 
water was plotted against cumulative intercepted radiation (Fig. 2), the slope
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C u m u l a t i v e  i n t e r c e p t e d  r a d i a t i o n  {MJ m - 2 )

Fig. 1. Relation between accumulated shoot dry matter and intercepted radiation for the four'groundnut 
genotypes, • TMV 2, a Kadiri 3, + NC Ac 17090 and ■ EC 76446 (292). Typical standard errors are 
shown.

C u m u l a t i v e  i n t e r c e p t e d  r a d i a t i o n  ( M J  m  2 )

Fig. 2. Relation between intercepted radiation and transpired water. Line represents the latent heat 
of water (0.408 kg water M J"1)- Symbols as for Fig. 1.
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of the plot being r, there was little difference between genotypes. The line 
representing the latent heat of water (0 .408  kg MJ-1) is also shown; when water 
was not limiting at the beginning of the season, the values of the genotypes 
closely approached this line, but as water became scarce, they deviated signi
ficantly from it. The mean value of r over the season was 0 .208  kg MJ-1, about 
half that for the latent heat of water, implying that only about half of the 
intercepted radiation was dissipated as latent heat of vaporization, the remain
der contributing in part to a rise in sensible heat of the vegetation.

There were differences in L between genotypes in the first part of the grow
ing period, with EC consistently smaller and Kadiri 3 larger than the others. 
Towards the end of the season, damage to foliage by insect attack increased 
the variability in the measurements. The rate of increase of L slowed towards 
the end of each drying cycle and increased substantially after each irrigation 
as a result of renewed leaf production and expansion (Harris et a l 1988).

Changes in fractional interception (f) throughout the season are shown in 
Fig. 3. Differences between the genotypes were small and not consistent 
throughout, so that for clarity only the mean of the four genotypes is shown. 
For comparison, the mean L is also shown. At no time did the canopy close 
completely; the highest value of f was 0 .75 , achieved by EC at 120 DAS. The 
onset of drought had a marked influence on f. From emergence, f increased 
steadily until about 50 DAS, after which the rate of increase declined as leaf 
growth was restricted by the decreasing availability of soil water. After the 
irrigation at 72 DAS, f increased rapidly at first as the leaves unfolded and the 
rate of leaf production and expansion increased, but began to fall sharply 
10 days after the irrigation. As there was little change in L at this stage, this 
reduction in fractional interception was due to leaf folding and changes in leaf

Fig. 3. Seasonal changes in fractional interception and leaf area index; ‘Irr’ denotes irrigation.
Typical standard errors shown.
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orientation, which allowed light to penetrate the canopy and reduced the 
radiation load on individual leaves. A similar pattern occurred after the irriga
tion at 10 7 DAS.

Radiation interception and leaf area
Canopy development in groundnut can be divided into four distinct stages. 

The first stage begins immediately after emergence, when each plant is a 
discrete unit and leaves do not merge with those of neighbouring plants. The 
second stage begins when plants begin to merge within rows, leading to the 
third stage when the shape of the canopy approximates a half-cylinder with 
its axis along the row and with a radius equal to the height of the plant (Fig. 
4). The fourth stage begins when rows begin to merge and the canopy com
pletely covers the ground. The duration of the first stage depends on the 
intra-row distance between plants, and does not last long. It was found that, 
for a 3 5 X 1 0  cm spacing, plants began to merge within rows when L was 
about 0.2 , and approximated a complete half-cylinder when L was about 0.6. 
As full canopy closure was never achieved (Fig. 3), the following analysis is 
restricted to the third stage, for values when L was equal to or greater than 0 .6 .

If the leaf area in a length x  of a crop row is L f and the distance between 
rows is s, the leaf area index L is:

L  = l / / (x .s ) .

If r is the effective radius of a row treated as a half-cylinder, then the volume of 
the row of length x  is 7rr2x/2  and the leaf area density y  (leaf area per unit 
volume) is:

L' _  2 .L .s  
^ 7rr2x /2  7rr2

It follows that provided plants expand in such a way that 7  remains constant, 
L will be proportional to r2. Similarly, for a given solar angle the fraction of 
incident radiation (f) intercepted by a row will be proportional to r, and hence 
to -y^L. This relation is valid only when the canopy is equivalents to a half
cylinder and cannot be assumed to hold before plants meet completely within 
rows, because no light is intercepted in the gaps between them.

The relation between f and y /h  for each of the four genotypes was generally

Fig. 4. Schematic representation of a row of groundnut, showing parameters used in calculations.
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Fig. 5. Relation between fractional interception and ■J'L. Symbols as for Fig. 1.

linear (Fig. 5), in agreement with the theory. Changes in the ratio of f to y /h  
during the season can be ascribed to changes in leaf area density. If the leaves 
fold due to stress, resulting in less interception for a given L, the ‘effective’ 
volume of the canopy decreases. Therefore, we have used the ratio f/v/L as an 
index of the degree of leaf folding. A small value for this ratio indicates a high 
degree of paraheliotropism. The mean values of i / y / L  over the third phase of 
canopy development were: TMV 2, 0 .446  ± 0 .0 5 7 ; Kadiri 3, 0 .419 ± 0 .0 3 1 ; NC, 
0.425 ± 0 .0 4 6 ; and EC, 0 .453  ± 0 .0 7 1 . Thus Kadiri 3 was able to shed more 
radiation for a given L than EC.

To examine in more detail how the onset of drought influences light inter
ception, we considered the drying cycle between the irrigations at 72 and 107 
DAS. The changes in i / y / h  over this drying period, using L estimated by inter
polation for days between weekly samples, are shown in Fig. 6 . Throughout the 
whole of the period, L  exceedechO^, so the assumption of the canopy approxi
mating a half-cylinder, and hence the i / y / ' L  ratio as an index of orientation, 
is valid.

For the first 10 days, there was an increase in ffy/L  as existing leaves un
folded. However, unfolding was observed to occur within one to two days after 
release of stress, suggesting that the increase in ffy/h  should have occurred over 
a much shorter time interval. The production of new leaves should not change 
f/v/L since any increase in leaf area is associated with an increase in intercep
tion. However, interpolation from the weekly samples may have overestima
ted L  in the first few days, because of a time lag in leaf production after the 
release of stress, resulting in lower ify/L, values than in reality over this period. 
The exact length of time during which f f y / t >  increased is therefore uncertain.

It is clear, however, that the ratio rapidly decreased as drought became more 
severe, and fell in most genotypes to about 70% of its peak value. There were



210 R.  B.  MA TT HE WS  et al.

D ays a f te r  irrigation

Fig 6. Changes in the ratio f / s / h  during the period between irrigations at 72 and 107 DAS.
Symbols as for Fig 1.

also significant genotypic differences, EC having a higher ratio than Kadiri 3, 
indicating that the former is less able to reduce its radiation load during stress. 
A similar analysis for the period from the irrigation at 107 DAS to final harvest 
was not attempted because of the confounding effects of defoliation by insects.

The relation between f/\/L and mean leaf water potential ip1 measured perio
dically during the drying cycle (Fig. r7) shows that the ratio is very sensitive 
to changes of potential in the range —0.8 to —1.2 MPa, below which a further 
decrease in \pi has little effect. There were no significant differences between

- i ' 0 . 6

-J 0.3
■ -  ■ ~  i < 

- 3 .0  - 2 . 0  - 1 .0
L eaf w a te r  p o te n tia l (M Pa)

Fig. 7. Relation between the ratio f/^L and leaf water potential (ijj: ). Symbols as for Fig. 1.
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genotypes in this relation. Genotypic differences in the ability to fold leaves, 
thereby reducing radiation load, may be related to differences in plant water 
status, but this requires further investigation.

D ISC U SSIO N

As all genotypes had intercepted the same amount of solar radiation at the 
end of the season, differences in final dry matter production were due to the 
differences in e that became apparent at the start of pod-filling (F ig .l ) . More
over, the close relation between cumulative transpiration and intercepted radia
tion suggests that these differences in e were due to the differences in q repor
ted in Part X.

There was a correlation between the values of q and the degree of para- 
heliotropism exhibited by the genotypes. The genotype EC had the smallest 
value of q and the largest ffy/h  ratio (Fig. 6), while Kadiri 3 with the largest q 
had the smallest f/y/h ratio, i.e. the greatest degree of paraheliotropism. How
ever, as the drying cycle progressed the differences in f/\/L were maintained 
(Fig. 6), indicating that the higher q of Kadiri 3 was associated with more 
acutely angled leaves in all conditions of water availability. Similar increases 
in q as leaves became more vertical were found in Atriplex hymenelytra (Mooney 
et al., 1977) ,  apparently because photosynthetic rates were saturated at higher 
light intensities but transpiration rates were not.

The implications of these differences for selection are important. A geno
type such as EC may be able to maximize light interception when water is 
plentiful, but it would be at a disadvantage under drought, since it would not 
have the ability to shed a proportion of incoming solar radiation by folding its 
leaves. Kadiri 3, on the other hand, by reducing the radiation intensity on its 
leaf surfaces, would be able to reduce water loss without a proportional decrease 
in photosynthesis, thereby optimizing the use of a scarce resource.

Various reports have indicated that paraheliotropism may also help to reduce 
leaf temperatures. Wainwright (1977)  found that orientation by stressed leaves 
of desert lupin could reduce the solar radiation they absorbed by up to 40%. 
Shackell and Hall (1979) observed that the leaf folding in cowpeas reduced leaf 
temperatures by up to 5.5°C . However, in the present study, despite the obser
ved variation in paraheliotropism, no consistent differences in leaf temperature 
were found between the genotypes. This may have been because afiy small 
differences in temperature as a result of leaf folding were swamped by a strong 
upward sensible heat flux from the very hot soil (in excess of 55°C). If this was 
so, it would suggest that the role of paraheliotropism in reducing canopy tem
peratures is of little consequence for droughted crops growing near a hot dry 
soil surface. It is more likely that leaf folding helps to minimize damage to the 
photosynthetic apparatus from high light intensities in the presence of high 
temperature (Ludlow and Bjorkman, 1984). This requires further investigation.

The degree of folding was influenced by leaf water potential (Fig. 7), the
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most sensitive range falling between —0.8 and —1.2 MPa. A similar relation 
between stomatal conductance and leaf water potential was observed in ground
nut grown in the field (Bennett et al., 1984). The presence of mechanisms 
for both stomatal closure and leaf movement may provide a capability for 
optimizing water loss and restricting leaf temperature over a greater range of 
environmental conditions than would be possible with either of these charac
teristics alone.

The observed changes in leaf orientation indicate that groundnut has mecha
nisms which optimize energy interception when water is freely available but 
maximize q when water becomes limiting. Grancher and Bonhomme (1972)  
also showed that leaves of cowpea seedlings were orientated towards the sun 
in the morning when conditions were favourable for photosynthesis, but not 
in the afternoon, thus preventing high leaf temperatures as water stress de
veloped later in the day. Though little studied, the capacity of both diahelio- 
tropism and paraheliotropism to increase plant productivity when water is 
available and to improve the chance of survival during drought may contribute 
significantly to legume adaptation to the semi-arid areas of the world.
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