Measurement of physiological parameters with respect to yield
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A simple conceptual framework for analysing yield development in cocoa is presented
based on light capture, the efficiency of conversion of light into dry matter (i.e.,
photosynthetic efficiency) and the partitioning of dry matter between vegetative,
reproductive and storage components of the tree. This approach is contrasted with
traditional methods for assessing yield potential of cocoa genotypes. Experimental data
are presented in an attempt to establish the physiological determinants of growth in
juvenile cocoa and yleld development in immature and mature cocoa stands. Large
variation was detected in net photosynthetic activity of non-bearing cocoa genotypes
measured under field conditions. Maximum photosynthetic rates {P,,) of clones were
positively related to vegetative shoot growth such that fast growing clones tended to
express higher Pp,,. For young, bearing cocoa (48 months after transplanting at
conventional spacing) precocity and yield were linearly related to fractional light
interception. However, precocity and yield efficiency (ratio of yleld:intercepted
radiation) were independent of inherent tree vigour expressed as trunk girth. For cocoa
planted at high density in which canopy closure had occurred, yield was not related to
fractional light interception but to light distribution through the canopy quantified as
light extinction coefficient(k). Canopies with lower k values (characterized by greater
axillary branching) permitted greater light penetration; allowing the lower shade leaves
to make a greater photosynthetic contribution to dry matter production. These resuits
are discussed in relation to developing a more rational approach to parental selection for
yield potential.

Introduction

Crop production involves the capture and utilization of light, water and minerals for the
fixation of atmospheric CO9 into dry matter and its efficient partitioning among vegetative and
reproductive components of the crop. During the last two decades, great strides have been
made both in our understanding of and also the instrumentation needed to measure the
physiological parameters which determine yield (Woodward and Sheehy, 1983; Coombs et al.,
1985; Field et al, 1989; Hay and Walker, 1989; Squire, 1990). There is now an increasing
body of literature which shows, for a diverse range of plant species, that a simple relationship
exists between crop yield (both in terms of total dry matter and the harvestable fraction) and
total solar radiation intercepted by the crop canopy thus:

W = Qie (1)

where W is the total dry matter produced (g.m™2), € is the coeffictent for conversion of radiation

into total dry matter (g.MJ"1), i is the fraction of radiation intercepted by the crop and Q is the
amount of solar radiation incident on the surface of the canopy. Where yield is concerned, the
above relationship can be expanded thus:

Y = QieH (2)

where Y is total dry matter yield produced (g.rn‘2] and H is the proportion of dry matter
partitioned into yield (Harvest Index).

For most canopies, fractional interception (i) may be related to leaf area index (L) of a
canopy by Beer's Law (Monsi and Saeki, 1953) thus:

1=1-elkD 3)
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where k is the radiation extinction coefficient which is, in tum, a function of foliage density,
solar elevation, leaf angle and other factors such as leaf folding and rolling (Ross, 1981).

The above concepts of light capture have proved invaluable in ascribing yield variation in
crops to particular yield determining processes. For example, Cannell et al., (1988} were able
to attribute a two fold difference in wood biomass yicld between Salix and Populus to
differences in i and H, with Populus partitioning more dry matter to the root system. However,
radiation extinction coeflicients (k) were similar giving the same relationship between i and L.

Although harvest index (H) is a straightforward measurement in annual crops where
whole plants can be easily harvested, this parameter is more problematic in perennial crops
where destructive harvesting is more difficult. However, basing yield efficiency on radiation
interception Le., yleld per unit of intercepted radiation, indirectly estimates fruit dry matter
partitioning. Yield/light relationships have been recently used for comparing planting densities
and tree form in apple (Palmer, 1989; Robinson and Lakso, 1991). Palmer (1989) showed that
differences in apple yields due to variation in density were attributable to differences in light
interception rather than to conversion efficiency of intercepted radiation into fruit dry matter.
However, Robinson and Lakso (1991) compared two apple cultivars in four growing systems
and showed that differences in yield were associated with variation in the efficiency of the
conversion of intercepted solar radiation into fruit, in addition to differences in light
interception.

In cocoa, the approaches described above have not been adopted. Therefore, it is
generally not possible to ascribe yield variation between genotypes and/or planting systems to
differences in radiation interception, canopy architecture or the partitioning of dry matter
between vegetative and reproductive components. Little is known concerning the factors
controlling yield determination in cocoa such that even a basic understanding is lacking as to
whether yleld is limited by assimilate availability or by the growth potential of the reproductive
components of the tree.

The purpose of this paper is to review the concepts currently being used to investigate
yield potential in crops and to show how these can and have been applied to study the
variation in yield potential amongst cocoa gerrmplasm. As examples, the physiological
determinants of growth in juvenile cocoa and bearing cocoa grown at low and high density are
examined to evaluate the implications and opportunities for both cultural and genetic
improvement of the cocoa crop.

Yield development in cocoa: a theoretical framework

The processes that govern the growth and productivity of the cocoa tree interact in a complex
way and are best illustrated by way of a schematic diagram (Fig. 1). The quantity of assirnilates
produced by a canopy will be dictated by its photosynthetic rate, its size (L), its structure (the
arrangement of the leaf area) and the radiation to which the canopy is exposed. The
assimilates produced by the tree (i.e., after respiratory losses} are partitioned either between
vegetative and reproductive components of the tree or stored as carbohydrate reserves.
Although canopy characteristics and solar radiation incident on the canopy determine the rate
of dry matter accumulation, it is the partitioning of this dry matter amongst the different
components of the tree that will determine the long-term productivity of the tree. The
partitioning of assimilates between reproductive and vegetative components determines what
quantity of assimilates which are available, for instance, for pod growth. Of course, if more
assimilates are available for the trees' vegetative components, less will be available for
reproductive growth. However, the greater the availability of assimilates to leaves is, the faster
the rate of leaf production and expansion will be. [Experimental evidence indicates that
flushing in cocoa is determined to a large extent by the availability of carbohydrates to the
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Figure 1 A physiological framework for analysing growth and yield development in cocoa.
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vegetative components of the tree (Machado and Hardwick, 1988; Taylor and Hadley, 1988)]. In
time, this will lead to more radiation being intercepted and a greater rate of canopy
photosynthesis, at least where the canopies are not closed, and thus more assimilates will be
available for reproductive growth. In dense canopies, increases in leaf area may not lead to
increases in canopy photosynthesis; increases in L under these circumstances may lead to a
decline in canopy photosynthesis as a greater part of the canopy will be deeply shaded and may
become a sink for assimilates. Under these circumstances, it is likely that high rates of
partitioning to the trees reproductive components will lead to higher yields since the only
assimilates needed by the vegetative components are those to maintain their integrity.
Excessive vegetative growth under these circumstances is likely to be wasteful.

Clearly, variation in any one of the components indicated in Figure 1 might affect crop
yield. Traditionally, the study of physiological processes in crops has tended to concentrate on
their responses to environmental variables, however, there is increasing interest in how these
processes vary amongst genotypes and whether there is potential for exploiting such variation
in breeding programmes (Mahon, 1983; Graham, 1984; Blum,1988; Duncan and Baligar,
1991).

Traditional approaches to studying yield potential in cocoa

Historically, breeding strategies in cocoa improvement programmes have sought to increase the
realized yield through maximizing pest and disease resistance (Toxopeus, 1969; Bartley, 1971).
However, recently attention has shifted to place more emphasis on the maximization of
potential yield (Kennedy et al., 1987). Complementary work has sought to increase yield
through improvements in agronomic management practices to minimize yield constraints,
however, these constraints are still poorly understood.

Breeding for increased yield potential in cocoa has mainly centred on components such as
pod numbers per tree, bean numbers per pod and bean size (Toxopeus and Wessel, 1970;
Toxopeus and Jacob, 1970; Ang and Shepard, 1978; Yapp and Phua, 1987). Yield
manipulation through altering tree number per unit area has only recently received attention
(Lim and Pang, 1989; Lim et al,, 1991; Lam and Lim,1991). Recently, Mooleedhar and
Lauckner {1990) have reported significant genotype x density interactions amongst three
Trinidad Selected Hybrids (TSH) planted at three densities. However, an understanding of the
underlying physiological basis for such interactions is needed before plant forms suitable for
high density planting can be defined.

Because trunk girth can be easily and rapidly measured, it has been traditionally used to
measure yield efficiency in cocoa ie. yield per unit trunk size {Thong and Ng, 1978) or trunk
cross sectional area (Tan, 1991). However, girth data are usually linked with dry mass rather
than to mass distribution. Thus it is unlikely that such measurements can be used to indicate
yield improvement amongst genotypes or growing systems which are the result of more efficient
partitioning of assimilates to the reproductive sinks within the plant.

Genotypic variation in photosynthetic traits amongst non-bearing cocoa clones and its
relation to vigour.

Genotypic variability in instantaneous net photosynthetic rate per unit leaf area (Pp) has been
identified within several annual crop species (Elmore, 1980) as well as perennial tree crops e.g.
oil palm (Corley et al.,1973; Corley, 1983) and rubber {Samsuddin et al., 1987). However,
differences in P, are more often related to yield which involves a vegetative component, with
only scant evidence of a positive relationship with reproductive yield components. Tree crop
breeding tends to have a long selection cycle, which may be shortened by the use of a rigorous
physiological approach to plant selection, assuming that these characteristics are
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linked to yield. With the advent of inexpensive portable instruments, which can be used to
measure photosynthesis in the field, greater interest has been generated in studying
photosynthetic variation amongst genotypes, with the aim of selecting potentially high yielding
clones for incorporation into hybridization programmes.

We have recently carried out a study to assess genotypic variation in photosynthetic
characteristics amongst a range of contrasting cocoa clones grown in the field at ICG,T in
Trinidad. A portable infra-red gas analyser (Analytical Development Company Model LCA 2)
with an artificial light source was used to enable the production of photosynthesis light re-
sponse curves under field conditions. Vegetative growth for the various clones was measured
in conjunction with gas exchange parameters to examine the inter-relationship between mor-
phological and physiological attributes. The photosynthetic data produced were summarized
using a non-rectangular hyperbola fitted to the raw data (Marshall and Biscoe, 1980).

Large variation (563.5%) in maximum photosynthetic rate (Pr,) was observed amonst cocoa

clones ranging from 3.43 to 7.38 pmol COy m2 sl (Fig. 2). The clones IMC 67 and UF 668
expressed significantly higher Py, values than VEN A58, SCA 19, EET 397, EQX 3339 and
these were more than two-fold higher than that of Stahel. Destructive growth measurements
carried out over the experimental peried indicated a large variation in vegetative growth and
also a close relationship between shoot girth and shoot dry weight amongst the cocoa clones
(Fig. 3). IMC 67 consistently showed the greatest growth increment in terms of flush size (5-6
leaves per flush) and periodicity (3 flushes). In contrast, the slow growing Stahel had only
produced a single flush of 3-4 leaves during the same experimental period. Maximum
photosynthetic rate was closely related to vegetative shoot growth expressed as cumulative dry
matter, girth and leaf area. IMC 67 had a two-fold higher mean P;; and a four fold greater
mean rate of dry matter accumulation in the shoot than the least vigorous Stahel (Fig. 4).
These data suggest that variation in Py, may be a major factor determining variation in vigour
amongst non-bearing cocoa and that such measurements may provide a relatively simple
screen for early vigour in cocoa germplasm. Of course, this study is not comprehensive and
more work would be needed to confirm such a relationship between Py, and early vigour.

Genotypic variation in canopy characteristics in relation to yield and vigour in young,
bearing cocoa planted at conventional density

Similar photosynthetic measurements were performed on young, but bearing cocoa (at 48
months after transplanting) consisting of 12 progenies out of a potential 27 progenies planted
in a North Carolina Model II design (Comstock and Robinson, 1952) at BAL Plantations Sdn
Bhd in Sabah (Table 1). These were compared with two hybrid clones used extensively in
Sabah (PA 7 x NA 32 and UIT 1 x NA 33).

Table 1 Mating design for the Inter-Upper Amazon hybrids. The number for individual
progenies refers to the legends in Figure 5.

Paternal
Maternal AMAZ 15-15 MO 81 PA 127 PA 300
IMC 67 (1) (2) (3) (4)
SCA 9 (5) (6) (7) (8)
NA 33 (9) (10) (11) (12)
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Figure 2 Clonal variations in the response of Py, to photon flux density (PFD), predicted using
parameter constants derived from fitting a non-rectangular hyperbola to raw data.
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Figure 3 Relationships between different vegetative shoot growth components measured
among the cocoa clones grown at the International Cocoa Genebank, Trinidad. Significant
differences between clones are denoted by LSD bars at 5% probability. Each symbol represents
a mean of five plants: (1) EET 272; (2) EET 397: (3) EQX 3339, (4) IMC 67: (5) SCA 19; (6) SPA
5: (7) STAHEL; (8) UF 667; (9) UF 668, (10) VEN A58.
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Figure 4 Relationships between vegetative shoot growth and predicted maximum
photosynthetic rate (Pr,). Significant differences between clones are denoted by LSD bars at

5% probability. The number refers to individual clones as shown in legend to figure 3. Each
symbol represents a mean of five plants.
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Although large variation was evident both in terms of their photosynthetic activity (Fig. 5) and
cumulative yield (Fig. 6), there was no significant relationship between the two. However,
estimated seasonal (Dec.-Apr. 90) and annual dry bean yleld (Jun.-Apr. 90) were closely
correlated with fractional radiation interception for the corresponding periods (Fig. 7). Based on
mean radiation interception values, three groups of canopy structure were distinguished: 1.
small dwarf genotypes of AMAZ 15-15 progenies with shallow canopies which intercepted less
than 60% of the incident radiation; 2. intermediate genotypes which intercepted between 65 to
70%; dominated by NA 33 [x MO 81, PA 127, PA 300], IMC 67 [x MO 81, PA 127, PA 300} and
the controls PA 7 x NA 32 and UIT 1 x NA 33; 3. vigorous canopies of the SCA 9 progenies [x
MO 81, PA 127, PA 300} which had almost closed and intercepted over 74-82% of the incident
radiation. Although no significant differences were detected among the hybrids in the slope of
the yleld-radiation relationship, large differences (36%) were apparent for the ratio of
yield/intercepted radiation. NA 33 x PA 300 (0.133 g MJ-1), NA 33 x MO 81 (0.118 g MJ- 1y,
SCA 9 x AMAZ 15-15 (0.133 g MJ"1) and SCA 9 x PA 300 (0.122 g MJ"1) had significantly
higher yield efficiencies than the derivatives of IMC 67 (0.085-0.108 g MJ"1) and UIT 1 x NA 33

(0.106 g MJ-1).

These results indicate that under non-steady state situations, where the canopies are still
expanding, differences in intercepted solar radiation accounted for most of the differences in
yield between the progenies, whilst differences in instantaneous photosynthetic rates of mature
exposed leaves were not correlated with yield. Although there were large differences in
intercepted solar radiation between "dwarf" genotypes (e.g. SCA 9 x AMAZ 15-15) and the more
vigorous genotypes (e.g. SCA 9 x PA 300), yield efficiency quantified as yield per unit
intercepted solar radiation was similar. This indicates that yield of the dwarf genctype could
be increased by planting at higher densities so that more solar radiation can be intercepted.
Interestingly, although trunk girth was correlated with annual dry bean yield it was not
correlated with yield efficiency indicating that it is not a suitable parameter for the
determination of yield efficiency.

Inter-relationships between canopy architecture and productivity amongst mature upper-
Amazon clones planted at high density.

In the previous example, where canopies were still expanding, total canopy radiation
interception appeared to be the main determinant of productivity. Here parental Upper
Amazon clones (AMAZ 15-15, PA 127, PA 300, MO 81, NA 33, SCA 9 AND PA 76) planted at
three times conventional density (3333 trees ha-1), also at BAL Plantations Sdn Bhd in Sabah,
were studied. Forty-eight months after transplanting, all the clones had formed a continuous
canopy with leaf area indices [estimated using a stratified method similar to that described by
Alvim (1977)] of between 2.3 and 3.4, intercepting between 72% and 95% of incoming solar
radiation (Table 2). Estimated annual bean yields for the period from June to April 1990
ranged from less than 1t ha™1 for PA 127, even though it intercepted over 93% of the incident
solar radiation, to 6.2 t ha™l for the less vigorous "semi-dwarf’ NA 33, even though it
intercepted only 80% of incident radiation. Here yield was not associated with total solar
radiation interception or leaf area index; however, radiation attenuation through the canopy
appeared to be an important character in determining productivity. The lower extinction
coefficients (k values) for NA 33 (0.70) and PA 300 (0.61) appear to be attributable to the
clustering of leaves around the axillary side branches, possibly induced by a loss of apical
dominance. Such a "clumped” branching habit would allow greater penetration of radiation
through the canopy and allow the fllumination of a greater volume of the canopy with minimal
mutual shading. In contrast, the canopy architecture of the relatively more vigorous PA127,
MO 81 and PA 76 (k values 0.86, 0.95 and 0.89 respectively) were characterized by strong
apical dominance. These strong fan branches had the tendency to grow upright causing
"congestion" of leaves at the top of the canopy and therefore a greater degree of mutual
shading.
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Figure 5 Genotypic variation in light-saturated net photosynthetic rates measured among the
immature Inter-Upper Amazon hybrids planted in June 1986 in Sabah, Malaysia.
Photosynthesis was measured at 1000 umol photon m-2 s-1 and leaf-to-air vapour pressure
deficit was maintained at below 1.0 kPa(RH 75% and temperature 33°C). The numbers relating

to individual progenies are given in Table 1; 13 and 14 represent hybrid controls PA 7 x NA 32
and UIT 1 x NA 33 respectively.
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Figure 6 Cumulative yield for the periods from Dec 87 to Apr 90 (29 months) recorded among
the immature Inter-Upper Amazon hybrids planted in July 86 in Sabah, Malaysia. LSD bar
denotes significant difference between hybrids at 5% probability. The numbers relating to
individual progenies are given in Table 1; 13 and 14 represent hybrid controls PA 7 x NA 32
and UIT 1 x NA 33 respectively.

6500 - - -
- ! z
T 6000 Z
[ I
© %
C
LED 5%
o 5500 )
=< 7
D 5000 - )
O - N7 7
>,
4500 | 7 7Vl
)
217N
2 soool A0
o aY Ay
5 / 2
% 3500 | Z 7 7 Z
3 /
7 2%
3000 ° 4
12 3456 7 8 91011121314

Progeny

131



Figure 7 Linear relationships between intercepted PAR (taken as 50% total radiation} and
estimated dry bean yield measured for the periods between a) Dec-Apr 90 and b) Jun-Apr 90
among the immature Inter-Upper Amazon hybrids planted in July 86 in Sabah, Malaysia.
Fitted lines for a) y=2143x + 42, r2=0.43 and b) y= 3087x + 269, r2=0.52. LSD bars denote
significant difference between hybrids at 5% probability. The numbers relating to individual
progenies are given in Table 1; 13 and 14 represent hybrid controls PA 7 x NA 32 and UIT 1 x
NA 33 respectively.
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Table 2 Comparison of estimated annual bean yield (Jun-Apr 90) with canopy architecture
expressed as fractional light interception (i), leaf area index (L. m?2 m-2) and light extinction
coefficient (k) among the Upper Amazon clones planted at high density (3333 trees ha'l) in
August 1986. 12 (coefficient of determination) refers to the linear regression of In(1-l) with L.

Clones i L k r2 Yield (kg ha™1)
AMAZ 15-15 0.72 - - - 3000
SCA 9 0.79 - - - 2100
NA 33 0.80 2.3 0.70 0.87 6200
MO 81 0.93 2.8 0.95 0.86 9000
PA 127 0.94 3.3 0.86 0.89 800
PA 300 0.85 3.1 0.61 0.96 2500
PA 76 0.95 3.4 0.89 0.91 1200

The effect of variation in radiation extinction through the canopy can be clearly seen in Fig. 8
which shows the light saturated photosynthesis sampled at the top, middle and bottom of the
canopies of each of the clones. NA 33 with a lower radiation extinction coefficient exhibited a
smaller drop (25%) in Py, between sun and shade leaves combined with the much steeper drop
in P, with increasing canopy depth observed for the relatively more vigorous PA 127. More
detailed data showing photosynthetic light response curves of even aged leaves of four clones
(AMAZ 15-15, SCA 9, PA 127 and PA 300) at three canopy levels can be seen in Fig. 9.
Generally, the upper sun leaves, which had a significantly higher nitrogen content per unit leaf
area and specific leaf weight, had higher light-saturated rates of photosynthesis and higher
light compensation points than lower shade leaves.

Discussion

A physiological analysis of yield determinants in cocoa established that variation in photosyn-
thetic activity amongst the germplasm appeared to be responsible for the variation in vigour of
juvenile cocoa. However, although variation in photosynthetic activity was evident in bearing
cocoa, this was not correlated to yield. In young, bearing cocoa in which canopies were still
expanding, yleld appeared to be related to differences in radiation interception amongst cocoa
genotypes. Where canopies had closed, fractional radiation interception showed no positive re-
lationship with yield (in fact, in many cases, yields appeared to show a negative correlation with
fractional radiation interception). In this case, radiation extinction coefficients were most
highly correlated with yield variation, indicating that for mature clones, the pattern of radiation
attenuation through the canopy was the most important determinant of productivity.

The lack of a positive relationship between instantaneous net photosynthetic rate and
precocity and yield of bearing cocoa demonstrates that the size and duration of the effective
photosynthesising surface is of greater importance in determining yield than the rate of
photosynthesis per se.
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Figure 8 Clonal variations in maximum photosynthetic rate of evenly-aged leaves samples
from three canopy positions (Top. Middle and Bottom) of mature clonal cocoa planted at high
density (3333 trees ha"1) in Sabah, Malaysia. Significant differences between clonal means for
each canopy height are denoted by LSD histograms at 5% probability. Each histogram
represents a mean of nine irees.
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Figure 9 Clonal variations in the predicted response of P, of evenly-aged leaves to PFD
measured at three canopy levels (Top, Middle and Bottom) for a) AMAZ 15-15,b) PA 127, ¢) PA

300 and d) SCA 9 planted at high density (3333 trees ha"1) in Sabah, Malaysia. The lines were
fitted with parameter constants derived from non-rectangular hyperbola. Each symbol
represents a mean of nine trees.
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Precocity and yield efficiency (yield/intercepted radiation} are independent of inherent tree
vigour, measured as trunk diameter; some of the less vigorous genotypes examined had
similar, or higher efliciencies than more vigorous genotypes in conversion of intercepted solar
radiation into dry bean yield. Trunk girth does not provide an adequate measure of yield
efficiency because genotypes show differences in the partitioning of dry matter between canopy
and trunk.

Although not presented here, the physiological studies were combined with a rigorous
analysis of heritability, which showed that radiation interception and yield efficiency are highly
heritable. Effects are largely additive with little evidence of specific cornbining ability. This
suggests that each clone intended for hybridization needs to be evaluated in terms of canopy
structure, as vigorous clones tend to give rise to hybrids with greater vigour and vice versa.

. Traditionally cocoa trees have been widely spaced and so crop stands take a considerable
time to reach full canopy closure. Our analysis indicates that since radiation interception is
the main factor limiting crop yields until full canopy development, vigorous clones which
expand rapidly are favoured and this indicates why, in the past, vigour and precocity have been
major selection criteria.

Inherently vigorous clones are less suitable for high density planting, because excessive
canopy development leads to lower canopy productivity and will take place at the expense of
cropping. Chemical regulation of vegetative growth (e.g., use of paclobutrazol, Ho et al, 1991)
in some vigorous clones has been successfully applied with indications of positive effects on
yield. However, it is clear that there are genotypes which have characteristics suited to
intensive, high density planting systems without the need for chemical regulation. Dwarf
stature with an open canopy allowing good radiation penetration combined with an early,
precocious habit, appears to be the appropriate theoretically suitable plant form for such
cropping systems.
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