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Abstract

Models relating crop production to resource capture and resource use efficiency (RESCAP) may be combined with the
phenotype model applied in breeding that identifies sources of variation for traits. Estimating the parameters of the RESCAP
models with low-cost non-destructive methods can improve the attribution of sources of variation in the phenotype model and,
therefore, improve breeding efficiency. Since the resource captured is largely environmental(E), determining the contributions
to yield from this source can leave a better estimate of the genetic(G} afccontributions to the phenotype. Some of the
potential or existing applications include:

(a) breeding for productivity through improved resource capture and/or use efficiency, and screening materials for difficult
traits such as root traits in drought resistance/tolerance breeding programs;

(b) evaluation of crop improvement strategies. Decisions about selection priorities and sequences depend on the relative
extent of genetic and environmental contributions to variation. The RESCAP approach allows the relative components of the
phenotype model to be estimated cheaply and aids in their interpretation;

(c) improving statistical analysis of breeding trials by exploiting the non-destructive growth analysis of plot yields to isolate
the genetic contributions to yield within trials with large error terms due to non-systematic environmental effects and

(d) improved selection for yield in early generation segregating populations. RESCAP based on non-destructive single
plant and small plot (row) growth analysis and the different contributions of RESCAP model parameters to the phenotype
model terms effectively increase the heritability of yield with the attendant possible changes in plant breeding efficiency and
practice. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction links between the respective crop improvement en-
deavors. Many of the references used to justify the
Resource capture (RESCAP) models have beenarguments are drawn from the peanut literature, but
successful in describing in simple terms the produc- comparable references do exist for other crops.
tivity of crops and plants in varied environments. The  Physiology is an integral aspect of all crop science
goal of this paper is to show how they relate to crop disciplines since (by definition) it is the study of pro-
breeding, and how they can be applied to improve the cesses. Breeding for yield improvement always has
processes of crop breeding and crop improvement. manipulated the processes by which yield has been
RESCAP and the various models applied in breeding achieved, but most commonly the selection has been
are only dealt with in sufficient detail to explain the guided by empiric results for two important practical
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reasons. Firstly, quantifying processes has usually increasing the water resource of these areas through
been too time consuming and costly for this to be irrigation (increasing the extent of resource capture
applicable to the numbers involved in segregating — P) and increased productivity of existing areas
populations and breeding programs. Secondly, very (resource use efficiency term €}. However, as with
often single processes do not dominate the deter- most resources there are finite limits to resources and
mination of yield, so selection for a single process over much of the world the costs (both environmental
is inappropriate. However, many of the avenues of and economic) of expanding production areas sug-
crop improvement that were easily exploited by the gests that we are approaching the limits to increasing
empirical approach have now been traveled and the productivity through increased resource exploitation.
rate of progress has slowed. If productivity is to be Greater production must increasingly be achieved
increased into the future then increasingly more com- by improved resource use efficiency, and crop ma-
plicated and subtle differences have to be detected nipulation through genetic selection (breeding) and
and exploited for crop production in their specific environmental manipulation (agronomy) have been
environments. RESCAP models provide a practical (and remain) important tools in the achievement of
solution to some of these problems and although there the needed increase. RESCAP approaches are rele-
are few case histories to draw on, this paper aims at vant to both genetic and environmental manipulation
demonstrating the approach and the numerous poten-of crop production, and to the decision about which
tial applications of the approach to crop improvement one is likely to be the most appropriate to manip-
and breeding for higher yields. ulate. Effective crop improvement programs should
The basis of the resource capture approach is thatalways address the range of constraints to produc-
productivity of any process is the product of the tivity through the most effective approaches. As will
amount of resources captured and the efficiency with be discussed at greater length later, knowledge of
which these are used in producing the desired productwhere the gains are most likely is also important in

(Eq. (1) maximizing the efficiency of improvement efforts.

Y = Pe (1) The process of crop breeding is determined by the
genetics of the crop and the environment, and the ma-

whereY is the productP the resource used, ards jority of practices used are driven by the cost of exam-

the resource use efficiency term. ining plants for different attributes needed in the final

The approach is usually valid for both systems and product. Costs of evaluating traits usually decides the
subsystems of our environment. The really important order in which they are evaluated. Attributes that are
benefits of the resource capture model applied to crop highly heritable and easily quantified are used to nar-
improvement stem from the fact that the model ex- row the field before further (more expensive) tests are
presses productivity as the outcome of three integra- used, often despite the fact that these attributes may
tive parameters relating to the acquisition of resources, be of lesser importance to the success of a variety.
their conversion to biomass and the distribution of this Yield and quality are often evaluated last, despite the
biomass into the economically important part of the fact that they are usually the most important, because
crop. The amount of resource captured is determined of the high cost of quantifying these attributes and
by the availability of that resource and the manage- the relatively large amounts of seed needed for these
ment that the crop experiences, both being predomi- tests. Many breeding practices are aimed at identifying
nantly environmental determinants of crop production. crop/plant responses/attributes against a background

Malthus’ prediction that population would expand of variable expression of genes. Breeders are always
until resources became the limiting factor has so far searching for the most uniform soils (environments),
been postponed despite the dramatic growth of the marker genes or correlations between attributes that
world’s population. This achievement has occurred can ease the screening process.
because of the exploitation of new resources or be- Because of the large number of possible combina-
cause of increased resource use efficiency. From thetions in a segregating hybrid population, process-based
practical viewpoint, increased food production has aspects of performance usually are only considered as
been achieved by opening up new areas of production, contributions to breeding as traits of parents. These
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attributes are introduced into breeding programs at There have been a number of different ways in which
this stage, but are seldom subsequently selected forthe model has been applied. Provided that resource
directly because of the cost and numbers involved. capture can be predicted or described, primary pro-
However, with the RESCAP approach there is scope ductivity can be simulated (Goudriaan and Monteith,
for process level evaluation of segregating populations 1990), and if the harvest index is known, economic
for attributes such as yield, rooting differences and yield can be predicted (e.g. Azam Ali et al., 1993;
water use efficiency to be selected for in segregating Campbell and Stockle, 1993). A further application
populations, with the attendant changes in the overall is non-destructive growth analysis based on cumula-
practice of breeding. tive light interception throughout the crops life and
light use efficiency € estimated from measured final
biomass (Williams et al., 1996).
2. The generic resource capture model Since radiation is one of the major driving forces
for water use, it follows that there is usually a sim-
The generic resource capture model which can be ilar relationship for the light and water models, and
adapted to describe the relation between production depending on convenience one could choose to use
and resource use for any particular resource is ex- either with equal reliability in many circumstances.
pressed in Eq. (1). In the crop context, this model is However, the influence of water supply on stomatal
most commonly applied to light and water, but is also resistance means that when water is the limiting fac-
valid for nutrients. An alternate version of this model tor theeterm of the radiation model is not maintained
(Eq. (2)) expresses the crop growth raf® és a func- (Azam-Ali et al., 1989; Campbell and Stockle, 1993).
tion of the rate of resource captus®(st), the resource  However, in some crops, short term changes in leaf

use efficiency term. orientation (e.g. Matthews et al., 1988) and the long
SP term adjustments to leaf area (Monteith, 1977) op-
C= 56 (2) erate to keep these changes relatively small. Despite

the mechanisms which operate to keep energy inter-
This version is more dynamic and make the ception () in phase with water supply, it is necessary
RESCAP models sensitive to temporal variations in to vary the radiation use efficiency term or to select
resource availability. the RESCAP model based on the most limiting aspect
Where a component of the crop is harvested as the of the environment (Campbell and Stockle, 1993) for
economic product this is catered for by adding the har- syccessful crop growth simulation purposes.
vest index termlf) to Eq. (1) and a partitioning fac- Since the resources involved in crop production and
tor (p) applicable for the duration of the reproductive their capture are subject to manipulation by the farmer,
phase DR) to Eq. (2). This links the RESCAP model it is necessary to briefly mention the relevance of
with the model (Eq. (3)) used by Duncan et al. (1978) RESCAP to agronomy. Much of agronomy is the ma-
to analyze the physiological basis of crop improve- nijpulation of resource capture to maximize productiv-
ment for peanutsArachis hypogaed.). ity of the economic fraction of the crop. For example,
Y = CD the optimum sowing dates and plant spacing of most
= CDgrp 3 - T
crops provide for optimizations of resource capture
Following the application of the RESCAP con- (either light or water) within the limits of the season
cepts to analysis of crop production (Monteith, 1977) and crop phenology; fertilizer recommendations opti-
there has been considerable effort in validating them mize leaf area and increase light capture.
for various crops and production circumstances. The
original concepts (linear relationships with conser- 2.1. Quantifying the RESCAP model's parameters
vative resource use efficiency) have been validated
for many crops in regard to water (Matthews et al.,,  Traditionally RESCAP models have been validated
1988) and light (Azam-Ali et al., 1989) as summa- by regular observation of the amount of resource
rized by Monteith (1990). The major thrust is now on captured over intervals of time and associated growth
the application of this model to practical problems. measurement of biomass, leaf area and growth



52 J.H. Williams/Agricultural and Forest Meteorology 104 (2000) 49-58

distribution by destructive sampling. These growth selection for various traits is dictated by the relative
measurements are too labor intensive for application contributions of the three components of the model to
to plant breeding. Howevebg is usually available  the expression of the traits. Whéhis the predom-
in datasets since flowering and maturity dates are inant source of variation selection is usually reliable
commonly observed; and valid mean valuesCadind and practiced in the early stages of the breeding pro-
p can be estimated from the data usually commonly cess, when variation i& is the dominant source the
collected in breeding programs (flowering time, ma- reverse applies. The heritability of traits is related to
turity time, total biomass, and reproductive yield) the relative sizes of th& andE variation. The testing
(Williams, 1992). More precise measurement ©f of lines in multi-location trials is mandated by vari-
through time is possible from the measurement of ation inE andGxE. The wide or narrow adaptation
fractional light interception at intervals during crop of genotypes is reflected by the relative sizes of the
growth by direct measurement, or the use of image parameters of the model.
analysis techniques and reflectance methods (Gallo An important aspect of the phenotype model is that
et al., 1993). These observations coupled with the it is equally applicable to all levels of the considera-
final biomass allows mean radiation use efficiency tion (individual plants within crops, to plots within ex-
to be measured (Williams et al., 1996). Water use periments, and to experiments across sites and years),
efficiency can now be measured using carbon isotope but the source of environmental variation changes in
(AC) methods (Hubick et al., 1986; Condon et al., each situation. Breeding programs tend to focus on
1990), and more recent research (Nageswara Rao andenvironments as the gross differences between loca-
Wright, 1994) shows that specific leaf area (SLA) is tions and years at these locations. However, the other
well correlated with water use efficienay)in peanut. levels of the environment are equally important to
the practices of breeding. Within an experiment the
role of experimental designs is to define systematic
3. The phenotype model E effects, while the error term of statistical analysis
contains those contributions to variation from other
Breeders across the world have implicitly and ex- environmental sources. The plant breeders’ need for
plicitly exploited a model (Eq. (3)) which separates uniformity within experiments, and the ability to de-

variation in observed plant/crop attributes) (into termine differences is determined by the magnitude
those associated with genotypg®)( environment E) of unquantified environmental variation. The environ-
and the genotype by environment interacti@xE). ment of single plants within plots or rows includes

the competitive effects of neighboring plants, which
if genetically different (as in segregating populations)
Within the GXE we are able to consider two com- may generaté&sxE effects which confuse selection.
ponents, according to their origin, which are relevant For example, a plant with genetics for low partition-
to the application of plant breeding. RESCAP based ing to fruit and vigorous vegetative growth may have
GxE (GxER) describes differential performance of higher yield than a plant with the opposite attributes
genotypes due to differences (such as canopy at-when in a mixed stand, but in pure stand the relative
tributes) that can be easily manipulated by agronomy performance would change. The practice of selecting
(plant spacing etc). In breeding programs, BisEr among spaced plants reflects the need to minimize
is a potential source of error since it confounds per- competitive effects. Breeders at present avoid dealing
formance in segregating populations and provides with these effects rather than quantifying and exploit-
bias towards types having attributes which cease to ing them, but the RESCAP models could change that.
be important when in a pure stand of that genotype = The RESCAP models are relevant at all levels of
after agronomic optimization. the breeding environment since RESCAP principles
The phenotype model (Eq. (4)) is fundamental to are relevant to the performance of individual plants
crop breeding. Most of the breeding strategies, tactics in segregating populations, to single rows of plants,
and practices can be explained in terms of the phe- to plots being compared within advanced generation
notype model. For instance, the timing and order of trials, and to genotype performance in multi-location

A=G+E+GxE (4)
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trials. Since RESCAP models deal with the environ- must be inferred from other studies. This will be done
ment they are potential tools to assist in the separation by reviewing the available evidence flay G andGxE
of environmental effects from genetic effects. effects on variations if® or (8P/st), €, andh or p.

3.1. Quantifying the phenotype mode/parameters 4.1. Resource capture

The phenotype model is implicit in a very wide ar- The possibility of very large environment or man-
ray of agricultural experimentation. Statistical meth- agement determined variations in tieor (5P/st)
ods dominate the separation of variation into the com- across sites cannot be disputed. Variation® imay
ponents of the model, and two main applications which be plant/crop or environmentally determined by either
guantify the contributions of the terms of the pheno- the resource capture apparatus, or the flux/reservoir
type model to yield can be identified. The first and of resource. However, the nature of resource based
obvious application is the statistical analysis of vari- variation changes with the scale of environment. The
ety trials conducted in multiple environments. In the amount of rainfall, radiation, cloud, disease pressure
wide sense of the phenotype model, any trial which and humidity are usually comparable within a site and
examines the response of varieties to a range of agro-differ mostly between sites. Within an experiment or
nomic treatments is deriving the terms of the model. field, factors such as soil water storage potential, and
Another example is provided by the common exper- nutrients can be responsible for major differences in
imental designs and analysis of variance of variety canopy or root development, and, therefore, determine
trials with replications. In this case, the block struc- resource capture. Within a plot of foundation seed of
tures of the various designs are attempts to quantify peanut (which has a very low out crossing rate and for
systematic environmental contributions to the overall which theG component may be considered small) the
variation; and the error term of these analyzes is the evidence of large individual plant shoot weight varia-
unquantifiedE and Gx E effects. tion (Williams, 1975), suggests thBtvaries substan-
The second application of the phenotype model tially at the individual plant level due to competition
is the estimation of heritability by various methods. for light. This variation is likely to be a major con-
When heritability is high the genetic contribution to tributor to the generally low heritability of yield since
overall variation is large, when heritability is low, plant yield varied substantially despite very limited
overall the variation is implicitly attributed largely to  genetic variation.
environment. Because of the difficulties in quantify- Also important to the application of RESCAP mod-
ing the environment of a single plant, no attempts are els to breeding is the possible extent®for GxE
made to separate out the phenotype model terms oper-contributions to variation ifP. These have to depend
ating at this level. Breeders will often examine spaced on genotypic variation in the resource capture apparati
plants, but this is usually for highly heritable attributes (root systems, or canopies). Such variation clearly ex-
(not yield) because of the differences between the testists, for example, the leaf area that individual plants of
environment and the normal production environment. genotypes generate may vary substantially, but these
differences can be compensated for by adjustments of
population and/or plant arrangement, and are, there-
4. Inter-model links — the RESCAP models in fore, (by definition)Gx E interactions that can be ma-
terms of the phenotype model nipulated by agronomic practice. It follows that much
of the variation in primary productivity between plants
The parameters of the RESCAP model can be an- may be attributed to thie term of the phenotype model
alyzed in terms of the parameters of the phenotype or to GxEg that is subject to manipulation by agro-
model, at any scale of environment. Thus the contri- nomic practice. This conclusion is consistent with that
butions of G, E and GxE to P or (§P/§t), €, and b of Monteith (1977). Whether that agronomic manip-
or p-distribution of primary productivity into the eco- ulation of P or (§P/st) is desirable or feasible is not
nomic component) can be determined. However, there important to the application of the model to separating
is little direct study of these relationships, and much out the terms of the phenotype model.
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4.2. Resource use efficiency tissue would continue to photosynthesize at a rate dif-
ferent to that of diseased tissue while both would be
The evidence for variation ia attributable toE is intercepting light regardless of the disease situation.
substantial, but generally the extent of the variation is However, data quantifying the extent G E for ¢
relatively small (Monteith, 1977). from nutrients and diseases are yet to be published.

The extent of variation ir from genetic sources is
also relatively small, but potentially significant. Nu- 4.3. Growth distribution
merous studies have examined the germplasm for vari- . . ) .
ations in photosynthetic response to light, or light use Variations inp or h associated with environment are
efficiency in many crops (reviewed by Tanner and large and well dogumented. In many cases the pres-
Sinclair, 1983). In peanut, although there is substan- €NCe Of reproductive structures is determined by the
tial genotypic variation in photosynthetic rate for sin- Success of pollination, and this is subject to temper-
gle leaves (Pallas and Samish, 1974: Bhagsari angature, water apd nutrient status, the presence or ab-
Brown, 1976) these differences are not easily detected S€Nces of pollinators and many other environmental

in the field where differences in canopy structure and factors. Many environmental effects prare also at-
leaf orientation apparently operate to minimize dif- tributable to variations in the resource during the time

ferences (Williams and Boote, 1995). Further, Sin- thatthe economic component of the crop is being gen-
clair (1993) argues that the majority of the variation erated. This occurs because itis usual that current pho-

reported is associated with physiologically ‘crippled’ tosynthesis is the domin'ant source of dry matter for
lines and reflect lower than normal photosynthesis S€€d (the usual economic plant structure).

rather than rates above the average of genotypes that HOwever, the variation irp attributable toG may
are relevant to breeding. Once energy interception is also be substantial. Duncan et al., 1978 found that the

complete, variations i€ between genotypes is usu- Consequence of sustained selection for higher yield

ally very small (Duncan et al., 1978; ICRISAT, 1983) Within the Florida peanut breeding program had to
for well managed crops. The major differencesain m_cr_easeop, Wlth_out significant |mprovements |@._
between species exploitingsCind G pathways is Similarly there is als_o good evidence from maize,
well documented (summarized by Tanner and Sinclair, SCrghum, wheatand rice and many other crops to show
1983). The variation within a species is much less pro- that genotypic differences ip or h are important to
nounced, but none-the-less potentially important for the determination of grain yield within a given en-
crop improvement. The evidence for variationswn  Vironment at plot or site levels. The scope 8% E
within a species has attracted considerable attentionNtéractions to occur for either partitioning or harvest
over the past decade following the demonstration by INdex is also significant (Williams and Saxena, 1991),
Farquhar and Richards (1984) that differences existed Ysu@lly being dependent on phenology providing for
between genotypes of many, €pecies and that these differential escape frpm resource I|m|tat|9n.

could be measured with relative ease using carbon iso- [N summary, the evidence from many trials and stud-
tope discrimination (Farquhar et al., 1986). Approxi- €S indicates that the major part of variations in crop
mately two-fold variations inv have been reported for ~ 9rowth rate can be associated with variation in re-
peanuts (Wright et al., 1994), wheat (Condon et al., SOUrce capture, that partitioning is largely determined
1990), and beans (Ehleringer, 1990). by G andGxE.

Genotypexenvironment interactions for light use
efficiency €) are also real possibilities. Potentially,
genotypes with greater rooting which provides for
more open stomata during a drought would have a
highere than those that lacked this attribute. Genetic 5.1. Breeding for productivity through increased
differences in tolerance to nutritional disorders such resource capture or resource use efficiency
as iron deficiency, would also create variationsein
Similarly, genetic differences in foliar disease resis-  Although the majority of variation ifP have been
tance would generate differences @nsince healthy attributed earlier t&e and manageabl€&xE there is

5. Actual or possible applications to crop
improvement
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still a significant effort focused on the exploitation of eties are usually released some 8-12 years after the
RESCAP in breeding programs focused on drought hybridization has been made. Given this time horizon
resistance or tolerance. This effort has been encour-the cost of a wrong decision can be substantial, both
aged by the finding of significant genetic variation in in resources and lost opportunity. Study of the present
w in a range of crops as detailed earlier. However, an level of resource capture, resource-use efficiency and
obvious advantage of RESCAP to the improvement partitioning will determine whether the solution is best
of crop productivity in drought situations is that it re- achieved by breeding, or other management options.
duces to a manageable number of integrative attributeslf the available resources are not being fully exploited,
the many drought resistance traits and mechanisms.then management is probably the best route to yield
RESCAP deals with attributes such as osmotic adjust- improvement. An example of this is provided by the
ment (Ludlow, 1987), root depth (Ketring, 1984), root rate of nitrogen fixation in peanuts.
penetration rate (Kalfaoui and Havard, 1993) or distri-  There is good evidence (Nambiar et al., 1982) that
bution (Nageswara Rao et al., 1993) in a single mea- genotypes may have substantially different nitrogen
surement. Many of these attributes are too difficult, reduction capabilities (as measured by acetylene re-
or costly, to measure at any stage of a breeding pro- duction). On the strength of this variation, ICRISAT
gram other than to influence parental selection. But initiated a N-fixation crossing and selection program
when considered as contributing to the parameters of to try and improve N-fixation (ICRISAT, 1981). How-
the RESCAP model, we have the potential to iden- ever, a subsequent RESCAP analysis (Williams et al.,
tify the best existing combination of such individual 1990) of this variation found that the majority of the
traits from within the segregating population because variation was associated with light interception, and
the parameters of the model can be quantified with was, therefore, management sensit&eE so breed-
relative ease. Although the transpiratior) ¢erm of ing was not the best crop improvement strategy. Vari-
the model is difficult to determine by direct measure- ation between germplasm lines in N-fixation per unit
ment, it is possible to obtain comparative estimates of light intercepted was very small.
T by the measurement of biomass at maturity and
using A carbon — (Farquhar and Richards, 1984); or 5.3. Improving statistical analyzes of breeding trials
for peanuts, specific leaf area (SLA) — (Nageswara
Rao and Wright, 1994). The opportunity to improve statistical analysis of
Direct selection forw in breeding programs has breeding trials exists where variation within the trial
been advocated and is being attempted in a number ofsite is large, and is not isolated by the experimental
programs (Johnson et al., 1990; Ismael and Hall, 1992; design. Doing this depends on the assumption of a
Nageswara Rao and Wright, 1994). However, the out- dominant contribution oP to the E term of the phe-
come is at present not clear. Simulation of responses notype model, and a relatively sm&H variation for
to varied SLA and water-supply levels (Williams and €. If one accepts these assumptions about the rela-
Boote, 1995) has shown that the observed negativetive values of parameters, it follows that majority of
correlations betweew and p (Wright et al., 1988) variations inC are attributable to local environmen-
and between SLA and (Nageswara Rao and Wright, tal effects. Then the estimation & from the total
1994) optimize pod yield of peanuts at lewfor most biomass and the growth duration generates a covari-

realistic production conditions. able which contains a large proportion Bf which
is otherwise accumulated into the error term in the
5.2. Improvement opportunity analyzes analysis of variance. A screening trial at ICRISAT's

Sahelian Center in Niger is used to demonstrate this
Agricultural research is expensive and much of the opportunity. This site typically has coefficients of
justification for modeling lies in the potential of this variation between 25 and 35% (ICRISAT, 1987). In
approach to determine the likely outcome of a man- this example, 256 germplasm lines were being eval-
agement or breeding change. This is particularly im- uated for performance in the summer season when
portant for breeding programs where the time from temperatures are high. A balanced lattice design was
start to end of a process is measured in years; vari- used, but there were no significant genotype effects
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in the conventional ANOVA table for yield. However, population growing in normal crop conditions. Using
estimation ofC and the inclusion o€ as a covariate ~ C as a covariate would adjust for the majority of dif-
in the analysis resulted in the germplasm variation ferences inP created by the competitive differences
being significantP>0.01). Retesting of lines selected of between genotypes and for other local effects (such
from different sections of the rank distribution af- as small variations in plant spacing and sowing depth)
ter the covariate analysis showed a good correlation that may provide individual plants an advantage. The
between performance across years (Ntare andother approach would be to use spaced plants and ei-
Williams, unpublished). ther use the method described above, or to quantify

A further application of this approach exists in the resource capture of these individual plants using serial
analysis of multi-location and multi-year cultivar trial ~ estimations of light interception)(by image analysis,
series. The estimation of the terms of Eq. (3) and their or reflectance, techniques. This latter approach would
evaluation using the stability analysis methods (Finley provide an estimation of which is probably the ma-
and Wilkinson, 1963) allows the interpretation of the jor source of genetic contributions to variation @
basis for stability, and provides scope to identify how and potentially allow genetic selection for increased
differential cultivar management may be exploited to primary productivity.
widen the geographic adaptation of varieties (Ntare  The justification of, or support for, these assump-
etal., 1993; Adomou et al., 1997). An alternate method tions is important. Measurement of the heritabil-
of detecting these opportunities is the inclusionCof ity of the determinants of yield in Eq. (3) have
as a covariate in multi-site/year analyzes. The extent not been widely researched. However, data from
that C (as a covariate) reduces tix<E interaction peanuts in progeny rows (Ntare and Willams, 1997)
in such an analysis should be an indication of the show that the broad-sense heritability ppfs higher
scope to adjust management at sites to maximize the(h?=0.17-0.79 ) than that of pod yielti{=0.0—0.45)
performance of varieties. However, analyzes of the or C (h°=0.09-0.35).
latter type have not been published to allow the method
to be evaluated.

6. Conclusion
5.4. Selection for yield in segregating populations
The application of RESCAP models in breeding has

The opportunity to apply the RESCAP model to to be guided by common sense. The evidence of model
selection for yield also depends on the assumptions validations, the limited experience where RESCAP
described in the application of RESCAP to experi- has been utilized in breeding programs, and the known
mental analysis. The potential impact of this approach extent of genotype variations in the parameters of these
to breeding practice is substantial since in principal models suggest that there is good scope for these mod-
making these assumptions allows one to separate theels to improve breeding programs. The potential im-
E and management sensitive component of GheE portance of RESCAP to heritability and to breeding
from the phenotypic variation, effectively increasing practice in selection for yield is large, but have not yet
the heritability of yield. Alternatively, this suggests been widely applied in breeding programs. The mod-
that direct selection fobg andp will be more effec- els may improve selection for yield, statistical preci-
tive than selection for yield. With higher heritability — sion of genotype experiments, and provide better un-
of yield many breeding programs could consider se- derstanding of the determination of yield within plots,
lecting for this attribute in larger populations, or at between plots and between sites.
earlier stages of the breeding process. In theory this
change should result in more efficient breeding pro-
grams. Two potential methods of exploiting RESCAP 7. Nomenclature
to do this seem possible. Firstly, one could use the
non-destructive method (Williams and Saxena, 1991) C crop growth rate
to estimate the expandell éndGx Er; G andGx Eg) Dr duration of reproductive growth
terms of Eq. (3) for individual plants in a segregating E environmental variation
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