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ABSTRACT assess the value of genetic traits on crop performance
under differing environments and management (Dun-Crop growth models are tools with valuable uses in research synthe-
can et al., 1978; Landivar et al., 1983; Boote and Jones,sis and crop management. This paper discusses genetic coefficients
1986; Salado-Navarro et al., 1986a, 1986b; Elwell et al.,in the CROPGRO–Soybean model in terms of definitions, implica-

tions for genetic improvement, relationships to field performance, 1987; Boote and Tollenaar, 1994; Hammer et al., 1996;
and linkage to genomics. As used in crop models, genetic coefficients Boote et al., 2001). Relative to crop models, genetic
are mathematical constructs designed to mimic the phenotypic pheno- coefficients are mathematical constructs that are de-
typic outcome of genes under different environments to influence: signed to mimic the phenotypic outcome of genes under
(i) life cycle including fractional allocation to different phases, (ii) different environments. The goal of this paper is to
photosynthetic, (iii) vegetative, (iv) rooting, and (v) reproductive pro- discuss genetic coefficients in crop models, to hypothe-cesses. Model sensitivity analyses was used to hypothesize genetic

size effects of varying genetic traits on field perfor-coefficients of soybean [Glycine max (L.) Merr.] and impact on field
mance, and to discuss linkage/derivation of modeledperformance. Yield improvement from increased leaf photosynthesis
genetic coefficients from agronomic field trials, physio-was shown to be small if coupled to specific leaf weight. Yield improve-
logical measurements, and knowledge of gene structure.ment with longer seed filling duration was enhanced by traits such as

slower N mobilization to sustain leaf photosynthesis or by genetic traits We propose cooperation among geneticists, physiolo-
and management factors allowing adequate leaf area index before seed gists, and modelers to derive these genetic coefficients
fill. Yield improvement under water-deficit appeared feasible from from information coming from the rapidly developing
rate of root-depth increase, shift in root profile, and a slow senesce field of genomics.
trait. Modeled genetic coefficients showed mostly additive effects on The framework for this paper is built around three
yield when evaluated in combinations; and combinations of minor perspectives of modeling genetic coefficients: (i) cropchanges gave yield increases of 13 to 17%, comparable to recent

modeling, to identify the theoretical basis for specificgenetic improvement. More than additive effects occurred under good
beneficial traits, considering conservation of mass andcrop management or under projected rise in global CO2. Information
energy; (ii) crop physiology/agronomy, to test and evalu-from genomics, physiology, and yield performance trials can be used

to derive genetic coefficients for crop models. Interaction of molecular ate traits; and (iii) genetics/molecular biology, to iden-
geneticists, physiologists, and crop modelers is needed to facilitate tify genes. We suggest the need for spirited interactions
the translation of genetic knowledge to modes of action, and finally between these three types of activities to make good
to integrated field performance under multiple stress environments. progress. Shorter et al. (1991) proposed a collaborative

role and a crop modeling approach, for breeders, physi-
ologists, and modelers to select genotypes adapted for

Crop growth models integrate C, N, and water bal- target environments. To adequately model a specific
ances of growth processes over the entire life cycle, gene, the crop modeler must know the physiological

predicting growth and yield in response to management mode of action (expression). This requires information
and environment. They account for climatic and re- or feedback from physiologists or molecular biologists.
source limitations that may influence yield response to A geneticist may find many pieces of DNA (genes), but
genetic traits. Increasingly, these tools are being used needs to know the physiological mode of action (when,
in research synthesis and decision support of crop man- what environments, interactions with other genes, etc.)
agement (e.g., Egli and Bruening, 1992; Hook, 1994; to determine whether the gene is a desirable one to use
Boote et al., 1996, 1997b, 2001; Hammer et al., 1996; in creating a better cultivar for multiple environments.
Jame and Cutforth, 1996; Sexton et al., 1998; Paz et al., Interaction of physiologists, and help from crop model-
1999, 2001; Ruiz-Nogueira et al., 2001). With further ers, is needed to integrate effects of those traits to final
improvement in definition and specificity of modeled performance over multiple environments considering
genetic coefficients, crop models can also be used to limits of resources. The physiologist may be able to take

a limited number of measurements of processes on a
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Lessons from Physiology: Some Processes Are feature, such as higher leaf N concentration at the same
SLW, increased SLW at same leaf N concentration, orCommon for All Crops and May Not Need

Description of Genetic Coefficients shift to increased rubisco per unit of total leaf N. These
features have their own costs, i.e., plants must take upBefore discussing genetic coefficients, we need to con-
more total N to increase leaf N concentration, or thesider which processes are common (unchanged or con-
increased SLW causes smaller leaves or smaller leafserved) for all crops/species and which are not. Research
area per plant, thus resulting in less light interception.on crop physiology and basic growth patterns can pro-
Many times, seemingly desirable features come with avide information about where we need to make genetic
set of physical constraints. Crop modeling, assisted bycoefficients different among cultivars and where traits
physiology, can place resource limits on expected gainare common for all plants or at least within a species.
from a given genetic trait or multiple combinations ofThe modeled crop should mimic those basic processes
them, for a range of environments limited in resourcesthat are common and present in all crops or broad
such as water, light, temperature, and available N.classes of crops. For example, the processes of photosyn-

Cooperation and feedbacks between physiology andthetic electron transport, rubisco enzyme kinetics, and
crop modeling activities can help us learn the lessonmitochondrial respiration are similar across crops (basic
that the modeled (or real) crop must honor the laws ofprocess is conserved). Membrane transport processes
physics and mass balance, i.e., assimilate sent to theare mostly the same, except where changes in fatty acid
roots is not available for growing leaves or producingcomposition cause differences in temperature sensitiv-
seed yield. Likewise, there are pleiotropic costs, i.e., aity. Likewise, electron transport in mitochondria or chloro-
crop can make thick leaves or roots, but at the cost ofplast membranes is basically similar across all species.
less leaf area or less total root length. Thick leaves wouldRubisco enzyme functional traits are nearly similar in
increase leaf photosynthesis, but at the cost of smallerall terrestrial species, causing similar CO2 compensation
leaf area and light interception. The modeled crop mustpoint behavior in all C3 species, but altered in presence
mimic seasonal dynamics of C balance, N accumulation,of the C4 cell type/enzyme complex that concentrates
and C and N mobilization/senescence that are observedCO2 to rubisco (Farquhar et al., 1989). Thus, it may not
in physiologists’ experiments. If the model does not dobe necessary to model genetic coefficients below a level
this, the basic processes or traits may not be modeledwhere processes really are the same. We suggest that
correctly. Testing by comparison of modeled to observeddifferences among species or cultivars in leaf-level pho-
growth patterns of different cultivars is crucial. It maytosynthesis, for example, are expressed in the more gross
not be necessary to invoke highly mechanistic or enzy-features, such as the amount of rubisco enzyme or amount
matic explanations of genetic variation if, for example,of electron transport components per unit leaf area.
the determinacy of leaf area expansion is not modeledThese are associated with, and can be modeled primarily
correctly, or if leaf senescence is predicted incorrectly.as, different leaf thickness (SLW, specific leaf weight)

Crop modeling is still in a juvenile stage, particularlyor N concentration.
relative to adequately assigning genetic coefficients (cul-
tivar traits) within a species. Most crop modelers haveLessons from Crop Modeling: Genetic chosen to limit the number of genetic coefficients forCoefficients Must Honor the Laws of Physics: several reasons: convenience (lack of exposure of mod-Conservation of Mass and Energy els to cultivar comparisons), more pressing issues (it is

The modeled (or real) crop must honor the physics more important to first improve model ability to mimic
of water, C, N, and energy balance at a process level, process responses to environment), by design (keep it
as well as pleiotropic costs related to physical structure simple), and lack of information on how traits or pro-
or composition. All crop species, regardless of genetics, cesses may differ among genotypes. It is prudent to
must honor physical aspects such as satisfying energy keep the modeled genetic coefficients initially relatively
balance and water balance, i.e., trading CO2 entry for simple for the more important features, and to add more
water vapor escape. This puts limits on finding the gene specific traits as evidence shows them necessary. Never-
for drought avoidance or high water-use-efficiency; be- theless, crop modelers generally recognize that present
cause plants cannot fix CO2 without transpiring water. crop models inadequately address cultivar differences.
A gene that would increase stomatal closure to decrease Early efforts to link genetic coefficients of crop models
transpiration would also decrease CO2 gain and produc- to real genes were made by White and Hoogenboom
tivity. Also, species taking this approach must withstand (1996), Hoogenboom et al. (1997), and Yin et al. (1999).
the higher foliage temperature associated with lower
transpiration. Modifications on trading CO2 entry for Lessons from Genetics: What Geneticwater vapor loss are possible, but they must be explain- Coefficients are Neededable, such as the C4 pathway, which has a steeper gradi-

Genetic research and genome mapping may be ableent for CO2 entry (concentrating shuttle that drops the
to provide considerable information about when andintercellular CO2) while not changing the gradient for
where we need to create modeled genetic coefficients. Inwater vapor loss. In C3 species, minor effects are possi-
some cases there is research to document the principle ofble, such as a slightly larger CO2 gradient attributable
one gene-one product; for example, where one geneto increased rubisco enzyme per unit area. Such in-

creases may be caused by an explainable larger-scale leads to one specific change in a structure, an enzyme,
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or a specific event in time. A convenient example of a quantitative evaluation of the value of a given trait in
a target environment only if the physiological basis ofthis is the daylength-sensitive genes, where presence or

absence of one allele of a gene causes a precise shift in the trait action is known and if physiological connections
and required feedbacks are present (Hammer et al.,the flowering or maturity date (Cober et al., 1996). Such

a situation would give valuable information for model- 1996, 1999). One of the problems with model sensitivity
analysis, especially for fairly simple models with fewing the trait. Unfortunately, with more integrative re-

sponses (such as final yield), multiple gene causes are genetic coefficients, is that one must make assumptions
about how the model parameters represent geneticthe norm. Genetic mapping for relationships to yield

may reveal groups of quantitative trait loci (QTLs) for traits. One example of this is the use of a simple radia-
tion-use-efficiency coefficient to represent the possibil-yield, but the individual gene contributions may be low.

This is not surprising because yield is a strong function ity that cultivars may vary slightly in leaf photosynthetic
rate within a species. Is the change in photosynthesisof environment. A group of QTLs positive for yield in

one environment (and experiment), may be neutral or associated with change in SLW, leaf N concentration,
or increased rubisco per unit of leaf protein? Is there anegative in another. A general message from molecular

genetics is that the regulation of gene expression may feedback cost on the rest of the crop? Simple crop mod-
els lack the ability to look at individual causes, let alonebe more important than the actual gene itself.

Genotype � environment interaction is a favorite the assumption that radiation use efficiency is a constant
for the species. In studying cultivar variation within atopic of plant breeders. Considering the limitations of

resources and environment (via crop modeling) and un- species, it is better to use crop models that have a reason-
able degree of mechanistic detail to mimic genetic traits.derstanding the physiological mode of action for differ-

ent environments may help explain why a trait enhances
yield in one environment, but not in another. For exam- A. Genetic Coefficients in the
ple, plant membranes handle water and solute flow in CROPGRO Model
similar manners, but there may be membrane traits that

In this paper, we conduct sensitivity analyses with thelead to different reactions depending on environment.
CROPGRO–soybean model to mimic cultivar differ-A higher percentage of unsaturated fatty acids in mem-
ences. Yield consequences of cultivar variation in photo-branes of one cultivar could cause a somewhat lower
synthesis, life cycle allocation to different phases, vegeta-base temperature for many processes, causing that culti-
tive and partitioning attributes, reproductive attributes,var to be more active in a cool climate (this would lead to
and rooting traits are illustrated. Table 1 lists geneticG � E effect, i.e., causing no difference in performance
coefficients and definitions as used in CROPGRO V3.5under optimum temperature, but better performance in
(Boote et al., 1998a). These listed traits are complexa cool climate). However, membrane composition suited
and influenced by many genes; thus, going to the levelfor cool climates may not be as suitable when the crop
of true genomic analysis would require a more detailedis exposed to a hot climate. In a second example, the
approach than is presently used in CROPGRO. Cultivarvalue of early flowering for yield may depend on envi-
differences in CROPGRO are created by 15 cultivarronment. Early flowering may be a valuable trait for
traits and by a subset of ecotype traits that vary lessyield in seasons where terminal drought limits resources
often. The cultivar traits in Table 1 include two daylengthin late season, or where cold temperature limits seed
sensitivity traits (CSDL, PPSEN), five important lifefill. But early flowering (and associated short life cycle)
cycle “phase” durations (EM-FL, FL-SH, FL-SD, SD-may limit yield potential for environments that have
PM, and FL-LF), light-saturated single leaf photosyn-good water supply or remain warm. A crop simulation
thesis (Pmax, defined at a given specific leaf weight, Nmodel can project this situation for multiple years of
concentration, temperature, and CO2), some vegetativeweather, i.e., determine long-term probabilities of bene-
traits (SLAVR, SIZELF, XFRT), and some reproduc-fit from a given trait.
tive traits (WTPSD, SFDUR, SDPDV, and PODUR).
There are 19 traits in the ecotype file; these were placed

MODEL SENSITIVITY ANALYSES TO there because they vary less, such as thermal time to
HYPOTHESIZE GENETIC emergence and V1 stage. Table 1 includes five traits

COEFFICIENTS AND EFFECTS ON from the ecotype file that are used frequently to charac-
FIELD PERFORMANCE terize cultivars (R1PRO, FL-VS, THRESH, SDPRO,

and SDLIP). In addition, CROPGRO has a species fileBefore addressing the question of how knowledge of
that contains traits characterizing each species, but aregenetics can be translated into the genetic coefficients
constant for cultivars within a species. For some hypo-used in crop simulation models, it is appropriate to have
thetical simulations, we varied some of these speciesa better understanding of how coefficients in crop mod-
traits as potential candidate cultivar traits, such as rateels are presently used to mimic cultivar differences. One
of root depth increase or rate of leaf N mobilization.of the best ways to do that is to conduct model sensitivity
See Boote et al. (1998a, 1998b) for further details onanalysis and explore how present model features can be
the CROPGRO model and how respective cultivar andvaried to mimic differential gene effects. As we conduct
ecotype coefficients work. The CROPGRO model hasmodel sensitivity analyses, it is important to know the
been widely evaluated for its ability to predict growthreasonableness of a model in representing a physiologi-

cal trait or mode of action. Crop simulation can provide and yield of soybean under a wide range of conditions
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Table 1. Cultivar coefficients for the CROPGRO model, value ranges typical for soybean.

Trait Range Definition of trait

ECO# SB0301 Code for the ecotype to which this cultivar belongs
CSDL 14.6–11.8 Critical Short Day Length below which reproductive development progresses with no daylength effect (for short

day plants) (h)
PPSEN 0.129–0.349 Slope of the relative response of development to photoperiod with time (positive for short day plants) (1/h)
EM-FL 15.5–23.5 Time between plant emergence and flower appearance (R1) (PTD)†
FL-SH 5.5–10.0 Time between first flower and first pod (R3) (PTD)
FL-SD 12.0–16.0 Time between first flower and first seed (R5) (PTD)
SD-PM 28.5–38.0 Time between first seed (R5) and physiological maturity (R7) (PTD)
FL-LF 15.0–26.0 Time between first flower (R1) and end of leaf expansion (PTD)
Pmax 0.92–1.17 Maximum leaf photosynthesis rate at 30�C, 350 vpm CO2, and high light (mg CO2 m�2 s�1)
SLAVR 355–400 Specific leaf area of cultivar under standard growth conditions (cm2 g�1)
SIZELF 140–200 Maximum size of full leaf (three leaflets) (cm2)
XFRT 1.00 Maximum fraction of daily growth that is partitioned to seed � shell
WTPSD 0.15–0.22 Maximum weight per seed (g)
SFDUR 20–25 Seed filling duration for pod cohort at standard growth conditions (PTD)
SDPDV 1.9–2.5 Average seed per pod under standard growing conditions (no. pod�1)
PODUR 8.0–14.0 Time required for cultivar to reach final pod load under optimal conditions (PTD)

Frequently used important traits from ECO file
ATOP 1.0 Maximum shift of partitioning to roots under water deficit
SENDAY 0.06 Fraction leaf mass abscised per day under severe water deficit
R1PRO 0.189–0.549 Increase in daylength sensitivity after anthesis, CSDL decreases by this amount (h)
FL-VS 9.0–26.0 Time from first flower to last leaf on main stem (PTD)
THRESH 76–79 The maximum ratio of [seed/(seed�shell)] at maturity. Causes seed to stop growing as their dry weight increases

until shells are filled in a cohort.
SDPRO 0.37–0.43 Fraction protein in seeds [kg (protein) kg�1 (seed)]
SDLIP 0.18–0.22 Fraction oil in seeds [kg (oil) kg�1 (seed)]

† PTD, photothermal days, comparable to calendar days if at optimum temperature and �CSDL.

(Boote et al., 1997a; Sexton et al., 1998; Sau et al., 1999). frequently observed time to anthesis (first flower) and
It has been used to simulate effects of management maturity as affected by daylength and temperature, but
(Boote et al., 1996, 1997a) and global climate change have often ignored intermediate phase durations. The
(Boote et al., 1997b). daylength sensitivity is expressed in CROPGRO as two

parameters: critical short daylength (CSDL), below
B. Yield Potential Associated with Best which rate of progress is maximum; and PP-SEN, the

Fit of Life Cycle slope of decline in rate of progress as daylength becomes
longer than CSDL. There is a third parameter that de-Variation in life cycle and duration of different phases
scribes a shift offset (up to 1 h) in critical short daylengthis perhaps the most important genetic variation contrib-
after anthesis (R1PRO), proposed initially by Piper etuting to yield potential of different cultivars. These culti-
al. (1996a, 1996b). Basically, this feature makes rate ofvar features include the photothermal day durations of
development slower after anthesis than before anthesis,the different life cycle phases (defined under daylengths
which these authors found necessary, especially for higherthat allow most rapid progress), with consideration of
maturity group soybean.daylength-sensitivity genes that slow the rate of prog-

These daylength-sensitivity and life cycle coefficientsress. The CROPGRO–legume model considers 13 phases
(in CROPGRO–soybean) have not yet been linked toin the crop life cycle as shown in the timeline in Fig. 1.
specific genes because the mode of action is not com-Some of these are only temperature-sensitive, but for
pletely understood; nevertheless, knowledge of the ma-soybean, most phases are sensitive to both temperature

and daylength (Jones et al., 1991). Researchers have turity genes in soybean (E1, E2, E3, E4, E5, and their

Fig. 1. Timeline of life cycle phases as predicted by the CROPGRO model for MG 7 soybean sown 12 June 1984 at Gainesville, FL (29�40� N
lat). Reprinted from Boote et al. (1998a) with permission.
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Table 2. Effect of soybean maturity group (MG) and five genetic coefficients on days to maturity and yield for crops grown under
rainfed conditions in Gainesville, FL, and Ames, IA.†

Cultivar parameters used in model Florida simulation Iowa simulation

MG CSDL PPSEN EM-FL FL-SD SD-PM Maturity Yield Maturity Yield

h d h�1 PTD‡ d kg ha�1 d kg ha�1

00 14.35 0.148 16.0 12.0 30.0 70.5 842 93.3 1976
0 14.10 0.171 16.8 13.0 31.0 73.7 916 100.7 2395
1 13.84 0.203 17.0 13.0 32.0 77.2 984 108.8 2764
2 13.59 0.249 17.4 13.5 33.0 84.3 1108 121.1 3234
3 13.40 0.285 19.0 14.0 34.0 94.2 1398 134.7 3327
4 13.09 0.294 19.4 15.0 34.5 107.9 1984 151.1§ 2994
5 12.83 0.303 19.8 15.5 35.0 120.0 2261 165.5¶ 2215
6 12.58 0.311 20.2 16.0 35.5 132.7 2572 #
8 12.33 0.320 20.8 16.0 36.0 145.0 2655 #
8 12.07 0.330 21.5 16.0 36.0 159.3 2785 #
9 11.88 0.340 23.0 16.0 36.5 170.2 2660 #

† Crops were planted on Day 123 at 30 plants m�2 and grown under rainfed conditions, using historical weather at each site (1978–1987 in Florida, and
1980–1996 in Iowa). Critical short daylength (CSDL), photoperiod sensitivity (PPSEN), and photothermal days (PTD) from emergence to flowering
(EM-FL), flowering to first seed (FL-SD), and first seed to physiological maturity (SD-PM) are given for each MG, as used by the CROPGRO–soybean
model. Photothermal day requirement to emergence is 3.6 d.

‡ PTD � photothermal days, comparable to calendar days if at optimum temperature and �CSDL.
§ Freeze damage in 2 of 17 years.
¶ Freeze damage in 7 of 17 years.
# Freeze damage in 17 of 17 years and maturity not reached.

recessive alleles) and Dt, dt genes for indeterminate and MG 00 in Florida, calendar days nearly correspond to
PTD, because temperature is warm and daylength isdeterminate growth habit may have advanced suffi-

ciently (Cober et al., 1996) to allow this in the near usually below 14.35 h (the CSDL for MG 00). Actual
life cycle progress of all the cultivars is slower and daysfuture. Common bean (Phaseolus vulgaris L.) has a some-

what similar set of maturity genes. White and Hoogen- to maturity longer in Iowa because of both longer day-
length and cooler temperatures (Table 2).boom (1996) and Hoogenboom et al. (1997) successfully

demonstrated the ability of CROPGRO’s cultivar coef- Table 2 illustrates how daylength-sensitivity traits af-
fect maturity and soybean yield potential for two diverseficients to mimic specific combinations of four genes

affecting photoperiod sensitivity (Ppd/ppd, Hr/hr), de- sites (Iowa and Florida). Physiologists and breeders are
well aware that the most important aspects of yieldvelopment rate before flowering (Fd/fd), and develop-

ment rate to flowering, first pod, and first seed appear- potential are coupled with life cycle differences that
optimize the use of the season available at a given loca-ance as well as indeterminancy (Fin/fin) of common

bean. This model explained 75% of the variation in days tion (relative to limits of cold temperature in early spring
and killing frost in fall in temperate regions, and relativeto flower and 68% of variation in days to maturity of

common bean grown in 14 environments. to rainy season in all regions). Table 2 gives a practical
illustration of how these daylength-sensitivity traits andSoybean cultivars in the USA have been broadly clas-

sified into maturity groups (MG) from 000 to 12, based phase durations lead to highly different simulated days
to maturity and yield performance for MG 00-9 soybeanprimarily on their time to harvest maturity in trials con-

ducted at latitudes from north to south in the USA. cultivars grown in Florida and Iowa. The low-number
MGs mature much too early in Florida and yield poorly.Most of the effect on life-cycle duration is caused by

differential sensitivity to photoperiod (Cregan and Hart- The optimum MGs in Florida for yield and most effec-
tive use of the season are MGs 6-9 (both in simulationswig, 1984; Grimm et al., 1993, 1994). Table 2 shows critical

short daylength values, photoperiod sensitivity slopes, and in actual production practice). In Iowa, the low-
number MGs have a longer simulated life cycle andand photothermal day requirements to complete life

cycles for MG 00-9 soybean cultivars as solved from higher yield potential because of longer daylength and
cooler temperature. The optimum MGs for Iowa forexperimental data (Grimm et al., 1993, 1994). Data on

flowering and maturity dates were collected for cultivars yield and effective use of the season are MGs 2-3, again
corresponding to actual practice. The simulated MG 4within each MG class, all cultivars being grown at loca-

tions from Minnesota to Puerto Rico, to expose them to was reasonably high in yield, but suffered freeze damage
in 2 of 17 seasons and MG 5 suffered freeze damage ina wide range of daylengths and temperatures. Soybean

cultivars in MG 00 have shorter basic life phases (EM- 7 of 17 yr. It is important to note that freeze damage
would be more frequent for later sowing dates, whichFL, FL-SD, SD-PM in Table 2) and are much less sensi-

tive to daylength (higher CSDL, lower PPSEN in Table occur in some years, thus mostly ruling out MG 4 for
this site as well. MGs 5-12 are not suited for Iowa be-2). These are grown at high latitudes such as Canada,

while MG 10 to 12 are grown near the equator. Cultivars cause they have shorter critical daylength and greater
daylength-sensitivity, which prevents them from com-grown in the southern USA and the tropics have longer

basic life cycle phases and greater daylength sensitivity. pleting their life cycle before fall frost. While the CSDL
and PP-SEN are the dominant traits affecting cultivarPhotothermal days (PTD) in Table 2 can be thought of

as comparable to calendar days, when the daylength is fit to latitude zones, notice that the basic photothermal
day requirement for emergence to flowering (EM-FL),short (below CSDL) and temperature is optimum. For
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flowering to beginning seed (FL-SD), and beginning
seed to physiological maturity (SD-PM), also increase
with successively higher MG classes. For example, when
grown in Puerto Rico, a MG 4 cultivar will have a longer
life cycle than MG 1, even though the daylength in Puerto
Rico is below the 13.09 h critical value of MG 4.

C. Yield Potential Related to Shifting of Phases
within a Fixed Life Cycle

There are also yield potential differences among culti-
vars within a maturity-group class (having the same ma-
turity date) that are attributed to other genetic traits.
Such variations in yield potential may come from higher
photosynthesis, better maintenance of photosynthesis
during seed fill, and shift of life cycle phases from vegeta-
tive toward reproductive. There is evidence that yield Fig. 2. Simulated soybean seed yield response to varying the filling
improvement in soybean and other crops has come from period duration (beginning seed, R5, to physiological maturity)

at Ames, IA, for 1980–1996 rainfed weather. Treatments includelonger reproductive phase durations, which lead to higher
standard N mobilization and 20% slower N mobilization (bothseed harvest index (Dunphy et al., 1979; Gay et al., 1980;
with 11 adequate rainfall years) and standard N mobilization (withNelson, 1986; Smith and Nelson, 1986a, 1986b). 6 drought-prone years). Horizontal bar represents feasible genetic

The CROPGRO genetic coefficients can be modified range for filling period duration. Reprinted from Boote et al. (2001)
to shift a portion of the life cycle from vegetative to the with permission.
reproductive phase. First, we can increase the phase
from beginning seed to physiological maturity (SD-PM) much and decreasing photosynthesis. Creating a stay-
to increase the phase allocated to seed filling. However, green leaf trait (slower N mobilization) allowed better
to have maturity be on the same date, we need to concur- yield response to lengthening the reproductive phase
rently cause earlier flowering and earlier podset. To do (Fig. 2). We did this by slowing down leaf N mobilization
this requires either increasing CSDL or decreasing the rate, but a stay-green phenomena could possibly come
EM-FL phase to cause slightly earlier flowering (and from enhanced N2 fixation, or better disease/nematode
earlier termination of vegetative expansion, which is resistance. Breeders, while selecting for higher yield,
linked to anthesis date). In addition, the third change would likely already have selected for slow N mobiliza-
is to shorten the time from first flower to first pod tion (more stay-green) along with longer filling period
(FL-SH) and first seed (FL-SD) so pods are added sooner, as shown by Boerma and Ashley (1988). The simulated
and to shorten the period for pod addition (PODUR) yield response per day increase from R5 to R7 is 27.4
to add pods more rapidly. While extending the pheno- and 36.8 kg ha�1 for normal N mobilization and 20%
logical time from beginning seed to physiological matu- slower N mobilization, respectively. This agrees closely
rity (SD-PM), we also need to ensure that single seed with reported yield increase of 35 kg ha�1 for each day
fill duration (SFDUR) is long enough to provide the increase in time from R4 to R7, averaged over 119
capacity to use the whole growth phase. cultivars at 10 site-years in the midwestern USA (Dun-

We tested these possibilities with CROPGRO–soy- phy et al., 1979). There appears to be a genotype �
bean simulations at Ames, IA, using 17 yr of weather environment interaction with the longer filling period
data (1980–1996), and starting with standard coefficients trait. In the 6 more drought-prone years between 1980
for the Williams 82 cultivar. As life cycle was shifted and 1996 at the same site, longer filling period had
from vegetative to reproductive, soybean yield initially no advantage over the midrange cultivar, and was less
increased rapidly, but the response slowed and became advantageous because earlier podset resulted in less
nearly asymptotic at long filling periods (Fig. 2). While simulated root growth, less soil water extraction, more
yield improvement above the standard seems possible, water stress, and greater drought-reductions of biomass
there is an asymptotic or limiting effect that occurs not and seed yield.
too far above the cultivar standard genetic values. There Shifting life cycle from vegetative to reproductive
are several reasons for this saturating or limiting effect. clearly increased final seed harvest index (HI) as shown
First, the earlier onset of reproductive growth causes in Fig. 3 and as simulated previously using SOYGRO
lower LAI, which becomes progressively more limiting (Boote and Tollenaar, 1994). Sometimes HI is repre-
to photosynthesis and light interception (maximum LAI sented as an independent genetic trait; however, these
declined steadily from 7.2 to 3.8 over the range of filling simulations suggest otherwise and illustrate the real ori-

gins of HI. These simulations show that HI is the out-periods shown in Fig. 2). This limitation to genetic im-
provement can be offset by narrow row spacing and come of many traits (up to 10 or more) associated with

shifting the timing of life cycle allocation toward repro-higher plant population, as discussed later. Second, the
longer reproductive phase causes the crop to rely on its ductive growth. Importantly, notice that seed HI in-

creases asymptotically with increased reproductive du-existing (somewhat older) foliage for a longer period;
thus, the leaf N concentration may be declining too ration and appears to achieve an asymptote at about
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Fig. 3. Simulated soybean seed harvest index in response to varying Fig. 4. Simulated soybean yield as a function of variation in leaf Pmax,the filling period duration (beginning seed, R5, to physiological attributed to inherent rate (no change in SLW), or attributed (cou-
maturity) at Ames, IA, for 1980–1996 rainfed weather. Treatments pled) only to SLW. Simulated over 17 rainfed seasons at Ames,
include standard N mobilization and 20% slower N mobilization IA. Horizontal bar represents feasible genetic range for Pmax about
(both with 11 adequate rainfall years) and standard N mobilization the mean of reported literature values.
(with 6 drought-prone years). Horizontal bar represents feasible
genetic range for filling period duration. Reprinted from Boote et

Boote and Tollenaar, 1994; Dornhoff and Shibles, 1970,al. (2001) with permission.
Sinclair, 1980). More recently released cultivars have
higher light-saturated leaf photosynthesis than older0.6; however, traits such as slower N mobilization appear
cultivars, which is associated primarily with increasedto push the asymptote up somewhat. Notice, also, that
SLW (Dornhoff and Shibles, 1970; Buttery et al., 1981;water deficit limits the degree of increase in HI that can
Wiebold et al., 1981; Bhatia et al., 1996; Morrison etbe obtained from increased filling period.
al., 1999).How much of the simulated increase in yield in Fig. 2

If we assume there is coupling between increasedis feasible? To correctly interpret the value of this culti-
SLW and leaf photosynthesis as reported by Dornhoffvar trait (or any other trait) to improve yield, we need
and Shibles (1970), then yield response to increasingto know the feasible range of genetic variation for that
leaf photosynthesis (via SLW) rapidly becomes limitingtrait. The line bar in Fig. 2 and 3 illustrates the feasible
and asymptotic (Fig. 4), because there is a negativerange for varying seed filling period; this range is 10 d
feedback of increased SLW to decrease LAI and lightshorter to 10 d longer than the Williams 82 cultivar used
interception. Indeed, there is a practical plateau or opti-here, based on literature review of Boote and Tollenaar
mum for Pmax at 1.6 to 2.0 mg CO2 m�2 s�1. On the other(1994), Egli et al. (1984), and Swank et al. (1987).
hand, if there is no coupling, seed yield continues to
increase with increasing Pmax, although there is a clearD. Increasing Crop Assimilation trend for less response as Pmax increases above the pres-
ent genetic range. Under either case, the seed yieldIncreased canopy assimilation can be caused by in-

creased photosynthesis per unit leaf area and by in- response to increasing leaf photosynthesis is less than
proportional to the percent increase in Pmax. Wherecreased light interception [depending on whether leaf

area index (LAI) is limiting for light capture]. Leaf angle the increase in leaf photosynthesis is not coupled to
SLW change, seed yield is increased about 3 to 4% fordistribution has only minor effects via light distribution

to leaves within the canopy. Canopy LAI is affected by each 10% increase in Pmax above the midpoint (Boote
and Tollenaar, 1994), or about 5.1% in the simulationsvegetative phase duration, crop management, and by

canopy specific leaf weight (SLW) pattern over the sea- shown in Fig. 4. When increase in Pmax derives only from
increased SLW, then the increase in seed yield is smallson. Increasing canopy assimilation from increased sin-

gle leaf photosynthesis may be associated with either (1–2%) for each 10% increase in Pmax (Boote and Tolle-
naar, 1994; also in Fig. 4). These simulations of canopyincreased SLW, increased leaf N concentration, or in-

creased allocation of total leaf protein to rubisco enzyme assimilation, which account for light distribution over all
canopy leaves and which consider diurnal and seasonal(intrinsic rate). Model simulations demonstrate that

there is considerable feedback between SLW effects irradiance, show why the great promise implied by phys-
iologists for single leaf photosynthesis did not work out.on leaf photosynthesis and SLW effects on LAI. Leaf

photosynthesis is a relatively conservative trait among The above analyses assume that the method of comput-
ing canopy assimilation from leaf-level inputs is realisticadapted cultivars within a given crop. Within soybean,

there is cultivar variation for light-saturated leaf photo- in CROPGRO. This sunlit and shaded leaf photosynthe-
sis approach, the rubisco kinetics method, and thesynthesis (Pmax) from 0.82 to 1.39 mg CO2 m�2 s�1, al-

though the major variation falls within 0.92 to 1.17 mg method of scaling from leaf to canopy assimilation were
tested and shown to work well (Boote and Pickering,CO2 m�2 s�1, with a mean of 1.05 mg CO2 m�2 s�1 (see
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1994). DePury and Farquhar (1997) used similar proce-
dures for scaling from leaf to canopy assimilation and
documented their validity. Canopy assimilation in
CROPGRO considers vertical gradients in Pmax caused
by vertical gradients in SLW and leaf N concentration
vs. LAI depth (Boote and Pickering, 1994). Reynolds
et al. (1992) confirmed the value of using sunlit-and-
shaded leaf photosynthesis methods and vertical distri-
bution of leaf Pmax in models that scale from leaf to
canopy assimilation.

Beyond the interactions between SLW, Pmax, and LAI,
there is also the possibility of higher inherent photosyn-
thetic capacity per unit of leaf mass attributed to in-
creased leaf N concentration or increased allocation of
total leaf protein to the rubisco enzyme (intrinsic rate).
There is reported variation in leaf N concentration
among soybean cultivars (Young et al., 1979; Sexton et
al., 1998). Over its entire life cycle, the Tracy cultivar
had higher leaf N concentration than the Forrest cultivar
for upper leaves (53 vs. 50 g N kg�1) and lower leaves
(also higher by about 3 g N kg�1) as reported by Young
et al. (1979). The Tracy cultivar was higher yielding in
their study. Model simulations show that increased leaf
N concentration has a clear benefit to leaf photosynthe-
sis, but at a slight cost early in the season to provide
the additional energy to assimilate the N. Later in the
season, higher leaf N concentration also provides a dif-
ferent advantage attributed to greater leaf N available
to mobilize to seeds. When leaf N concentration is in-
creased 10% above our model default (from 57.0 to
62.7 g kg�1), the simulated yield is increased 3.0% and

Fig. 5. (a ) Simulated leaf area index, and (b ) simulated biomass accu-seed HI increased too. An increase of 3 g N kg�1, from
mulation, as affected by varying early vegetative vigor of soybean50 to 53 g N kg�1 as reported above, gives a yield increase
(by varying a parameter called SIZELF) for the 1980 season at

of 3.3%. Another aspect of leaf N concentration on Ames, IA, when sown on Day 122 in 0.91-m rows at 30 plants m�2.
photosynthesis is not necessarily the higher initial N
concentration, but slower N mobilization (stay-green) area per seedling to the seed mass because the initialduring seed filling, which serves to maintain photosyn-

leaf area bears a relationship to the amount of reservesthesis longer during grain filling of improved cultivars
in the seed and the initial embryo size at germination.vs. older ones (Wells et al., 1982). In their study, the
Research also has shown that the first five or so leavesTracy cultivar maintained canopy photosynthesis longer
are pre-formed before germination. It appears as if theduring seed-filling than other cultivars in its maturity
number of cells and the size of leaf cells for these pre-class, consistent with higher leaf N concentration and
formed leaves may provide a strong limit to the leafslower N mobilization. Boerma and Ashley (1988) re-
area that forms for up to the first five leaves. In addition,ported that improved soybean cultivars maintained
the rate of successive leaf appearance (trifoliolates perhigher leaf and canopy photosynthesis during grain fill-
day) and leaf area expansion is temperature-dependent,ing than did old soybean cultivars. Simulating this as a
and possibly varies with cultivar. During early develop-10% slower N mobilization resulted in 2.6% higher yield
ment, SLW will also vary depending on light (decrease infor the Iowa example. This also resulted in slightly
low light) and temperature (decrease at more optimumhigher seed HI.
temperature). Figure 5a illustrates how early leaf area
development is affected when a parameter called SIZELF

E. Vegetative Vigor and Early is varied; SIZELF affects the potential area per leaf for
Season Partitioning the first five leaves. Increasing SIZELF is like increasing

vegetative expansion vigor but without necessarily increas-Vegetative vigor could be defined generally as rapid-
ing leaf photosynthesis. The question here is: what reallyity of early leaf area expansion during the seedling and
causes increased vegetative vigor? Vegetative growthearly expansive phase. How can crop models mimic
vigor is possibly related to leaf area partitioning (frac-genes that influence vegetative growth? All crop models
tion dry matter partitioning to leaf multiplied by specificinitialize the leaf area per plant at emergence or a given
leaf area) as reported by Potter and Jones (1977). Re-stage after emergence. Modeling seedlings to start with
gardless of the actual mechanism, increasing the size ofgreater initial leaf area per plant will provide a slight

initial advantage. We mimic this by linking initial leaf early leaves on the plant up to the V5 stage increases
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from flowering to end of leaf area growth (also on
branches), FL-LF, is about 18 for determinant vs. 26 for
indeterminate, causing somewhat lower LAI (5.40 vs.
5.96). For the example simulation in Fig. 6, we assumed
the same dates of flowering, podset, and maturity, but
allowed the determinate cultivar to have 33% faster
pod addition (8 vs. 12 PTD), shorter FL-LF (18 vs. 26
PTD), and shorter FL-VS (9 vs. 26 PTD). Simulating
these three changes together as determinancy, resulted
in 14.9 vs. 20.3 main stem nodes, 79 vs. 108 cm height,
and 9.4% less LAI in Ames, IA. Seed yield was in-
creased 2.4% and HI increased from 0.447 to 0.466
(Fig. 6), primarily because pods were added faster.

G. Traits to Improve Production under Drought
Fig. 6. Simulated plant height and seed harvest index (HI) for hypo- Drought can be described by duration of water deficit

thetical determinate and indeterminate soybean cultivars grown in and as intermittent or terminal. In agriculture, drought
a nonstressed year (1981) at Ames, IA. tolerance of a cultivar or crop is best defined as its

ability to survive and yield satisfactorily or better thannot only early LAI but increases biomass growth, partic-
other cultivars or crops. Drought tolerance traits thatularly shortening the apparent lag phase of early growth
may be beneficial in one environment may not be bene-(Fig. 5b). Yield is increased because of the higher LAI
ficial in another. Crop modeling has the potential forand biomass formed before seed-fill; however, the effect
evaluating the benefits of given traits in differenton yield is much less dramatic than the effect on early
weather conditions, particularly to find the best cultivarLAI and dry matter growth. A twofold range of SIZELF
choice over long-term weather for a given locality (Chap-of 120, 180, and 240 cm2 resulted in minor variation in
man et al., 2000).seed yield of 3092, 3160, and 3189 kg ha�1, respectively.

Following the systems modeling point of view pro-
posed by Passioura (1994), there are three primaryF. Determinate versus Indeterminate
means for increasing yield in a water-limited environ-Leaf Area Expansion
ment: (i) increasing water uptake (from deeper rooting

The termination of main stem node expression and and/or more prolific rooting patterns), (ii) increasing
end of leaf area expansion are features in crop models water-use-efficiency (aspects discussed below), or (iii)
that can be used to mimic cultivar differences. This is improving HI. These means can be achieved by manage-
important for canopy height, LAI, and light intercep- ment and genetic improvement. We will not further dis-
tion. In highly determinate cereal crops, the termination cuss HI improvement under drought, as genetic traits
of leaf area expansion is closely related to date of anthe- improving HI are generally similar in irrigated and rain-
sis, and occurs when the grain head is the terminal ra- fed environments. There are, however, cases where
ceme. For the grain legumes, there are different degrees higher HI may be obtained by a better fit of life cycle
of determinacy. For indeterminate grain legumes, the to the rainfall availability, and where that same life cycle
first flower occurs in axillary buds, allowing the main shift does not optimize yield or HI under irrigation as
stem to express more main axis leaves and leaf area shown in Fig. 2 and 3.
after anthesis. Even for determinate grain legumes, the
first flower may occur in the axillary buds, allowing 1. Increased Root Water Extractionseveral (2–4) additional nodes to be expressed on the (Increased Supply)main axis, and even more nodes on branches before

Increased water uptake is one of the candidate mecha-cessation of leaf area expansion. The end of main stem
nisms contributing to yield advantage among cultivarsnode expression and the end of leaf expression are pre-
during drought conditions. In a review of drought toler-dicted separately in CROPGRO (Fig. 1), both being
ance mechanisms among soybean cultivars, E.L. Pipercoupled to the predicted date of anthesis, plus an addi-
(personal communication, 1999) concluded that theretional phase that varies in length for determinate vs.
were only a few traits where cultivar differences wereindeterminate types. A single gene (Dt vs. dt) causes
documented, and they usually related to enhanced root-these two effects in soybean, but is possibly also affected
ing and water extraction. Reports of differentially de-by genetic background. We have had experience with
layed wilting or less negative water potential amongcoefficients for determinant soybean cultivars in the
soybean cultivars can also be generally hypothesized toSouth vs. indeterminate cultivars in the Midwest, as well
result from increased water extraction. Boyer et al.as cultivars in MG 4 and 5 in the Mississippi delta where
(1980) and Frederick et al. (1990) reported that new,both determinate and indeterminate cultivars are grown.
higher yielding soybean cultivars in the midwesternFor determinate cultivars, the photothermal days for
USA had less negative water potential at midday thanFL-VS (see Table 1 for definition) is much shorter (9 vs.
lower yielding, older cultivars. This would imply better26 PTD), resulting in fewer main stem nodes, and

shorter plants as simulated in Fig. 6. Photothermal days water extraction, consistent with the report by Boyer
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Table 3. Yield response to hypothetical variation in genetic traits of soybean affecting response to water deficit simulated for 17 weather
years for crops sown 2 May under rainfed conditions on a Nicollet soil at Ames, IA.

Seed % Final Seed Seasonal Standard deviation
Cultivar trait yield Change biomass HI Et yield

kg ha�1 % kg ha�1 frac. mm kg ha�1

Wm-82 std† 3160 – 7011 0.451 529.8 688
10% slower root depth prog. 3003 �5.0 6737 0.446 523.5 769
10% faster root depth prog. 3236 �2.4 7176 0.451 532.8 672
�10% less RLD below 0.6 m 3075 �2.7 6839 0.450 526.0 726
�10% more RLD below 0.6 m 3174 �0.4 7064 0.449 530.8 704
�10% root length/mass 3123 �1.2 6926 0.451 528.4 713
�10% root length/mass 3182 �0.7 7066 0.450 530.7 685
Partition to root (�0.02) 3131 �0.9 6929 0.452 529.7 677
ATOP, 0.0 shift to root 3032 �4.1 6876 0.441 522.5 785
ATOP, 0.5 shift to root 3115 �1.4 7000 0.445 527.6 727
ATOP, 1.0 shift to root† 3160 – 7011 0.451 529.8 688
SENDAY, 0.04 d�1 3184 �0.8 7055 0.451 529.9 661
SENDAY, 0.08 d�1 3144 �0.5 6983 0.450 529.6 703
Accelerate R7, 0.2† 3160 – 7011 0.451 529.8 688
Accelerate R7, 0.8 3106 �1.7 6968 0.446 526.5 746
Accelerate R7, 1.4 3063 �3.1 6938 0.441 523.9 809

† Default values: rate of root depth increase � 2.50 cm PTD�1, root length per unit mass � 7500 cm g�1, ATOP � 1.0, SENDAY � 0.06 d�1 under
maximum water deficit, and 0.2 is the coefficient to accelerate maturity as function of soil water deficit (SWFAC).

et al. (1980) of greater root length density for the newer, rooting density below 1.0 m, twofold more at 1.5 m, and
higher yielding cultivars, especially at the 1.0- to 1.4-m threefold more at 2.0 m. Under field conditions, root
soil depth. depth progression of the fast cultivars was 7% faster

What are some of the “genetic” traits that could en- (2.41 vs. 2.25 cm d�1). Simulated yield advantage for
hance rooting to increase water extraction, assuming 10% faster rooting depth averaged 2.4% over 17 weather
that we are concerned with grain yield rather than sur- years at Ames, IA (Table 3). Grain yield initially in-
vival, and that the mechanism is not avoidance, i.e., we creased rapidly with increasing rate of root depth pro-
are not changing the length of crop life cycle or sowing gression; but the response became asymptotic as the
date? Enhanced rooting for water extraction can come rate of root depth increase approached 3.0 cm PTD�1

from: (i) increased rate of root-depth progression, (ii) (Fig. 7). Yield variation was also reduced as rooting
increased root length per unit of root mass, (iii) a better depth increased. The default value of 2.5 cm PTD�1

shape of rooting profile within a fixed depth of maxi- used with the model (developed by comparison to field
mum rooting, (iv) increased assimilate allocation to root data) is almost optimized, as 10% faster root depth
growth within a fixed root growth duration before seed increase gives only 2.4% yield increase, whereas 10%
growth, and (v) increased duration of rooting growth slower rooting causes 5.0% less yield. The feasible range
(later onset of seed growth to allow greater root depth of genetic variability (in Fig. 7) for rate of root depth
and/or greater total rooting density). Relative to the 5th increase for soybean under field conditions is based on
trait, it is important to recognize that later flowering
and seed growth would allow greater root depth and
greater root length density, mechanisms for greater wa-
ter extraction. Most crop models address this as an emer-
gent property of their modeled phenology and assimi-
late partitioning, because the amount of modeled root
growth is drastically reduced as the crop diverts assimi-
lates to reproductive growth. Indeed, model simulation
(Fig. 2) shows that later flowering and seed set (within
a fixed season length) did increase root growth and
reduce water deficit, but at the expense of lower yield
potential.

There is evidence for variation in rate of root depth
increase and in root depth by the R4 stage among soy-
bean genotypes (Kaspar et al., 1978). Based on a study
of 104 genotypes in root tubes in the greenhouse, Kaspar
et al. (1984) reported variation in root depth increase
among cultivars within MG I, II, and III, with range of

Fig. 7. Simulated soybean yield and SD for yield as affected by ratevariation up to 37% of the mean value. A set of four
of root depth progression (cm PTD�1), averaged over 17 rainfedrapid rooting-depth cultivars compared with four slower seasons at Ames, IA. Horizontal bar represents feasible genetic

rooting-depth cultivars in a Castana silt loam soil, had range for rate of root depth progression about the default refer-
ence point.9 to 11 cm deeper rooting depth, with much greater
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Kaspar et al. (1984), and assumed between 2.0 to 3.0 cm function linearly shifts partitioning to roots as SWFAC
decreases from 1.0 (no stress) to 0.0 (maximum stress).PTD�1 with a range of 40%.

Another way to increase soil water uptake is with a A 4.1% grain yield increase occurs (Table 3) for an
ATOP of 1.0 (present default) compared with 0.0 (norooting profile shift, i.e., to increase the fraction of roots

below 0.6 m (18% more in 0.6–0.9 m depth, twofold shift). Inducible (or adaptative) responses would be best
as they cost the plant nothing when there is no watermore in 0.9–1.50 m depth) with no change in total root

length density or rooting depth. This simulation, de- deficit. There is evidence in the literature that such root/
shoot shift occurs under water deficit. It is importantsigned to be comparable to that reported by Kaspar et

al. (1984), increased yield by 0.4%. Variation in root that crop modelers consider realistic feedbacks or pleio-
tropic costs, i.e., increased assimilate allocation to rootlength per unit mass has also been observed among

soybean genotypes (Pantalone et al., 1996). If root length results in less shoot growth (unless compensated by the
water extracted), and that longer vegetative growth toper unit mass decreases or increases 10% around its

nominal value of 75000 m kg�1, the simulated yield de- sustain root growth results in less time for grain growth.
There is a feed-forward signal sent from roots tocreases 1.2% or increases 0.7% (Table 3). One concern

with changing root length per unit mass in the model, shoots when the soil dries or is compacted, that acts to
decrease growth and photosynthesis (Tardieu et al.,is the present assumption of no feedback impact of root

diameter on water uptake, whereas influence may exist 1992; Turner, 1997). This effect has been attributed to
abscisic acid coming from roots in regions of dryingin reality.

Pantalone et al. (1996) proposed that drought-toler- soils, even though water uptake may be adequate from
the remainder of the root system (Davies and Zhang,ance of ‘PI416937’ (Sloane et al., 1990) was primarily

attributable to its large fibrous root system. However, 1991). Indeed, the abscisic acid signal can override ap-
parent good plant turgor to cause partial stomatal clo-the drought tolerance of PI416937 is substantially as-

sisted by the tolerance of its roots to Al (Carter and sure, decreased photosynthesis, and decreased leaf
expansion (Davies and Zhang, 1991). This trait may varyRufty, 1993). The Al tolerance would be a clear advan-

tage for regions with acid subsoils. However, the late- with genotype. During intermittent drought, genotypes
with less of this signal trait may benefit during seed fill.ness and short seed-filling duration of this cultivar that

allowed longer root growth and greater water extrac- This could be one explanation for the observation by
Frederick et al. (1990) that older soybean cultivars hadtion, was also detrimental to its yield potential (K.J.

Boote and R.P. Patterson, unpublished crop model sim- higher stomatal resistance than new cultivars during a
drought. The other possibility is that new cultivars haveulations, 1998). While breeders hoped to cross the trait

of extended root growth duration into a high yielding deeper rooting per se.
Water deficit during seed-fill is known to accelerateline, model simulations showed this was a less promising

approach, where yield was traded for drought tolerance. rate of seed maturation, causing 2 to 10 d earlier matu-
rity in soybean depending on genotype (Desclaux andAluminum tolerance is an exception to this issue of

trading yield for tolerance, as it could be beneficial on Roumet, 1996; Frederick et al., 1991; Ray, 1987; Ruiz-
Nogueira et al., 2001; de Souza et al., 1997; Specht etsoils high in Al. A number of soils in the southern USA

and in tropical/subtropical regions of the world have al., 1986; Rose et al., 1992). Frederick et al. (1991) re-
ported that old cultivars had a greater drought-inducedsubsoils high in Al.

Increased assimilate partitioning to root growth could acceleration of reproductive growth than did modern
cultivars. CROPGRO–soybean allows for accelerationbe hypothesized to increase yield if it sufficiently in-

creased water extraction relative to the diversion of of reproductive development after beginning seed (R5)
as a function of decrease in SWFAC (ratio of root waterassimilate to roots. We simulated increased partitioning

to root growth before rapid seed growth as two different uptake to crop transpirational demand). Recent work
by Ruiz-Nogueira et al. (2001) concluded that the scalartraits: first as a continuous constitutive trait, and second,

as a trait induced only under perception of water deficit. constant for this acceleration had to be 1.4 to produce
the 10 d earlier maturity observed under severe terminalThe first constitutive case of continuously partitioning

2% more to root before rapid seed growth did not im- water deficit (the original default of 0.2 was inadequate).
If a given cultivar can avoid acceleration (maintain aprove yield (gave 0.9% less yield, Table 3) under drought

conditions because the same feature caused 1% less value of 0.2 compared with 1.4), then its yield would be
3.1% higher than one that accelerates seed maturationallocation to stem and 1% less to leaf area (thus less

light interception) as reported by Boote and Jones (Table 3). The modeled mechanism for yield loss is
that acceleration shortens the grain-filling phase. The(1986). Once pods and seeds are formed, they have

priority for all assimilate; thus, the effect is via decreased physiology of the acceleration mechanism is not well
understood, but we believe it is more than heat unitLAI. For the second case, a partitioning shift from shoot

to root was allowed to be induced by water deficit, accumulation. Another tolerance trait could be the abil-
ity to maintain leaves (slower abscission) despite severedependent on a scalar named ATOP. A value of 1.0 for

ATOP shifts all new assimilate from the vegetative water deficit. Decreasing this function (SENDAY from
0.06 to 0.04 d�1) increased yield 0.8%, because LAI wasshoot to the roots if water deficit is so severe that no

water is transpired (SWFAC � 0.0) (SWFAC in the maintained better for subsequent light capture, after the
drought is subsequently relieved by rainfall.model is the soil water factor, based on ratio of actual

root water uptake to crop evaporative demand). This In summary, most of the rooting, assimilate parti-
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tioning shift, and water deficit signal traits that improved m�2. The relationship between Ci/Ca and SLW was based
on the theory of Ci/Ca to C isotopic discrimination (Far-grain yield and biomass (Table 3) did so by causing more

seasonal evapotranspiration (faster rooting, increased quhar et al., 1982, 1989), observed isotope discrimina-
tion and SLW of peanut genotypes (Wright et al., 1988;root length per mass, altered rooting profile, inducible

shift in assimilate partitioning to root, slower leaf abscis- Nageswara Rao and Wright, 1994), as well as the isotope
discrimination and observed WUE of peanut genotypession, and slower reproductive maturation). Generally,

these beneficial traits also caused less yield variability (Hubrick et al., 1986, 1988). Makino et al. (1988) found
for wheat (Triticum aestivum L.) and rice (Oryza sativaand slightly higher seed HI (range was 0.441–0.451). As

expected, yield variation decreased substantially as rate L.), that the ratio of Ci/Ca during photosynthesis was
linearly related to SLN, declining from 0.9 at 0.4 g m�2of rooting-depth progression was increased (Fig. 7). The

strongest evidence of genetic variation is for rate of to 0.6 at 2.5 g m�2. There are two ways to increase SLN:
increasing leaf N concentration at constant SLW or in-root-depth progression, but there is also evidence of

genetic differences in acceleration of maturity and shift creasing SLW at constant N concentration. We evalu-
ated the extent of WUE improvement that would occurin rooting profile.
for an improved soybean cultivar with 10% greater SLW
(26.7 vs. 24.2 g m�2) and 10% higher leaf N (57.0 vs.2. Water-Use Efficiency
51.8 g kg�1) compared with an unimproved cultivar,

Water-use efficiency (WUE) is a trait of interest for where photosynthetic capacity per unit of SLN was con-
water-limited environments. Increasing WUE would re- stant. With this combination, grain yield was increased
sult in increased dry matter accumulation for a given 5.89%, with the first 4.27% coming from increased N
amount of water transpired. Small but significant differ- concentration and 1.62% from the increased SLW. The
ences in WUE have been found among cultivars within WUE for grain yield (per unit evapotranspiration) was
a given C3 species, and increased WUE is generally improved 5.95%.
associated with lower C isotopic discrimination (Far-
quhar and Richards, 1984; Wright et al., 1988), lower

COMBINATIONS OF GENOTYPIC TRAITSleaf ash concentration (Masle et al., 1992), and increased
AND ADDITIVITY VS. INTERACTION INSLW and SLN (Wright et al., 1988; Nageswara Rao and

TWO TYPES OF MANAGEMENTWright, 1994). Farquhar and Richards (1984) showed,
based on theory and experimentation, that the lower So far, we have considered simulated effects of single
isotopic discrimination (and increased WUE) originated trait changes. In reality, breeders’ primary selection for
from the lower intercellular CO2 concentration of leaves yield would likely encourage multiple combinations of
(Ci). The lower Ci/Ca ratio (Ca is ambient CO2 concentra- improved traits. Are these traits additive or are there
tion) and less isotopic discrimination can be attributed negative or positive interactions? Also, is there a situa-
to increased SLW and SLN (Makino et al., 1988; Wright tion where certain traits, alone or in combination, are
et al., 1988), which cause a greater sink for CO2, yet the only advantageous in high level management (0.18-m
gradient for water vapor loss is dependent on energy row spacing and 30 plants m�2)? Table 4 compares simu-
balance and is not increased. Mian et al. (1996) found lations of single traits and combinations of traits, under
four and six molecular markers for WUE and lower leaf low management (0.91-m row spacing and 25 plants
ash, respectively, in a soybean cross of ‘Young’ (high m�2) and also under high management. Many, but not
WUE line) with ‘PI416937’ (high water uptake, but rela- all, of the traits give more yield enhancement under
tively low WUE). They found a negative correlation of high management. For example, yield increase with de-
WUE with lower leaf ash, and also that two of the quanti- terminate or 10% longer filling period (within same life
tative trait loci (QTL) were associated with both WUE cycle) was 2.26 and 1.43% in the low management case,
and lower leaf ash. In a cross of ‘S100’ � ‘Tokyo’, Mian but 4.24 and 2.51% in the high management case. The
et al. (1998) reconfirmed one of the common QTLs for reason is simply that narrow row spacing and higher
WUE and identified an additional one (which would not density offset the negative feedback effect of lower LAI
have shown previously if homozygous in the ‘Young’ � caused by determinate or longer filling period. Likewise,
‘PI416937’ cross). A modeling analysis can potentially the combination of determinate plus longer filling pe-
assist such molecular marker methodology by helping riod gave only 4.04% yield increase in the low manage-
these and other researchers explore the possible mecha- ment case, but 6.98% yield increase under high manage-
nisms that lead to improved WUE. Crop growth models ment, again because of the effect on LAI. Response to
can help understand these connections, if the models determinate and long filling period is about 2 and 1%
are sufficiently mechanistic and are able to simulate greater, respectively, in the high management, and all
canopy energy balance, leaf rubisco kinetics, specific combinations having both determinate and longer filling
leaf mass, and specific leaf N traits. period are about 3% greater under high management

Williams and Boote (1995) used an hourly energy (Table 4). These simulation findings are in agreement
balance version of CROPGRO–peanut to show that with the strategy of Cooper (1977, 1981), who developed
WUE could be increased 42% by increasing the average semidwarf soybean cultivars for narrow-row, high-yield-
canopy SLW from 15 to 60 g m�2. Their simulations ing environments in the midwestern USA.
assumed that the ratio of Ci/Ca was a function of SLW, What about combinations of traits within a given man-

agement? Based on these simulations, it appears thatfrom Ci/Ca of 0.9 at SLW � 0.0, to 0.5 at SLW � 90 g
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Table 4. Simulating single and multiple combinations of traits in low and high management to evaluate additivity or enhancement under
high management. Yield response to hypothetical variation in genetic traits of soybean was simulated for 17 weather years for crops
sown 2 May under rainfed conditions on a Nicollet soil at Ames, IA, under either low management (0.91-m row spacing at 25 plants
m�2) or high management (0.18-m rows at 30 plants m�2).

Cultivar trait or Seed % Enhanced by Final Seed
combination yield Change management biomass HI

kg ha�1 % % kg ha�1 fraction
Low management

Standard 3140 6970 0.450
Determinate 3211 2.26 6792 0.473
10%EFP 3185 1.43 6691 0.476
10%slow Nmob† 3224 2.69 7047 0.458
10%SLW 3176 1.15 7087 0.448
10%Pmax 3306 5.29 7321 0.452
Det�EFP 3267 4.04 6521 0.501
Det�EFP�Nmob 3375 7.48 6632 0.509
Det�EFP�SLW 3304 5.25 6601 0.501
Det�EFP�Pmax 3453 9.98 6882 0.502
Det�EFP�Nmob�SLW 3423 9.03 6716 0.510
Det�EFP�Nmob�Pmax 3563 13.48 6994 0.509

High management
Standard 3247 7251 0.448
Determinate 3385 4.24 1.98 7194 0.471
10%EFP 3329 2.51 1.08 6984 0.477
10%slow Nmob 3322 2.30 �0.39 7318 0.454
10%SLW 3288 1.25 0.10 7381 0.445
10%Pmax 3421 5.34 0.05 7631 0.448
Det�EFP 3474 6.98 2.94 6945 0.500
Det�EFP�Nmob 3591 10.58 3.10 7068 0.508
Det�EFP�SLW 3520 8.38 3.13 7058 0.499
Det�EFP�Pmax 3681 13.35 3.37 7337 0.502
Det�EFP�Nmob�SLW 3638 12.03 3.00 7179 0.507
Det�EFP�Nmob�Pmax 3795 16.87 3.39 7459 0.509

† Nmob, fraction available protein mobilized from vegetative tissue per photothermal day.

effects are mostly additive, with a tendency for a small 2001). In those studies, growth observations in conjunc-
tion with model analyses attributed that yield improve-synergistic interaction. For the combination of determi-

nate plus longer filling period, the individual effects ment to the same type of traits (earlier podset, more
rapid pod addition, longer grain filling period, slowernearly add up under either management case (in low

management, 2.26 � 1.43 � 3.69%, compared with N mobilization, higher leaf photosynthesis). Genetic im-
provement in seed HI in that study was comparable to4.04%; and in high management, 4.24 � 2.51 � 6.75%

compared with 6.98%). The same trend occurred for the simulated increase in seed HI with four-way combi-
nation improvements in Table 4.the three- and four-way combinations as well.

How realistic are the combinations in Table 4? We
believe the ranges selected and the possible combina- BREEDING FOR GLOBAL CLIMATEtions are feasible and generally conservative. Determi- CHANGE, TECHNOLOGY TREND,nate vs. indeterminate cultivars are available, 10% longer GENOTYPE � ENVIRONMENTfilling period is much less than the genetic range, slower INTERACTIONSN mobilization is present, while SLW and leaf Pmax can
vary in the ranges described. Putting four-way combina- One of the questions asked of plant breeders is whether

genetic improvement can keep pace (both adapt to cli-tions together would increase yield 13 to 17%, which is
in the range of genetic improvement over the past 20 mate change and increase yield potential) as the global

climate changes. We will consider this issue with recentto 30 yr. There are certainly other multiple combinations
we have not considered. We believe this analysis illus- history from 1958 (beginning of continuous recording

of CO2) to the year 2000, during which time the atmo-trates the reason that selection for single traits per se
is less likely to give statistically significant yield increases spheric CO2 concentration [CO2] increased from 315 to

370 �mol mol�1, and soybean producers gradually shifted(if the field variance threshold requires about 5.0% dif-
ference to be significant), whereas breeder selection from wide to narrow row spacing (0.91–0.18 m) and

increased sowing density about 20% (from 25 to 30for yield has allowed yield improvement to come from
multiple combinations of traits, sufficient to improve plants m�2). Is it possible that a shift in environment

can affect the type of traits that would give a yieldyield by a much higher percentage over a period of
years. The 13 to 17% yield increase hypothesized here advantage? Figure 8 shows how the year 2000 environ-

ment (increased [CO2], narrow row spacing, higher plantis very close to the yield increase (12–23%) observed
during a 20-yr period of genetic improvement as shown population) favors selection for a longer filling period

more than the 1958 environment did. All three factorsby comparisons of old vs. new cultivars studied by
growth analyses and model simulation during 2 yr at 11 (increased [CO2], narrow row spacing, higher plant pop-

ulation) enhance the amount of LAI and biomass pro-sites in Iowa, Illinois, and Wisconsin in an Iowa–Illinois
Soybean Promotion Board project (Boote et al., 1999, duced early in the season, and thus offset the lower
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traits in a good environment, we believe there are times
when genotype � environment (G � E) interactions
will occur, as seen from a crop modeling viewpoint.
When exposed to two different environments (whether
season-length, drought, temperature, soil type, etc.), G �
E interaction can occur if cultivars have different life
cycles and fractional allocation to phases, which exposes
the crop to different environmental conditions during
the phases. This would include increased root growth
and water extraction ability if the cultivar is late to set
pods and seeds, as discussed earlier. These types of
interactions are emergent properties and part of the
modeling outcome with current genetic traits. There
may be specific cases where one cultivar may have a
different process response to environment than another
cultivar. For example, one cultivar may have a more
rapid rate of root depth penetration (inherent) or more

Fig. 8. Simulated soybean yield response to varying the filling period rapid penetration into the subsoil (from Al tolerance)
duration (beginning seed, R5, to physiological maturity) at Ames, or an altered profile distribution. Under this situation,IA, for 1980–1996 rainfed weather under two scenarios (Year 1958:

the G � E interaction can show up if one environment315 CO2 �mol mol�1, 0.91-m row spacing, 25 plants m�2; Year
is neutral (no water deficit) and the trait expression in2000: 370 CO2 �mol mol�1, 0.18-m row spacing, 30 plants m�2).
the other environment allows enhanced water uptake.
We need to know if there is a negative feedback of theLAI, which was one of the feedback limitations of longer
trait in the good environment (possibly a C cost). Havingfilling period. These three nongenetic factors are esti-

mated to jointly result in 14.4% yield increase for soy- a process such as photosynthesis or pod addition with
bean in Iowa over 42 yr. The increase in [CO2] is pre- different sensitivity to temperature (because of different
dicted to have increased yield by 9.1%, decreased membrane composition) could give a G � E interaction,
evapotranspiration by 1.5%, and improved WUE (grain but only where the temperature shift was part of the
basis) by 10.7%. One of the points to be made here is environmental differences. Genotypic differences in
that part of the upward yield trend in soybean during pest resistance may, in fact, be the dominant situation
the past 42 yr can be attributed to the increase in [CO2] that causes G � E interaction, particularly if the resis-
in addition to management and genetic improvement. tance vs. susceptible traits are neutral in a low pest
Management effect (here, row spacing and population density field, but the resistance trait gives improved crop
only) contributed 5.3% to yield increase. Adding a sin- performance in a pest-infested field.
gle genetic improvement of 11.3 d longer effective filling
period would give a 5.95% yield increase for 2000, com-

HOW CAN GENETIC COEFFICIENTSpared with a 3.91% yield increase in 1958. If genetic
BE DERIVED FORimprovement of 11.3 d longer filling period were com-

DIFFERENT CULTIVARS?bined with improved management and CO2 increase
from 1958 to 2000, soybean yield would have increased So far we have given our view of genetic coefficients,
by 21.2 or 0.5% per year, or 15.9 kg ha�1 yr�1, starting shown crop model sensitivity of the yield potential to
with a mean of 3140 kg ha�1. variation in hypothesized genetic coefficients (one or

How much of the trend in soybean yield increase can several at a time) within limits of known physiological
be attributed to genetic improvement vs. technology or range, and discussed the interactions needed between
CO2 increase? Soybean yield in USA has increased by geneticists, physiologists, and crop modelers. How can
22.6 kg ha�1 yr�1 from 1928 to 1998, and more rapidly we use this information to derive genetic coefficients
at 31.6 kg ha�1 yr�1 during the past 25 yr, from all causes. for different cultivars? What are the data sources for
Genetic improvement contributed 14.8 kg ha�1 yr�1 over information on different cultivars? There are several
the longer 50 to 60 yr time period, contributing about possible data sources and starting places.
two-thirds of the yield enhancement (See Table 1 of

1. Genetic knowledge—Geneticists have some of theSpecht et al., 1999). Based on our analyses above and
genes defined (or possibly entire maps of DNA), butignoring slightly different mean starting points, the CO2
there still is the problem of knowing the mode of actionand row-spacing/population management effects would
of each section of DNA, when integrated together inhave contributed increases of 6.8 and 4.0 kg ha�1 yr�1

the whole plant, and integrated over the entire season inor about 34% to the more recent trend of 31.6 kg ha�1

multiple environments. Can molecular geneticists helpyr�1, again leaving genetic improvement to contribute
translate these to modeled genetic coefficients? We be-about two-thirds of the effect. Regardless, our point is
lieve they will need more physiological and biochemicalthat better management and elevated CO2 have made
assistance, plus interactions with whole-plant cropit easier for recent genetic improvement via interac-
growth modelers.tion effects.

While the above examples have shown additivity of 2. Physiological knowledge available from laboratory
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or field screening trials is another information source— estimating genetic coefficients for recent cultivars as
they come on the market, with no additional data collec-Can physiologists define and measure physiological pro-

cesses determined by those genes that geneticists indi- tion required.
In the approach described by Mavromatis et al. (2001,cate are present, and then translate these into modeled

genetic coefficients? The task is overwhelming, because 2002), the crop model helps by accounting for nonge-
netic factors affecting yield, such as site-specific factorsthe number of cultivars and number of traits for defining

mode of action are too many. What process traits should of soil water holding capacity, fertility, and impact of
weather on yield. The approach requires minor calibra-be measured and in what environment?

3. Crop Performance Trials are routinely available tion of soils traits to reproduce the site-specific mean
yield of each yield trial. Then the approach solves fordata sources—Can the standard performance trials of

plant breeders/agronomists be used to good advantage? genotypic variation in yield, maturity, plant height, or
seed size among cultivars that may be attributed toIn this case, the numbers game is already being played

with many cultivars grown in many environments. Un- modeled genetic coefficients. This process requires care-
ful forethought as to the appropriate model genetic coef-fortunately, these trials record only a few measurements

including final grain yield, and sometimes also maturity ficients to influence a given yield trial measurement,
because in cases such as yield, there many genetic coeffi-date, height, and seed size. From such data, it would

appear to be difficult to arrive at any sophistication in cients that may affect measured variables. This is less
difficult for maturity date, plant height, and seed size.defining modes of action or physiological trait differ-

ences sufficient to be called modeled genetic coeffi- For harvest maturity date, we commonly solve on just
two traits: CSDL and a linked phase duration (FL-SD �cients. The problem is that there are many genes, many

modes of actions, and many ideas of modeled genetic SD-PM). However, for yield, the CROPGRO model
has five to eight cultivar traits that can create yieldcoefficients to be solved for, against only final yield.

This leads to statistical problems of which trait (s) and differences, even after solving for the correct maturity
date. These traits are not all equal in importance; there-how they contributed to the final yield, even if done

over many environments of the yield trials. fore, we combined certain of these traits into fewer
aggregated traits (Irmak et al., 2000; Mavromatis et al.,We propose the solution should begin with current 2001, 2002). For example, leaf photosynthesis and thresh-knowledge of gene structure, knowing the range of pro- ing percentage were linked and placed into a productiv-cesses/enzymes/actions possible in the genetics, but then ity enhancer category. A second combined trait wasasking how these function in a framework that the mod- comprised of life cycle shifting and reproductive traitseler can help integrate. For example, how do the genes that either increase (or decrease) yield, including shorterinfluence C balance, N balance, life cycle, canopy geom- FL-SH, shorter FL-SD, shorter PODUR, longer SD-etry, rooting, cold tolerance, heat tolerance, pest resis- PM, and longer SFDUR. The latter five traits weretance, and in what environments? Physiologists must be linked in a fixed fashion to create one trait. They act toin the middle of this to help maintain reality in the increase final seed HI with little effect on total biomass.translations, despite the limitation of being able to eval- Using this approach for 15 cultivars in the Northernuate fewer genetic materials than a geneticist can. Be- Uniform Regional Test for 3 yr at 11 sites in the mid-cause presently modeled genetic coefficients are a com- western USA, resulted in Pmax values ranging from 0.93plex result influenced by many genes, there is a need to 1.11 mg CO2 m�2 s�1 (the default starting point wasto become more detailed in the modeled genetic coeffi- 1.03) among cultivars, and a range in fraction of thecients, or to develop a translator whereby several genes total flowering to maturity phase allocated to seed fillcreate one modeled genetic coefficient, much as White (SD-PM/FL-PM) from 0.65 to 0.78 (Table 5). Similarly,and Hoogenboom (1996) did for dry bean. Mavromatis et al. (2002) found that estimated Pmax var-
ied from 0.96 to 1.11 mg CO2 m�2 s�1, and the ratio SD-

Learning about Genetic Coefficients PM/FL-PM varied from 0.71 to 0.80. In both studies,
from Cultivar Performance Trials the solved values of CSDL and total FL-PM reasonably

represented the different maturity groups.We propose that standard performance trials of plant
To estimate phenological and yield-potential traitsbreeder/agronomists can be efficiently used for extracting

requires 20 to 30 site-year combinations of trials, prefer-some genetic coefficient information using the crop
ably over locations that differ in latitude, sowing date,model in an optimization mode (Mavromatis et al., 2001,
and weather. This approach has been quite successful2002). Performance trials are routine, with large num-
in solving for stable and repeatable values for CSDLbers of cultivars being grown in many environments,
and phenological phase durations (Grimm et al., 1993,usually with recorded weather and cultural practices.
1994; Mavromatis et al., 2001, 2002). Figure 9 gives anThese trials include only a few measurements, such as
example of the ability to predict harvest maturity datefinal grain yield, maturity date, height, seed composi-
for the Stressland cultivar, estimated with data from thetion, and seed size. This makes it difficult to be specific
Northern Uniform Regional Soybean Trials. Root meanin defining modes of action or physiological trait differ-
square error was 2.82 d. Mavromatis et al. (2002) foundences sufficient to be called modeled genetic coeffi-
that the estimated phenological traits such as CSDLcients. Despite this limitation, the process has led to
were quite repeatable (r 2 � 0.96), even when solvedinteresting insights and has the advantage of providing

information on an extended number of cultivars and with data from one region (Georgia) and used for pre-
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Table 5. Solved traits of 15 cultivars in Northern Uniform Regional Test, based on yield and maturity records for 1995, 1996, and 1997
in Illinois, Indiana, Ohio, Michigan, Kentucky, and Missouri. Root mean square error (RMSE) of maturity and yield associated with
the optimized genetic coefficients.

SDPM/ RMSE RMSE
Cultivar MG CSDL FLPM FLSD SDPM FLPM Pmax Thresh maturity yield

h PTD PTD PTD fraction mg m�2 s�1 % d kg ha�1

A94-674017 2 13.47 44.10 12.00 32.10 0.73 1.010 76.5 4.51 650
IA2021 2 13.52 42.50 9.94 32.56 0.77 0.930 74.5 4.50 589
SD93-522 2 13.72 45.70 14.07 31.63 0.69 0.950 75.0 4.14 585
A94-774021 3 13.56 45.60 14.10 31.50 0.69 1.110 79.0 3.73 418
Charleston 3 13.56 47.20 13.77 33.43 0.71 1.030 77.0 4.43 468
U94-3412 3 13.56 45.60 14.10 31.50 0.69 1.070 78.0 4.09 468
KS4694 4 13.25 47.90 15.32 32.58 0.68 1.010 76.5 4.01 244
Stressland 4 13.30 45.50 13.79 31.71 0.70 1.090 78.5 2.62 275
HC90-196 4 13.35 45.50 11.39 34.11 0.75 1.030 77.0 3.26 240
HS93-4118 4 13.35 45.50 9.79 35.71 0.78 1.050 77.5 2.48 226
LS92-3660 4 13.35 45.50 13.79 31.71 0.70 0.950 75.0 1.96 328
LS92-4173 4 13.25 47.10 16.67 30.43 0.65 1.010 76.5 2.74 337
Md92-5850 4 13.35 45.50 9.79 35.71 0.78 0.970 75.5 2.79 322
Ripley 4 13.35 46.30 14.03 32.27 0.70 0.950 75.0 3.30 240
SS91-7138 4 13.25 45.50 12.99 32.51 0.71 1.050 77.5 2.72 276

diction in a new region (North Carolina). The approach phenology parameters, which were repeatable from re-
gion to region, we need to be cautious in attributingwith the yield-potential traits was able to provide rea-

sonably good predictions of yield potential and cultivar variation in yield potential to the specific modes of ac-
tion or physiological traits solved for. There is too muchyield ranking with independent data, but the two traits

(photosynthesis-enhancing and HI-shifting traits) were possibility of compensation, and there are many genes
and many modes of actions solved for, against only finalless stable than phenological traits, when moved from

one region to another. It is not surprising that yield pre- yield. This creates questions of which trait(s) contrib-
uted and how they contributed to the final yield. Morediction is more difficult than life cycle, because of the

influence of soil, weather, and management factors. In- confidence could be gained if there were additional
knowledge on HI (in the same trial) or measurementsdeed, the latter factors have much more impact on yield

than do genetic yield potential traits, unless faced with of leaf photosynthesis to verify whether this really varied
among the set of cultivars. Of course, this requires morea particular disease situation. Figure 10 illustrates pre-

dicted grain yield for the Stressland cultivar across a measurements by the agronomists/physiologists.
Additional information can be provided by detailedrange of these trials. Factors contributing to the excel-

lent predictions of grain yield in Fig. 10 come from the crop growth analyses of different cultivars, to determine
causes for yield improvement of new vs. old cultivars.model’s ability to account for weather effects, adjusting

for soil water-holding and soil fertility traits, as well Growth analyses can be assisted by interactive use of
crop growth models, to determine those differences inas estimating traits of life cycle phenology and genetic

yield potential. modeled cultivar traits required to mimic observed growth
differences (Duncan et al., 1978; Salado-Navarro et al.,How realistic is the above approach? Except for the
1986a, 1986b). We recently undertook such a modeling–
growth analyses comparison of new vs. older soybean

Fig. 9. Comparison of simulated vs. observed days to maturity for the Fig. 10. Comparison of simulated vs. observed seed yield for the
Stressland soybean cultivar, grown at 11 sites for 3 yr in the North-Stressland soybean cultivar, grown at 11 sites for 3 yr in the North-

ern Uniform Regional Soybean Trials. The 1:1 line is also shown. ern Uniform Regional Soybean Trials. The 1:1 line is also shown.
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cultivars in studies over 2 yr at 11 sites in Iowa, Illinois, green effect, or longer grain-filling period, which a crop
physiologist might say was the cause of yield improve-and Wisconsin (Boote et al., 1999, 2001). We systemati-

cally solved for genetic coefficients, as presently available ment. The modeling community has been slow to tackle
the pest tolerance issue for several reasons. For exam-in CROPGRO–soybean, to account first for phenology/

life cycle, followed by traits affecting partitioning, deter- ple, in our evaluation of variety trial data, we recognized
that cultivar yield differences were partially attributableminacy, photosynthesis, and N mobilization. Yield ad-

vantage of 12 to 23% existed for the newer soybean to differential cultivar pest tolerances, but the requisite
information on pest pressures at specific site-years wascultivars. With detailed growth analyses (leaf, stem, pod,

seed, computed HI), we concluded that yield improve- not collected, thus preventing a good evaluation and
assignment of modeled pest resistance traits. Second,ment was attributed to genetic coefficients that created

earlier podset (by 4–5 d), 14 to 30% faster pod addition, we would also need information for each cultivar on
stated levels of pest tolerance, to then make any attribu-8 to 17% longer grain filling, 5 to 11% increased leaf

photosynthesis, and 10% slower N mobilization. Yield tion of pest effects on yield. Breeders usually have such
information. Lastly, we would need to predict the effectimprovement did not come from not just one trait, but

a number of traits acting together, particularly for those of the pest on crop growth and yield.
that shifted life cycle from vegetative to reproductive to
increase HI. Moreover, the story of yield improvement

BRIDGING THE GAP: LINKING GENETICrepeated its pattern with several different sets of culti-
COEFFICIENTS TO QTLS, FUNCTIONALvar comparisons.
GENOMICS, AND GENOME MAPPINGDetailed physiological screening for variation in

traits/processes such as leaf photosynthesis rate, tissue The ultimate approach will be to use information from
composition, particular structures, enzymes, is feasible genome-mapping projects presently underway in given
only on small numbers of lines at a time. However, species. The question or problem is knowing what part
molecular markers can be used concurrently to the phys- of the field performance can be attributed to a given
iological study of limited numbers of lines to establish section or pattern of DNA and whether that stated field
connection of function to genome. Then later, molecular performance applies to all environments. The actual
markers can be used to screen large numbers of culti- knowledge of what a given DNA pattern means for field
vars, thus verifying presence or absence of a desirable performance is poorly understood, particularly when it
trait, and even tighter constraints could be placed on comes to its mechanism or physiological mode of action,
which traits would be allowed to vary in a model search but these topics will certainly be the subject of investiga-
for genetic coefficients affecting yield in regional yield tion over the next few decades, possibly with some of

the approaches suggested above. One of the top prioritytrials.
research areas listed in a 2000 meeting of soybean breed-An added avenue to assist the yield-trial approach in
ers was to identify QTLs for yield, sequence the yieldsearching for genetic coefficients of cultivars would be
genes, and then determine their function (Anonymous,to include evidence of parent–progeny relationships and
unpublished report, 2000). We interpret this statementgenetic relatedness, either based on crossing pedigree
and emphasis on functional genomics as a recognitionor from molecular genetic screening. We could presume
of the need for understanding the mechanism or func-that cultivars with high similarity of parentage (or with
tion of the individual genes contributing to yield. Like-exactly the same set of QTLs) should have a greater
wise, before we can really use these QTLs in a meaning-probability of having similar coefficient values (for CSDL,
ful way in mechanistic crop models, we will need tophotosynthesis, or life-cycle allocation to reproductive).
understand the mechanism behind each of these QTLs.Thus, constraints would be placed on the model optimi-
We highlight the all environments statement because wezation procedure with cultivar trials, to encourage selec-
believe that the genes will express one way in a givention of traits based on genetic relatedness, provided the
environment, but differently in another.root mean square error for that cultivar is not substan-

We give several examples to illustrate the need totially increased.
move beyond knowing just the QTLs or sections of
DNA involved. A paper by Mian et al. (1996) illustratedPest Tolerances as Genetic Coefficients:
that four QTLs were associated with WUE and six withA Missing Part of the Puzzle
leaf ash of soybean, coming from a cross of Young by

Some of the genetic improvement in soybean yield PI416937. Water-use-efficiency was negatively corre-
clearly derives from genetic improvement in pest resis- lated with leaf ash concentration and two of the QTLs
tance. This is apparent from all the breeding work to were common. However, this study did not uncover the
improve tolerance to pests, from molecular screening mechanism or the intermediate causal traits. Physiolo-
emphasis for genes for pest resistance, and from obser- gists know that WUE (and decreased ash concentration)
vations of variety trials or farmer fields where it is obvi- is associated with lower Ci/Ca ratio, caused by greater
ous that certain cultivars perform poorly. Pest tolerances leaf internal CO2 depletion caused by more rubisco ac-
have not been represented well by crop physiologists tivity per unit leaf area (this could come from increased
or in this modeling analysis, but nematode resistance leaf N concentration, increased SLW at constant leaf
or disease resistance could give an apparent response N concentration [leaf N], increased allocation of total

protein to rubisco or other critical enzymes). The QTLsthat would appear as enhanced photosynthesis, stay-
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for WUE may act jointly on just one or two intermediate THE FUTURE OF CROP MODELING
RELATIVE TO CULTIVAR VARIATIONtraits. Also disconcerting is the probability that the trait,

SLW or [leaf N], is not constant but is life-cycle depen- There is much potential for collaboration between
dent and environmentally dependent. For example, SLW crop modelers, physiologists, and plant breeders to study
in soybean is known to increase progressively from early effects of genetic improvement in traits as simulated by
flowering to beginning seed stage, and also increases crop models. Crop modelers’ view of genetic coefficients
with high light, drought stress, and cool temperature. must adapt to accommodate increased availability of
Likewise, [leaf N] may be environmentally dependent genetic information. One of the current hot areas in
and declines during seed filling in most species; however, molecular genetics is functional genomics. Crop model-
there may be genes that cause partial stay-green. The ers would benefit from such information collected by
message here is that we need to know the mechanisms geneticists and physiologists, because the impact of a
involved, so we can understand when a response should given section of DNA is not particularly predictable
also be environmentally determined. until the function (physiological, enzymatic, develop-

mental, etc.) is known. We propose the molecular genet-Molecular markers will increasingly be identified for
ics and physiology community also needs feedback frompest resistance (Lewers et al., 1999). Modeling of differ-
crop modelers as well, to help them focus on the mostent cultivars may be made easier, because the presence
likely plant traits to improve performance in a givenof markers would clearly identify a given cultivar as
environment. As modelers await further interactionsfalling into a given resistance or susceptibility group.
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the information that is presently available to learn aboutmechanistic crop growth model still needs to be worked
genetic improvement from past growth analyses studies,out. Decreases in a plant function relative to a given
from physiological comparisons, and variety trials. Vari-disease pressure are not constant, but are a function of
ety trials can be useful in optimization techniques toenvironment and plant growth conditions (Batchelor et
calculate coefficients to predict crop life cycle and yieldal., 1993; Boote et al., 1993). Fallick et al. (2002), for
potential. Crop models must continue to improve, toexample, tested which of several processes should be
consider the complexity among cultivars, to considermimicked to be affected by soybean cyst nematode.
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