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Abstract

Crop models are being increasingly used in agricultural and environmental studies of marginal environments where water
availability limits crop growth. The PNUTGRO model (a precursor of CROPGRO and CSM) has systematically underestimated
rainfed pod yield and alveground biomass, while accurately predicting the same variables under irrigation, in the frequently
drought-stricken Argentine peanut-growing region. This happened although the model was previously optimized to properly
simulate atmospheric water demand and soil/plant water supply, suggesting that the mechanisms of peanut drought tolerance
are not adequately expressed in the model.

Crop models such as PNUTGRO typically describe water stress using a linear function to penalize carbon assimilation
when water supply falls below a certain limit, assuming that stomatal control affects transpiration and photosynthesis pro-
portionally. We analyzed the feasibility of a linear transpiration—protosynthesis relationship at the leaf and crop scales. At
the leaf scale we used two leaf gas exchange models (a conductance model and the anatomy-based 2DLEAF). At the crop
scale we replaced the linear equation linking transpiration supply/demand and photosynthesis in PNUTGRO with an equation
of the form PGPGMAX = 1 — (1 — SWFACQ"WSFEXP, where SWFAC is PNUTGRO’s transpiration demand/supply ra-
tio and WSFEXP is an empirical nonlinearity constant that was determined by simultaneously fitting simulated and observed
biomass and plant-extractable soil water (PESW) content of several field experiments. An independent data set was used for
validation.

Both leaf models showed that linearity is infeasible, primarily due to the greater contribution of stomatal aperture to the
total pathway resistance of water vapor versus, CAt the crop-level, simulations of biomass, PESW, and pod yield in
rainfed experiments improved the most when we used the nonlinear function with WSEE2P. Mean final biomass
error improved from—20 to —6.5%; mean final pod yield error went from 20 to 0.07%; mean PESW error went from 5
to —0.2%.

Our results support the idea that water use efficiency (WUE) is a nonlinear function that increases under conditions of
water stress. This agrees with experimental evidence from the literature and with theory integrating quasi-steady-state stomatal
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closure due to low soil water availability, short-timescale midday adaptive behavior, and peanut-specific drought-avoidance
mechanisms.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 700 kg was a significant increase compared to previ-
ous varieties, so it became one of the predominant
cultivars in Argentina RPedelini, 199). Simultane-
ously, an expansion of peanut production area in
the region increased peanut yield variability because
Florman is quite drought-sensitiveCdllino et al.,

1994.

Contemporary crop models such as CSblbr(es
et al., 2003, CROPGRO Boote et al., 1998
GLYCIM (Acock and Trent, 1991 APSIM (Keating
et al., 2003, and MACROS Penning de Vries et al.,
1989 are useful tools for studying crop growth and

for solving practical agricultural problems such as
yield prediction and crop management optimiza-
tion (Hanks and Ritchie, 1991; Boote et al., 1996;

Improving the PNUTGRO model's description of
the physiological processes involved in drought tol-
erance is a necessary condition for applying it in

Poluektov and Topaj, 20Q01Improved model accu-  vyield prediction of drought sensitive varieties such
racy and the latest advances in agricultural technolo- as Florman. The relevant parts of the model where
gies present new, more sophisticated tasks for crop water stress should be coupled must be identified
models, such as understanding genotype by environ-and developed further through a more accurate de-
ment interactions and representing variety-specific scription of the physiological processes involved.
behavior in the context of new crop varieties that This may be accomplished with downscaling, tak-
appear in great numbers every yed@martt and ing the analysis of growth—water relations to a
Stalker, 1982; Mavromatis et al., 2001; Hammer et al., lower level of crop organizationdé Wit, 1982.
2002. Thus, if the crop model underestimates canopy-level
Extensive practical use of crop models has shown yield and biomass under stress conditions, we can
satisfactory results for crops grown under favorable consider transpiration/photosynthesis relations at
conditions Boote et al., 199/ However, if the crop the leaf-level. Leaf gas exchange models simulate
encounters stress conditions during its growth pe- more physical and biological processes, that is,
riod, crop models may perform inadequatelga( are more mechanistic than canopy gas exchange
et al., 1999; Calmon et al., 19R9In particular, models.
Ferreyra (1998)found systematic underestimations There exist a wide variety of leaf-scale models,
using PNUTGRO version 1.0B6ote et al., 198p mechanistic to varying degrees; very few of them
to predict rainfed peanut pod yield andogleground have been included into crop models or used for crop
biomass, although the model accurately predicted the model improvementMarques and Jgrgensen (2002)
same variables under irrigation, and had been opti- emphasized the need for a more integrative theoreti-
mized to properly simulate atmospheric water demand cal network in biology and ecology, ard#rgensen’s
and soil/plant water supply under rainfed conditions. (2002) comment that “ecology does not need to re-
Field crops such as rainfed peanut usually experi- main a science based on empirical relationships”
ence water stress at least for a short period. For exam-is applicable to crop science and crop modeling as
ple, Collino et al. (2000noted that peanut production  well. However, a compromise is necessary between
in Argentina, one of the world’s largest peanut ex- the complexity and performance of the crop model
porters, is concentrated in the central semiarid region enhanced by the incorporation of a lower level of
of Argentina where drought periods are frequent and analysis.

unpredictable.
The Florman INTA variety was introduced into
the region in 1983; its average rainfed yield of over

In a previous studyHerreyra et al., 2000 such a
compromise between different levels of organization
allowed us to approach the calibration of PNUTGRO
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1.02 for two very different peanut cultivars having rather than lumped at the end of the flow path as in
quantitative differences in their leaf anatomy and gas typical conductance models.
exchange. Leaf-scale analysis showed that an addi- However, lumping the properties of the leaf inte-
tional, cultivar-specific, leaf anatomy-based parameter rior was unavoidable until recent developments in
was needed to describe varietal differences in transpi- numerical methods made it possible to solve dif-
ration in the crop model. fusion equations in very complex domains. The
Peanut leaf gas exchange has been studied severatwo-dimensional model of leaf gas exchange 2DLEAF
times in the pas®hagsari and Brown, 19763 fallas, (Pachepsky and Acock, 19p6which explicitly ac-
1980. Several of these studies included Florunner, a counts for leaf anatomy, was developed using these
close relative of Florman INTA, under various environ- methods.
mental conditions. Several models of leaf photosyn-  Calculations with 2DLEAF have shown that wa-
thesis and transpiration also exiBopte and Loomis,  ter vapor and C@ concentration distributions in the
1991); the model proposed biyarquhar et al. (1980) leaf interior differ from each otheP@chepsky et al.,
which describes Rubisco performance and the light 1995, that photosynthesis and transpiration rates are
reactions of photosynthesis, has repeatedly provided not proportional to each other, and that stomatal aper-
good quantitative descriptions of assimilation and is ture affects transpiration more than it affects photosyn-
used in both leaf and canopy levels of organization thesis Pachepsky and Acock, 1996&onfirming the
(Boote and Loomis, 1991However, when applied to  statement made yarkhurst (1994hat low stomatal

a leaf, the Farquhar model only describes,GGsim- conductance reduces water loss more than it reduces
ilation. Transpiration must be estimated using a dif- CO, uptake.
ferent method. Several recent studie¥dn Wijk et al., 2002 Van

Gas diffusion through the boundary layer, stomata den Berg et al., 20Q2Tang et al., 200Lhave shown
and intercellular spaces is usually thought to limit that comparing the results of different models and dif-
both transpiration and photosynthesi®ackhurst, ferent scales of analysis applied to a particular crop or
1994. Traditionally, this limitation is presented us- ecosystem model module can provide valuable insight
ing an electric analog model based on conductancesinto the behavior of natural systems. In this study
(Nobel, 1983. The conductance model has been we used two leaf-scale models (a conductance-based
widely used to describe transpiration and, along with model and the leaf anatomy-based 2DLEAF) and a
Farguhar's model, to describe leaf photosynthesis and crop-level model (PNUTGRO) with the following
its dependence on stomatal control. objectives:

In many conductance model implementations the
diffusion paths for both C® and water vapor are
assumed identical, thus making transpiration and
photosynthesis proportional to each other as stom-
atal aperture changes. This assumption ignores the(z)
liquid-phase components of the g@athway, al-
though Nobel (1983) postulated that liquid-phase
conductance values are significaRarkhurst (1994)
criticized conductance models “in part because they
are usually one-dimensional representations, but also
because they treat continuously interacting processes
as if they were sequential.” Thus, a lumped-parameter
approach, as opposed to using spatially distributed 2. Materials and methods
parameters and processes, may introduce error even
in the apparently simple simulation of diffusion Fig. 1 presents a “roadmap” of the materials used
within intercellular spaces: assimilation really occurs and procedures followed in this study. The paths
throughout the tortuous intercellular space and con- through the graph are explained in the homonymous
currently with a gradual fall in C® concentration, sections below.

(1) to investigate whether a linear relationship be-
tween the stomatal regulation of photosynthesis
and transpiration is feasible (possible) at the leaf
scale, and

to use the acquired leaf-scale knowledge, together
with field-scale experimental data, to improve the
simulation of water stress effects in the PNUT-
GRO crop model, in order to increase the accuracy
of its predictions of biomass and yield in rainfed
experiments.
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Fig. 1. Data sources and procedures followed in each of the modeling activities.

of leaves can be described by the equations developed
for the analysis of electrical circuits.

The basic assumption of the conductance model is The third assumption is to describe the gas fluxes
the existence of parameters called conductances (oracross the air boundary layer using a lumped,
resistances as reciprocals of conductances) that re-one-dimensional form of Fick’'s law of diffusion,
strict diffusion of gases within plant tissues or between replacing the gradual concentration gradient by the
plant tissues and the turbulent air surrounding the leaf difference in concentration across some distance, and
(Fig. 2). Resistances are defined for the intercellular introducing a boundary layer conductance, which we
air spaces, the stomata, the cuticle, and the boundarywill denote gHZO. This is a great simplification con-
layer adjacent to the leaf. The second assumption is sidering the complex behavior of the boundary layer,
that CQ diffuses across the same gaseous-phase re-a region that is usually described as consisting of
sistances as water vapor, and across a number of othetwo sub-layers. The first layer is the surface region
liquid-phase resistance components in the mesophyll nearest the leaf, “dominated by the shearing stresses
cells. Using resistances, leaf gas fluxes into and out originated at some surface in a laminar sub-layer or

2.1. Conductance model simulations
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Fig. 2. Electrical analogue of leaf gas exchange pathways. Two
gas flux processes are represented: transpiration (left) and CO
(right) flux. Patm and Pfgo are the water vapor pressure in
atmosphere and on the surface of mesophyll cells, respectively,
Pgtc’)“2 and Péi(”)‘; are CQ partial pressure values in the atmosphere
and at the carboxylation siteﬁ_ji are the resistances to water
vapor (j = “H20") and carbon dioxide j= “CO,") movement

in the boundary layeri(= “bl"), in stomata { = “st”), through

the cuticule { = “cut”), in the intercellular air spaces €& “ias”),
through mesophyll cell wallsi & “mes”), and within chloroplasts

(i = “chl”).

air where movement is parallel to the leaf surface; air

A
movement is arrested at the surface and has increasing "
speed at increasing distances” from the leaf surface

(Nobel, 1983. The second sub-layer is farther from
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a stomatal pore. Stomatal conductance is closely re-
lated to stomatal aperture. Consequently it is highly

variable, especially in natural conditions. In models,

time-averaged values are used.

Cuticular conductanc%CUt is probably the most
uncertain of all the conductances in this model. Anal-
ysis of experimental data showed that cuticular tran-
spiration varies in a wide range for various species.
According to a generalization byarcher (1995)
it constitutes 10-33% of the total transpiration, but
some researchers presented even higher values. For
example, bushes under a forest canopy transpired
more than 50% of their total water through the cuti-
cle (Antipov, 197), and grasses growing in various
ecological conditions had cuticular transpiration con-
stituting 16—77% of the total¥ntipov, 197§.

The next component of the model is the conduc-
tance of intercellular air spaceggS,. Nobel (1983)
proposed calculating this parameter based on the aver-
age distance between mesophyll cell surfaces within a
leaf and the inner surface of stomatal pores. Consistent
application of the conductance model thus would also
require measurements on leaf cross-section images.

To simplify the use of the electric analogy, we
replaced all conductances with resistances, taking
rH o= l/gH o» Where the superscript “sp” stands for
bf “st,” “cut or “ias” (boundary layer, stomata,
cuticle, and intercellular air space, respectively). The
left side of Fig. 2 presents the corresponding equiv-
alent electrical circuit. The cuticular resistance acts
as a resistance in parallel with the series sum of the
stomatal and intercellular space resistances. Accord-
ing to this scheme, the total leaf resistance to water
movement can be described as follows:

ias cut
ol _ (50 + 0o b
ias cut "0
erO + erO + erO

The electric analogy for photosynthesis can be de-

the surface, and consists of a region of turbulent gas scribed in a similar fashion. The path of g@®@om the

movement.

Nobel (1983)escribed the diffusion of gases along
stomatal pores applying Fick's law and a stomatal
conductance (which we will denote! o) This is a
widely used parameter in both agricultural and eco-
logical modeling; stomatal conductance refers to the
rate of flow per unit area of the leaf, and is consid-
erably easier to measure than the flux density within

surface of mesophyll cells to the carboxylation sites is
short but quite complex: the GOnolecule must cross
the cell wall of the mesophyll cell, the plasmalemma,
part of the cytosol, the membranes surrounding the
chloroplast, and some of the chloroplast stroma. For
each stage of this path a corresponding resistance or
conductance can be defined, resulting in numerous pa-
rameters having unknown values.
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We accounted for this part of the GQathway us- the resulting images. Leaf cross-section and epider-
ing two resistances: mesophyliS®, and chloroplast, ~ mal images Fig. 3) were scanned using Optimas 6.1
r&, . The corresponding electrical analogy scheme is Software and the software package SigmaScan was
presented in the right side &ig. 2 The correspond-  used to measure the cell sizes of different tissues, as
ing equation for the total resistanod@ can be ex- ~ Well as the thickness and volume of the leaves and

pressed as their tissues. The results of these measurements were
wotal bl . : o summarized in the leaf cross-section schematization
rCGy = Co, + o, +7C0, T ree, + 70, (Fig. 4) that was used as the domain for calculations

where the superscripts “bl,” “st,” and “ias” correspond with the 2DLEAF model,

to the boundary layer, stomatal, and intercellular

spaces components, respectively. 2.3. 2DLEAF simulations

All resistances were calculated from the typical con- . )
ductance values provided hyobel (1983)as fol- The two-dimensional model of leaf gas exchange
lows (all in mmolnT2s-1): gal o= 1500; g8 o= 2DLEAF was described in detail biachepsky and
0.2 200; g2, = 2000; ggut - 10 gb|2 _ Acock (1996) and has been employed in ecolog-
e ST o0 $ oH20 ' °CO, ical (Pachepsky and Acock, 1996physiological
9375; ¢, =0.125...,125;g35 = 1250;gMes = : ;

CO, CO, CO; (Pachepsky et al., 1937 biophysical Pachepsky

66; and gggz = 100. Values of water vapor flux etal., 1999and crop simulationRerreyra et al., 2090
FluxXp,o o g}fg, and the CQ flux Fluxco, g‘gg’;‘ studies. The model simulates (a) transport 00Oy

were calculated for the range of stomatal conductance and water vapor in the intercellular spaces and in the
values assuming that the other conductances remainboundary layer adjacent to a leaf, (b) fluxes of CO

constant. O2 and water vapor across the cell surfaces driven by
the difference between atmospheric and intercellular
2.2. Leaf anatomy measurements concentrations. Assimilation of GQand evaporation

of water are simulated on the surfaces of the polygons
Leaf samples were collected from an experiment representing palisade and spongy mesophyll cells.
conducted in 1999/2000 at the INTA Institute of Phy- \/3jyes of CQ concentration at the outer edge of the
topathology and Plant Physiology (IFFIVE), Cordoba, houndary layer are equated to the ambient@@lue.
Argentina (31 24'S, 61 11'W, elevation 474m). The  \ater vapor pressure at the cell surfaces is set to the
Florman INTA variety was grown under well-watered  standard saturation value for the given leaf tempera-
conditions: the fraction of available root zone water e, The domain for solving the diffusion equation is
content was kept above 60%. different for water vapor and Cbecause of peanut’s
Ten leaflets were sampled from the crop on the 55th yery particular leaf anatomy: it has large water stor-
day after planting for the analysis of adaxial and abax- age cells adjacent to the abaxial surfagég( 3.
ial leaf surfaces as well as leaf cross-sections. The \water evaporation occurs from their surfaces, but not
leaflets were collected from the first fully expanded ¢, assimilation. Assimilation of carbon dioxide is
and fully developed leaf (usually the second or third gescribed in 2DLEAF using the model described by
from the apex) on the main stem of randomly selected Farquhar et al. (1980)accounting for temperature,
plants. Epidermal samples were obtained by mechan-co, concentration and light intensity.
ical peeling from the abaxial and adaxial surfaces of  The main assumptions of the 2DLEAF model are:
the leaflets. Leaf cross-section samples were obtained
with a microtome following treatment with xylol and (a) Three-dimensional gas flow is approximated in

inclusion in paraffin. Two kinds of coloration were two dimensions.

performed: (a) double, using saffranin/fast-grekta ( (b) In leaf cross-section schematizations, the real
et al., 1992 and (b) toluidine blue%akai, 1973 The shapes of palisade and spongy cells are replaced
prepared slides were observed with a magnification with rectangular approximations. Palisade cell

of 200x under a Zeiss Axiophot microscope with widths vary in our simulation domain, with their

imaging capabilities, which was also used to digitize distribution close to the observed one, but the
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(B)

Fig. 3. Example of leaf cross-section (A) and epidermal photomicrographs of the adaxial (B) and abaxial (C) leaf surfaces. The marks are

58um long.
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(€

lengths of the palisade cells were assumed con- (d) Boundary layers can be described by two param-

stant, and equal to the measured palisade tissue

thickness; the size of spongy cells also varied.
(c) All the mesophyll cell surfaces in the domain ab-
sorb CQ for assimilation.

" Boundary

S VTR
B i mis = _
Mesophyll - |
cells |
Bundle £
sheath a
N ©
Water
storage
cells

Boundary
e iayB
< >
50um

Fig. 4. Schematization used for the 2DLEAF simulations, obtained
from the observed data.

eters: a thickness, and an effective diffusion co-
efficient Def, equal for both sides of the leaf.

(e) Stomata are distributed uniformly on the leaf sur-
face, but with different density on the abaxial and
adaxial surfaces.

(f) CO7 assimilation occurs on the cell surfaces, and
COs, transfer inside cells was not considered.

The system of equations of the model includes three
diffusion equations with different boundary conditions
for all three gases. It is solved numerically using a
Galerkin-type finite element method, as detailed by
Pachepsky and Acock (1996)

We parameterized 2DLEAF for peanut quan-
tifying using measurements from numerous leaf
cross-sections and epidermal peé€lgl. 4 presents the
resulting simulation domain. Biochemical parameters
were determined for peanut in our previous study
(Ferreyra et al., 20Q0Parameters of the gas transport
sub-model and of the carbon assimilation sub-model
depend on temperature; the gas diffusion coefficient,
Dg, values depend on temperatufe(K), as follows:

T a
Dy = D°*5t<27315>

where Do st is the molecular diffusion coefficient at
760 mmHg atmospheric pressure and 273.15K, and
a is a parameter ranging from 1.75 to 2nierican
Institute of Physics Handbook, 19/2Dependencies

of biochemical parameters on temperature are as-
sumed to obey Arrhenius-type equations as suggested
by Harley and Tenhunen (1991)
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We ran 2DLEAF for different combinations of leaf spectively) were obtained using the procedure sug-
temperature and stomatal apertures assuming an in-gested byRitchie (1981) The lower limits were usu-
cident radiation of 200pmolm—2s~1. In order to ally reached only at shallower soil layers (0—100 cm),
obtain realistic leaf temperature values for our simula- but were extrapolated to greater depths because the
tions, we measured leaf temperature of water stressedsoil properties throughout the C horizon were rela-
(using mobile rainout shelters), and well-irrigated tively constant. The volumetric water content at satura-
Florman plants during the 1997-1998 cropping sea- tion was determined in the laboratory. Soil water con-
son in IFFIVE. Leaf temperature was measured at tent was measured in each plot every 2-10 days. The
noon using a Horiba IT 330 infrared thermometer gravimetric technique was used in the upper 10cm,
(Horiba, Japan) sensitive to the thermal radiation in and a neutron probe was used at 20 cm intervals be-
the 6-12.m wavelength band. The measured temper- tween the depths of 10 and 230cm. Daily weather
ature values were regularly checked using a portable measurements (maximum and minimum air tempera-
blackbody standard accurate to the nearest®.1 ture, relative sunshine fraction for solar radiation es-
We used representative values to determine the rangetimations), were recorded approximately 100—1000 m
of temperatures used in the 2DLEAF simulations, away from each experimental site. Daily rainfall was
and in graphs where stomatal aperture and tempera-measured with a rain gauge closer to the experimen-
ture were not considered independent variables, we tal plots. All above ground biomass, including pods
assumed that temperature varied between the twowhen present, was harvested 5-7 times during the
temperature extremes as a linear function (with a neg- crop-growing cycle from 1.5 fsub-plots, oven-dried
ative slope) of transpiration, that is, maximum latent and weighed.

heat loss corresponded to minimum temperature, and
vice versa. 2.5. The PNUTGRO model

PNUTGRO was described in detail Boote et al.
(1989) The model simulates, with a daily time step,
the biomass accumulation, leaf area, phenology, and
soil water balance of a peanut crop, assuming no nu-
trient limitations. It uses daily weather data.

For this study we used the model with the manage-
ment parameters shownTable 1 and Florman INTA
genetic coefficients obtained Ravelo and Dardanelli
(1992)andSeiler and Vinocur (1995)NVe previously
optimized PNUTGRO using (a) irrigated experiments
silty loam Enthic Haplustoll, whereas in®&Cuarto it to accurately predict crop potential evapotranspiration,
is an Entic Hapludoll (USDA Soil Taxonomy). All of  and (b) experiments with an imposed drought period to
these soils have A, AC, and C horizons, a silt content obtain rooting depth and root distribution parameters
ranging from 60 to 70%, and a pH of 7.1-7.7. The to maximize the accuracy of soil evaporation and plant
soil profiles do not present any physical constraints transpiration simulations under supply-limited condi-
to root development. Planting dates, row spacing and tions. Ferreyra (1998provided a detailed description

2.4. Crop-level experiments

Experiments were conducted at the INTA Manfredi
Experimental Station, Manfredi, Argentina (349 S,
63> 48 W, elevation 292 m); and at the National Uni-
versity of Cérdoba, Faculty of Agronomy, Cérdoba,
Argentina (32 30' S, 64 00 W, elevation 360 m). We
also used data reported Beiler and Vinocur (1995)
near the Ro Cuarto region (3312 S, 64 23 W, ele-
vation 421 m). The soil in Manfredi and Cérdoba is a

plant populations are presentediable 1 Weeds were

eliminated by hand. Foliar diseases and spider mites

were controlled by regular application of fungicides
and insecticides recommended by the INTA Exten-
sion Service, Argentina. A completely randomized de-
sign with three to four replicates was used for each
experiment.

The (drained) upper and lower soil water holding
limits per soil layer at each site (DUL and LL, re-

of this process.

Fig. 5 shows a simplified diagram of the interac-
tions between water balance and biomass production
implemented in PNUTGRO 1.02. Of particular inter-
est is the role of the two parameters, the U.S. Saill
Conservation Service (SCS) runoff curve number CN
(SCS, 1972 and the proposed nonlinearity factor
WSFEXP. Both parameters are described in detail
below.
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Table 1

Description of the PNUTGRO parameter estimation experiments

Site Experiment Planting date Plant population No. data Weight CN2 CN2
(m—2)2 point® (lineary! (nonlineary

Manfredi RAMA9001 5 December 1990 15.8 12/17 1/1 93 93

Manfredi RAMA9101 27 November 1991 15.8 10/30 1/1 90 91

Manfredi RAMA9302 17 November 1993 12.2 7118 1/1 92 93

Manfredi RAMA9404 22 November 1994 11.9 5/15 1/1 90 91

FA RAUN9301 20 November 1993 11.9 4/6 1/1 93 94

2 Row spacing was 70cm for all the experiments.

b Number of data points available in each experiment for biomass/PESW.

¢ Weight applied to the experiment’'s biomass/PESW in the objective function.

d Optimal value of the CN2 curve number for each experiment in the linear (WSEEXPcase.

€ Optimal value of the CN2 curve number for each experiment in the nonlinear (WSEEXP) case.

The SCS curve number is a parameter that lumps the following:
the_ effec_ts of muluple phgnomena that control rL_moff [P — 0.2((25400/CN) — 2542
(rainfall intensity and soil cover, for example) into R =
one value that describes the behavior of the system P +0.8((2540QCN) — 254
( 25400

fthroug_hout a period of interest. The_ equation Iipk- it P> 02 _ 254>’ R = Ootherwise (1)
ing rainfall, CN and runoff for a rainfall event is CN

WSFEXP CN2

==

+
+ +
+ Effect.
- precip
+ +
=)
+

+
Root mass
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\ D
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Fig. 5. Simplified causal diagram of the interaction between the water balance and photosynthesis modules of the modified PNUTGRO
model. Abbreviations: SW, soil water; PESW, plant extractable soil water; EO, potential evapotranspiration; EOP, potential transpiration;
EP, actual transpiration; SWFAC, PNUTGRO's existing soil water supply/demand ratio; PG, gross photosynthesis; LAI, leaf area index;
TMAX, maximum daily temperature; TMIN, minimum daily temperature; SRAD, solar radiation; CN2, mean SCS runoff curve number;
and WSFEXP, proposed nonlinearity factor. The paths leading from the parameters used in the simultaneous optimization and the observed
soil water and biomass are marked with darker lines. Note the negative feedback from biomass to PESW through-tHeQR EP

and through root mass- daily SW supply— EP. The presence of feedback requires the simultaneous estimation of the two parameters,

CN2 and WSFEXP.

Biomass
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whereR is runoff andP is precipitation, both in mm,
and CN takes values from 0 to 100.

Although the SCS Hydrology HandboolSCS,
1972 provides tables for estimating CN2 (a “mean”
value of CN over the period of interest) according
to land cover, slope, tillage, etc., the effective value
of CN2 for any particular cropping season is a pri-
ori unknown because it depends on the intensity of
all the individual rainfall events. The effect of this
uncertainty on simulated water balance is especially
strong at the higher range of CN2 values, such as in
the Haplustolls of central Argentina, which tend to
crust Hall et al., 1992.

The function linking water stress to photosynthe-
sis in the original PNUTGRO (and in its succes-
sor, CROPGRO) is linear and consists of the factor
SWFAC, the ratio between water supply (by the soil
through the root system) and water demand (by tran-
spiration), limited to a maximum value of 1. This
factor is calculated on a daily basis and multiplied by
a calculated potential daily gross photosynthesis.

We instead proposed an empirical nonlinear wa-
ter stress function, shown i&qg. (2) which takes
SWFAC as input. Its derivative with respect to SWFAC
is shown inEqg. (3}

Water stress functios: 1 — (1 — SWFAC)WSFEXP

(2)
odWater stress function
dSWFAC
= WSFEXR1 — SWFAC)WSFEXP-1 (3)

The shape of this function for different values of
the WSFEXP parameter is shownHig. 6. We chose
this function because it complies with two important
conditions:

(&) When WSFEXP= 1, the function collapses back
into the original linear function.

(b) Except for the special case in which WSFEXP
1, the derivative of the water stress function with
respect to SWFAC is always 0 when SWFAE
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Fig. 6. Proposed function linking gross photosynthesis and sat-
isfaction of transpiration requirements, FBGMAX =1 — (1 —
EP/EPMAX)"WSFEXP, for different values of the WSFEXP
parameter.

Assuming that evapotranspiration ET is estimated
accurately, and that there is no drainage from the
bottom of the profile, then a value of CN2 may be
estimated using a two-step procedure: first, given a
difference in total soil water contelriPESW from
successive measurements of soil water content in the
profile, estimate runoff using B P— ET — APESW,
and then search for the value of CN2 that best fits
the runoff estimate and measured rainfalleg. (1)
Similarly, given a series of measurements of soil wa-
ter content in the profile, and assuming that LAI and
potential net photosynthesis can be simulated accu-
rately, thenEq. (2)can be parameterized by searching
for the value of WSFEXP that best fits the series of
observed values of total biomass.

The scheme described above has problems. Mea-
suring total biomass (including total root mass) is
impractical; only abveground biomass is determined
in typical modeling experiments. Root mass must
therefore be estimated. Moreover, the allocation of
photosynthates to the root system is water stress de-
pendent in peanudright et al., 1993 and changes
in root length density will affect the crop’s ability to
extract water from the profile and thus will feed back
to plant-extractable soil water (PESW). Furthermore,

1. This represents the assumption that the water changing WSFEXP will impact biomass and leaf area,
stress avoidance mechanisms of crop plants shouldso water demand may also change. Thus, there is

result in an insignificant variation of photosynthe-
sis for small levels of nonsatisfaction of optimum
daily water requirements.

feedback from biomass to PESWig. 5), so CN2 and
WSFEXP cannot be estimated independently. This
motivated the simultaneous approach described below.
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2.6. PNUTGRO parameter estimation

We set up the process to obtain a single optimal
WSFEXP value across all the experiments, consid-
ering it a characteristic of the Florman genotype. An
optimal CN2 was calculated for each experiment,
accounting for the variability of CN2 over space and
time. The objective function of the estimation pro-
cess was defined as the weighted sum of ten (2 per
experiment) squared terms. Five of the squared terms
corresponded to relative biomass errors (difference
between predicted and observed biomass, divided
by the observed value) and the other five to relative
PESW errors (difference between predicted and ob-
served PESW, divided by the mean value of PESW for
the whole experiment). Using relative errors allowed
us to combine different variables and different years
in one same objective function. Equal weights were
applied to the relative errors of biomass and PESW
of the five calibration experiments. This was done
despite the different number of measurements per
variable and experiment. The discussion elaborates
on the implications of different weighting schemes.
The total number of measurements per variable per
experiment is shown iffable 1 A flowchart of the
parameter estimation process is showirig. 7.

2.7. PNUTGRO validation

In order to provide independent validation for the
predictive capability of the modified model given the
fact that WSFEXP and CN2 were fitted simultane-
ously, we performed additional crop-scale validation
as follows:

(1) We estimated typical CN2 runoff curve num-
ber values in the region by fitting observed &
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simulated water balance over a large number of Fig. 7. Flowchart of the PNUTGRO parameter estimation process.

short-term, mostly fallow scenarios observed over
several years in Manfredi and not used in the
calibration procesdig. 8 shows the distribution
of CN2 values over these scenarios.

(2) In order to test the value of WSFEXP without si-
multaneously fitting CN2, the PNUTGRO model
was used to run multiple simulations inidR
Cuarto for each of the RARC9201, RARC9301,
and RARC9401 experiments shown Table 2
assigning CN2 to each run according to the his-

togram of CN2 values obtained above for the
Manfredi scenarios, an environment with a rain-
fall regime to similar to that of Rio Cuarto.
We did this while keeping WSFEXP constant
at its optimal level. The distributions of sim-
ulated pod yield and biomass were compared
with the values reported bgeiler and Vinocur
(1995)
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Table 2

Description of the PNUTGRO validation experiments

Site Experiment Planting date Plant Simulated Observed Simulated Observed
population biomas8 biomass pod yield pod vyield
(m—2)2 (kg ha'*) (kg ha'!) (kg ha'*) (kg ha'®)

Rio IV RARC9201 5 December 1992 12.0 377452022 5381 1804 981 2590

Rio IV RARC9301 8 December 1993 12.0 84922207 6608 449°H 1234 3586

Rio IV RARC9401 3 December 1994 155 57551627 7330 2056t 978 2358

@ Row spacing was 70cm for all the experiments.
b Shown in the form meatt standard deviation.

0

Fig. 8. Histogram of CN2 values obtained in the validation sce-
narios.

Number of scenarios
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3. Results
3.1. Anatomical data and leaf-scale modeling

Table 3presents the image analysis results of leaf
cross-sections and abaxial and adaxial surfaces of
peanut (cv. Florman INTA) leaves. Leaf thickness
varied between 130 and 140n with a mean of
133pum. Water storage, bundle sheath, and mesophyll
cell areas were present in a proportion of 12, 15 and
51%, respectively, with the remaining 11% occupied
by epidermal tissue. The number of palisade cells was
slightly higher than the number of spongy cells, and
the palisade cells were approximately 3 times larger
than the spongy cells. Cell area ind&athepsky and
Acock, 1996, an important descriptor of the photo-
synthetic capacity of the leaf, was not very high: 16.5.
Stomatal density was slightly higher on the adaxial

leaf surface versus the abaxial surface. Stomata were

quite long, about 20.m, with the ability to open up
to 12pum wide.

Fig. 9 presents example 2DLEAF results, the de-
pendence of simulated water vapor and Cildixes
on stomatal aperture for three different tempera-
tures, 20, 30 and 4Z. The fluxes are normalized
with respect to their maximum values. As stomatal
aperture decreases, both fluxes decrease, but the re-
sponse of transpiration is significantly stronger than
that of photosynthesis at the three tested tempera-
tures. Fig. 10 presents conductance model results,
the dependency of water vapor and £fuxes on
stomatal conductance. Both variables are normalized
with respect to their maximum values, that is, the
values corresponding to fully open stomata. Transpi-
ration rate and photosynthesis showed, respectively,
linear and nonlinear relationships with stomatal
conductance.

Table 3

Measured and calculated characteristics of peaAwachis hy-
pogaea L.) cv. Florman INTA leaves, per 2Q0m of leaf
cross-section sample length

No. Characteristic Meag: S.E.
1 Leaf thickness{m) 133+ 5.1
2 Percentage area of water storage cells ?.87
3 Percentage area of bundle sheath 165.2.3
4 Number of palisade mesophyll cells 271.3
5 Mean area of palisade cajuf?) 245 4+ 13.7
6 Mean perimeter of palisade celkifh) 82+ 4.1
7 Number of spongy palisade cells 1.1
8 Mean area of spongy cellun®) 79+ 7.6
9 Mean perimeter of spongy celiv(n) 35+ 3.1

10 Cell area index, CAl 16.5

11 Stomatal density, SD, abaxial (MR&) 247 + 48

12 Stomatal density, SD, adaxial (mMR&) 273+ 423

13 Length of stomate, abaxial and 195+ 1.8

adaxial xm)

14 Width of stomate, abaxial and 11.8+ 1.5

adaxial tm)
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Fig. 9. Dependencies of water vapor flux (lines with circles)
and CQ assimilation (solid lines) steady state fluxes on stomatal
aperture at 35C (lines), 20°C (dashed lines), and 4€ (dotted
lines), calculated with 2DLEAF on the domain constructed from
observed leaf anatomy data. Tlyeaxis ratio is expressed with
respect to maximum stomatal aperture afG5

3.2. Crop-scale modeling and PNUTGRO
parameter estimation

The mean values of final biomass and pod yield
of the PNUTGRO simulations of the calibration ex-
periments Table ) using the default linear case

=

D @ o

o o o
! !

Normalized fluxes
iy
o

(% of the value for fully open stomata)

N
o
!

o

0 50 100 150 200
Stomatal conductance for H,O (mmol m? s'l)

Fig. 10. Dependencies of water vapor (solid line) and,G@ot-

ted line) fluxes on stomatal conductance, as obtained using the P-value = 0.0004. For the nonlinear case;,

conductance model shown Fig. 2
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Fig. 11. Objective function used in the optimization process. The
weighted relative error and WSFEXP are adimensional variables.

(WSFEXP = 1) were 6597 kgha' (biomass) and
3124kghal (pod yield), whereas the observed
mean final biomass and pod yield were 7753 and
3772kghal, respectively, a first indicator of biomass
underestimation in the original model.

Fig. 11 shows the value of the objective func-
tion versus the corresponding value of WSFEXP.
The value that minimized error, that is, the opti-
mum, corresponded to WSFEXR 2.5, which we
will call the nonlinear case. The corresponding op-
timal values of CN2 for the five experiments are
shown inTable 1 The biomass and PESW residuals
(predicted— observed values) for all the individual
measurements of the five experiments in the linear and
nonlinear cases are shownhigs. 12 and 1®pposite
the corresponding observed values. The model un-
derestimated biomas$  —3601kgha?l, SE. =
49.1kghal, n 35), and overestimated PESW
(y =5.55mm, SE. = 2.13mm,n = 86) in the linear
case; the simulation visibly improved in the nonlinear
case for both biomass (= —2465kghal, SE. =
11985kg hal, n = 35) and PESWY = —2.16 mm,
S.E. = 2.14 mm,n = 86). The nonlinear case’s mean
simulated final biomass was 7260 kgha Thus, fi-
nal biomass underestimation was reduced from 18
to 6.5%, and average PESW changed from a 5%
overestimation to a negligible underestimation.

The residuals in both cases &fgs. 12 and 13
seemed to have a trend. In the case of biomass resid-
uals, linear casey = 4428 — 0.179%, R? = 0.32,

1035 — 0.0784x, R? = 0.094, P-value = 0.074. For
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Fig. 12. Scatterplot of biomass residuals for the linear case

(WSFEXP = 1, solid diamonds, solid trend line) and nonlinear
case (WSFEXP= 2.5, hollow squares, dotted trend line) of five
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Fig. 14. Relative gross photosynthesis vs. relative transpiration cal-
culated with the conductance model (black diamonds), 2DLEAF
(white squares), and the PNUTGRO nonlinear case (white
triangles).

experiments. The bars show the mean and standard deviations ofthe nonlinear (WSFEXP_— 2.5) case of PNUTGRO.

52 simulations run with different CN2 values for each of three
validation experiments in iR Cuarto.

PESW residuals, linear casg,= —1.96 + 0.0631x,
R? = 0.041, P-value = 0.061; for the nonlinear
PESW casey = —10.43 + 0.0695r, R? = 0.049,
P-value= 0.040.

Fig. 14 shows the relationship between g@nd
H>O flux ratios for the two leaf-level models and for
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Fig. 13. PESW residual scatterplot for WSFEXP 1.0 (solid
diamonds, solid trend line) and WSFEXP 2.5 (hollow circles,
dotted trend line) over the five calibration experiments.

In each case the-axis shows the ratio of actual tran-
spiration to a nominal (in our case, maximum) value,
and they-axis presents the corresponding £ux
ratios.

Finally, a note regarding pod yield, which in peanut
crop simulation is usually of greater interest than
biomass and PESW. The pod yield variable did not
participate in any way in the parameter estimation
process. However, the accuracy of its simulation
changed even more significantly than that of biomass
and PESW. In the linear case, mean simulated final
pod yield was 3124 kg hd over all the experiments,
versus 3772kgha mean observed final pod yield,
an underestimation of 20%, slightly greater than that
of biomass. In the nonlinear case, mean simulated
final pod yield was 3775 kg hd, practically identical
to the observed value.

3.3. Validation scenarios

Fig. 12 shows the observed values of biomass of
the three validation experiments together with bars
indicating the standard deviation of the 52 simula-
tions run for each experiment using the 52 CN2 val-
ues shown irFig. 8 These values, together with the
three experiments’ observed pod yields and simulated
pod yield means and standard deviations, are shown
in Table 2
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4. Discussion

4.1. Anatomical data and leaf-scale modeling

71

CO; are different: water can flow from nearby cells
to replenish the water necessary to maintain satu-
rated conditions in the substomatal cavity, but CO
must diffuse towards assimilation sites into the most

The results of the anatomical measurements showndistant recesses of the mesophyll. Thus, the mean

in Table 3do not differ significantly from those of an
earlier set also made with Florman INTAdrreyra

et al., 2000. All characteristics remained within 5%
across the different dates, although the two experi-
ments were grown in different years and under differ-
ent conditions. This stability of Florman anatomical
features is encouraging, lending further support to the
idea proposed biferreyra et al. (20003hat leaf-level

distance that a C&molecule must travel (and hence
its equivalent resistance in the conductance model)
is proportionally greater for COthan for water va-
por. Furthermore, as reported obel (1983) the
liquid-phase components of the g@athway com-
ponents have significant nonzero values, so even if
cuticular resistance were infinite, it is impossible for
the stomatal component of the gas transport pathways

modeling can be used to assist crop model parameter-to be the same fraction of the total, and thus, linearity
ization; these authors observed significant anatomical is infeasible.

differences between leaves of cultivars with different

drought tolerance levels, and correspondence betweem.2. Crop-level experiment optimization and
those differences and simulated gas exchange behavalidation

iors at the leaf-level.

The 2DLEAF results shown ifig. 9 and the con-
ductance model results shownRig. 10are consistent
with the idea presented Barkhurst (1994bhat stom-
atal aperture affects transpiration more than it affects
photosynthesis.

Fig. 14 shows the fluxes calculated with the con-
ductance model and 2DLEAF expressed relative to
the maximum fluxes, together with the crop-scale
PG/PGMAX relationship implemented in PNUTGRO
with the optimal WSFEXP= 2.5. The temperature
extremes taken for the 2DLEAF simulations were
30 and 42C. Note how the conductance, 2DLEAF,
and optimized PNUTGRO curves are all nonlinear,

Basing the objective function shown kig. 11on
relative errors made it possible for us to combine
errors across different variables and experiments.
Moreover, it addressed the issue that minimizing
root-mean-squared error (RMSE) to fit a regression
curve through biomass data within an experiment
is misleading because the variance of the data is a
function of their magnitude, that is, the age of the
crop. An immediate precursor of our approach is the
peanut model parameterization process implemented
by Young et al. (1979)where three variables (top
mass, pod weight, and flower count) were combined
into one objective function using the same scheme,

consistent with the idea that gross photosynthesis albeit for one year at a time rather than the five years

is affected less by nonsatisfaction of transpiration
requirements than would be expected under the lin-
ear relationship between SWFAC and PG originally
implemented in PNUTGRO.

The conductance model shownhig. 2is far sim-
pler than the 2DLEAF simulation, since it does not

consider different temperature scenarios, an actual

photosynthesis model, etc. but it does clearly show

used in this study. Similarly to Young's objective
function, ours arbitrarily assigns equal weights to
each experiment—variable combination; we weighted
equally the relative errors in biomass and soil wa-
ter content of all the experiments, regardless of the
number of data points contained in each.

The selection of a weighing scheme can affect
the results; for example, if the errors of the experi-

that a linear relationship between photosynthesis and ment—variable combinations (RAMA9001 biomass,

transpiration is infeasible. It can be assumed that in

RAMA9101 PESW, etc.) had been weighted propor-

the boundary layer and across the stomata resistancesionally to the number of data points contributed by

to the flow of water vapor and CQare proportional,
linked by the ratio of molecular weights of the two
gases, but similarity stops there. The intercellular air

each combination as shown irable 1 the optimal
WSFEXP would have been 3.0, but if the first three
experiments had all been given a weight of 1, and the

spaces that must be traversed by water vapor and bylast two experiments, which have less data, had been
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weighted with 0.75 and 0.5, the optimal WSFEXP (Hall et al., 1992; Ferreyra, 1998owever, the com-
would be 2.25. We avoided considering the amount mon technique implemented in PNUTGRO and many
of data per experiment because favoring one year other crop models of assigning a unique value of CN2
more than others may bias the parameter estimationto a location based on land cover, etc. runs into an
process towards a solution that simulates crop yield important limitation: the curve number is also depen-
better under weather conditions corresponding to the dent on rainfall intensityoughton, 1988 which may
year(s) with more data. It is thus desirable to have vary seasonally and interannually in the region of in-
a good mix of wet and dry years in the parameter terest. Note the trend in the residuals in both of the
estimation processes. cases shown irFig. 13 This trend is probably not
Fig. 12shows how, even in the nonlinear case, the an artifact of the optimization method, but rather a
model continues to underestimate biomass, albeit to manifestation of the problems associated with hav-
a far lesser extent than in the linear case. This is re- ing a constant curve number. The five calibration ex-
lated primarily to the simultaneous fitting of biomass periments had a time course of PESW typical of the
and PESW. Equal weight was given to goodness-of-fit region: PESW is maximum in November/December,
of both variables with the intent of avoiding an artifi- and decreases throughout the summer as precipitation
cially good fit of biomass while disregarding the fit of is exceeded by evapotranspiration. Rainfall intensity
PESW, the limiting factor for biomass production in behavior is also seasonally variable. The precipitation
the region. Switching to WSFEXE 2.5 did produce regime in the early season (late spring) is strongly
a simultaneous improvement in the goodness-of-fit of convective, thus rainfall intensity and CN2 are high.
both variables, but further room for improvement is Contrarily, low-intensity precipitation from stratiform
possible, as is suggested by the slight underestima-clouds predominates during the late season (early au-
tion of both PESW and biomass after the optimiza- tumn). Since PNUTGRO and similar models only use
tion process. We believe that explicitly incorporating a unique value of CN2 for the entire season, in Central
a physically-based simulation of the effect of soil wa- Argentina the models will tend to overestimate PESW
ter content dependent mechanical impedance on peg-in the early season when PESW is high (right side of
ging and pod formation would improve results further. Fig. 13, and underestimate it in the late season when
Since the peanut seed has a high lipid and protein con-it is low (left side ofFig. 13.
tent, its carbon costs are high compared to those of Itis interesting to note iffable 1that in the bench-
leaves and stem&énning de Vries et al., 19)4hus mark (linear) case of WSFEXE- 1, the optimiza-
a change in pod yield due to mechanical impedance tion algorithm yields values of CN2 that are generally
would have a magnified opposite effect on biomass lower than the ones corresponding to WSFEXR.5.
due to the differences in carbon costs between seedsThe differences shown are small, but in the high range
and vegetative tissue. This effect is currently not mod- of curve number values, there can be large changes in
eled in PNUTGRO or its successors CROPGRO and simulated runoff corresponding to CN2 values one unit
CSM, and could be particularly noteworthy in very apart: in the case of the five calibration experiments,
dry experiments, in which the soil of the pegging re- the difference ranged between 7.9 and 15.6% increase
gion (topsoil layer where peanut reproductive organs in total runoff over the whole cropping season.
form) would be hardest. The five experiments used in  The above shows how, in the absence of a proper
the calibration stage represent different levels of water simulation of the nonlinear effect of water stress on
stress, biomass, etc. and indeed RAMA9001, the dri- biomass production, the CN2 optimization process at-
est of the experiments, had the greatest discrepanciegempts to explain the higher-than-expected biomass by
between the optimal fit for PESW and the optimal fit infiltrating extra water. Indeed, as shown kyg. (1)
for biomass. andin Fig. 5, a lower CN2 implies lower runoff, thus
The optimal values of CN2 obtained for the five ex- greater infiltration/effective rainfall, thus greater soil
periments shown ifable 1seem very high compared water content, less water stress, and more biomass.
to the values tabulated by the SCS (1972), but they Using WSFEXP= 1, we assign the wrong cause to
are nonetheless consistent with Central Argentina’s a given observed effect, that is, arbitrarily simulating
high summer rainfall intensity and crusting-prone soils an increased water supply instead of a greater water
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use efficiency (WUETanner and Sinclair, 1983and Sinclair et al. (1984)tated that stomatal control
hence the positive bias in the WSFEXP 1 case in acting to prevent high transpiration rates could signif-
Fig. 13 This problem can plague crop models when icantly improve WUE. In particular, they postulated
using an inverse modeling approach to search for the that stomatal closure during midday periods of high
optimal parameter combination to explain observed evaporative demand would be a very useful strategy for
results. The predictive capabilities of the calibrated increasing WUE. The nonlinearity we have observed
model may subsequently be poor even if the calibra- at the crop scale integrates numerous causes: on one
tion process fit the observed data extremely well. hand, it has been shown how leaf anatomy supports
The three validation-specific bars included in the idea of a variable WUE; on the othéi. (2)us-
Fig. 12 show the impact of naturally occurring vari- ing WSFEXP= 2.5 must also integrate observed phe-
ability of high-range CN2 values (and the predictive nomena such as the quasi-steady-state stomatal closure
uncertainty associated with it) on biomass. This influ- due to low soil water availability; the short-timescale
ence increases with lower biomass due to the effect midday adaptive behavior suggestedSigclair et al.
of greater water limitation, in which case biomass be- (1984) and peanut-specific drought-avoidance mech-
comes more dependent on CN2-associated variationsanisms such as heliotropism that reduces light inter-
of infiltration. Indeed, the coefficients of variation ception, increases leaf reflectivity due to the exposure
(CVs) of biomass are 54, 27, and 25% for the three of the lighter abaxial surface, reduces leaf temperature,
validation bars going from left to right, and the CVs decreases the vapor pressure gradient on the adaxial
for pod yield (bars not shown) are 54, 48 and 27%. surface that becomes folded over itself, etc.
Note also how the standard deviation bars touch the Based on the different mechanisms incorporated
zero-error line, suggesting that the validation results into each of the models, we do not attempt to compare
are consistent with the observed distribution of CN2 quantitatively the three curves showrfig. 14 How-

values in the region. ever, we find it valuable to compare our crop-level
curve with an equivalent curve that could be drawn
4.3. Water use efficiency from the results oAbbate et al. (2002)The existence

of peanut-specific drought-avoidance mechanisms

Based on the nonlinear relationships shown in may help to explain the differences in curvature be-
Fig. 14 we postulate that under conditions of water tween Abbate’s relationship for wheat, which shows a
stress, the dry matter/transpired water ratio or crop 39% increase of relative gross photosynthesis with re-
transpiration WUE of peanut rises. This is consistent spectto the 1:1 line at the equivalent of SWFAQ.5,
with the findings ofCraufurd et al. (1999who mea- and ours for peanut, which for WSFEXP 2.5 shows
sured transpiration efficiency in potted peanut plants a 65% increase of PG/IPGMAX at SWFAE0.5.
while preventing water loss through soil evaporation,
and concluded that water deficit (50% versus 100%
maximum available soil water) increased WUE attwo 5. Conclusions
different fixed temperatures (27 and 32).

The idea of greater water stress accompanied by Crop models typically account for water stress by
greater WUE also agrees with the findingsAdfbate penalizing carbon assimilation when water supply falls
et al. (2002) who, analyzing the relationship between under a certain limit, and the implementation of this
biomass and water consumption during periods of high penalization is typically linear. This popular approach
light interception (during which transpiration is the is very convenient and simple, but it does not lead
dominant water-loss phenomenon), found that the rel- toward a deeper understanding of water stress nor to
ative decrease in biomass due to water stress with re-a comprehensive simulation of the same.
spect to a relative decrease in water consumption is We demonstrated the infeasibility of a linear re-
nonlinear, having a similar shape to that found in this lationship between photosynthesis and transpira-
study. Their results arose from experiments conducted tion using simulations at leaf and crop scales. The
in multiple sites throughout the world under very dif- two leaf-scale models (a one-dimensional conduc-
ferent environmental conditions. tance model and 2DLEAF) showed that transpiration
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response to changes in stomatal aperture/conductance water availability effects on wheat water use efficiency. Crop
is stronger than that of photosynthesis. At the A Scil-' 'g p"fs- A 1501 The Sovb oo Simul
crop-level, simulations of biomass, PESW, and pod Ac°¢% 5. Trent, A, - The Soybean Crop Simulator,

. . . . . L GLYCIM: Documentation for the Modular Version 91. Depart-
yield in rainfed experiments improved significantly ment of Plant, Soil and Entomological Sciences, University of

when we replaced the linear relationship linking Idaho, Moscow, Idaho, 242 pp.
photosynthesis and the satisfaction of potential tran- American Institute of Physics Handbook, 3rd ed., vol. 1, 1972.
spiration requirements originally implemented in ~ McGraw-Hill, New York, 250 pp.
PNUTGRO with a nonlinear equation Antipov, N.l., 1971. Correlation between cuticular and stomatal

. . . transpiration in woody and bushy plants. Soviet Plant Physiol.
According to our results, WUE is a nonlinear func- 18 (6), 1026-1030.

tiOI:l that _incr?ases under condition_s of Water.StreSS- Antipov, N.I., 1978. Intensity of the cuticular transpiration of
This finding is supported by experimental evidence  grasses in different ecological conditions. In: Problems of
(in peanut and other crops) found in the litera- Drought Tolerance of Plants. Moscow, Nauka, 227 pp. (in
ture, and by theory integrating the quasi-steady-state _Russian).

stomatal closure due to low soil water availabil- Bhagsari, A.S., Brown, R.H., 1976a. Photosynthesis in peanut
(Arachig genotypes. Peanut Sci. 3, 1-5.

ity, short-timescale midday adaptive behavior, and Bhagsari, A.S., Brown, R.H., 1976b. Relationship of net photosyn-

peanut-specific drought-avoidance mechanisms. thesis to carbon dioxide concentration and leaf characteristics
There are still many possible advances in crop mod-  in selected peanutAfachig genotypes. Peanut Sci. 3, 10-14.

eling to be made by linking leaf and canopy gas ex- Boote, K.J, Loomis, R.S., 1991. The prediction of canopy assi-

T milation. In: Boote, K.J., Loomis, R.S. (Eds.), Modeling Crop
change Processes, as shown aka (2002)Our Photosynthesis—From Biochemistry to Canopy. CSSA Special

study did not incorporate a leaf-level gas exchange  pypjication Number 19. ASA, CSSA, SSSA, Madison, WI,

model into a crop model as done, for example, by  pp. 109-140.

Larocque (2002)the PNUTGRO model is not hier-  Boote, K.J., Jones, J.W. Hoogenboom, G., Wilkerson, G.G.,
archical as defined bWu and David (2002)but the Jagtap, S.S., 1989. PNUTGRO v. 1.02. Peanut Crop Growth
structure of its descendant CSMO@eS et al 2003 Simulation Model. User’s Guide. Florida Agricultural Experi-

. . . ment Station Journal Series No. 8420. University of Florida,
is far more modular and hierarchical, and the lessons . inesville. FL.

learned from this exercise with PNUTGRO could eas- Boote, K.J., Jones, J.W., Pickering, N.B., 1996. Potential uses and
ily be implemented in that model. limitations of crop models. Agron. J. 88 (5), 704-716.
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