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Abstract 
 
Almost four decades have passed since the new field of ecosystem simulation sprang into full force as an added tool for 
a sound research in an ever-advancing scientific front. The enormous advances and new discoveries that recently took 
place in the field of molecular biology and basic genetics added more effective tools, have strengthened and increased 
the efficiency of science outputs in various areas, particularly in basic biological sciences. Now, we are entering into a 
more promising stage in science, i.e. ‘post-genomics’, where both simulation modelling and molecular biology tools are 
integral parts of experimental research in agricultural sciences. I briefly review the history of simulation of crop/ 
environment systems in the light of advances in molecular biology, and most importantly the essential role of 
experimental research in developing and constructing more meaningful and effective models and technologies. Such 
anticipated technologies are expected to lead into better management of natural resources in relation to crop communi-
ties in particular and plant ecosystems in general, that might enhance productivity faster. Emphasis is placed on 
developing new technologies to improve agricultural productivity under stressful environments and to ensure sustainable 
economic development. The latter is essential since available natural resources, particularly land and water, are 
increasingly limiting. 
 
Additional key words: acclimation; adaptation; cassava; climate; CO2; evapotranspiration; genomics; leaves; photosynthesis; 
productivity; respiration; soil; water; yield. 
 
Introduction 
 
To be able to feed the world in the coming 50–100 years 
(Sasson 1990), a concerted effort based on sound national 
agricultural policies, well-planed research strategies,  
and efficient delivery systems is a fundamental need 
(Buringh 1977, Wortman and Cummings 1978). Further, 
such integrated effort becomes more urgent in the face of 
global climate change and the associated many 
constraints limiting optimization of agricultural produc-
tivity worldwide (Hawksworth 1984, Desai 1986, Buxton 
et al. 1993). In particular, many countries in Africa, Asia, 
Middle East, and Latin America are currently experien-
cing an acute shortage of water due to both over-

consumption by increasing human populations and 
recurrent and prolonged drought (Brown 2002 http:// 
www.greatlakesdirectory.org/zarticles/080902_water_sho
rtages.htm). As the big gaps between potential and actual 
productivity have been largely closed in temperate zones 
agriculture, most future increases in agricultural 
production will probably come from developing coun-
tries, particularly in the tropics and subtropics where 
actual yields are still low due to several biotic and abiotic 
stresses. In this case, there is a crucial role for biotechno-
logy and genomics in identifying gene(s) controlling tole-
rance to stresses and in breeding or engineering more 
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efficient and better adapted new crop cultivars. To enha-
nce achievement of such a goal, a complementary role in 
the areas of molecular biology, interdisciplinary-oriented 
agricultural research, and crop modelling is warranted 
taking into account the paramount importance of testing 
new technologies under representative field conditions. 
Aided with relevant and integrative crop growth simu-
lation models across a range of plant organization levels, 
interdisciplinary agricultural research should continue to 
play a pivotal role in generating useful and applicable 
technologies that are needed to enhance agricultural pro-
ductivity, particularly in developing countries (Penning 
de Vries et al. 1989). This paper is a brief review of the 

history of simulation efforts in more than 40 years, with 
emphasis on what should be done better for developing 
research-based crop models in order to improve its utility 
and applicability into the real world of cropping systems. 
Thus, the aims and scope of this paper are to outline the 
weakness and strength in the current efforts of crop 
modelling considering that details of theories and 
concepts underlying model buildings, along with the bio-
logical processes/environments involved, had been pre-
viously dealt with in details in many books and reviews 
(see e.g. Loomis et al.  1979, Whisler et al.  1986, 
Penning de Vries et al. 1989, Hodges 1991, Boote and 
Loomis 1991, Amthor 2000). 

 
Justifications for simulating cropping systems 
 
Previous justifications for crop modelling, analogous 
with Forresters’s (1961) approach for industrial systems 
simulation in general and enhanced by computer’s power 
availability in particular, are still viable. A good one can 
be found on the DOE website providing human genome 
project information: http://doegenomestolife.org/pro-
gram/goal4. shtml: to ‘Develop the computational me-
thods and capabilities to advance understanding of com-
plex biological systems and predict their behaviour’. We 
need to understand better how plant processes interact, 
particularly under stresses, to control plant growth and 
yield. We need to find critical plant structural, bioche-
mical, and molecular biology of enzymes, and physiolo-
gical traits and associated genes, which if improved will 
result in higher yields (Hermans and Westhoff 1990, 
Raghavendra et al. 2003). These objectives have been 
with us for some time. Recent emphasis on post-ge-
nomics only makes this goal more urgent. 

Over the past 40 years considerable resources have 
gone into studying and modelling photosynthetic proces-
ses from biochemistry to canopy (see Boote and Loomis 
1991). In the light of recent successes in plant genetic 
engineering (see Collins and Shepherd 1996), it may soon 
be possible to select for or bioengineer leaves with 
superior biochemical photosynthetic potential to take ad-
vantage of higher than normal atmospheric CO2 
(Raghavendra et al. 2003). We have known for some time 
that leaf area is important, based upon the Leaf Area 
Index (LAI) : Net Assimilation Rate (NAR) models, 
which are based mainly on data and a few simple 

calculations (Watson 1947, 1952, Muramoto et al. 1965). 
Leaf or LAI behaviour is not being studied in the same 
detail as biochemical photosynthetic processes. Plant 
breeders and agronomists have selected for a greater par-
titioning of dry matter toward economic yield (i.e. greater 
harvest indices, HI) and optimal LAI values for crop pro-
duction among genotypes and plant populations (row 
widths, plant densities) exposed to a range of ecosystem 
environments (see Evans 1993), which have resulted in 
Nobel and the Japan Prizes (for the so-called ‘Green 
Revolution’ dwarf cereals research). However, most of 
this research was conducted in absence of major produc-
tion constraints and the high yielding new cultivars re-
quired large capital and intensive agrichemical produc-
tion inputs in order to maximize productivity. One of the 
most remarkable outcomes of the ‘Green Revolution’ 
technology was the substantial increase in food pro-
duction that was badly needed in many developing coun-
tries (Sasson 1990). Nevertheless, vast world agricultural 
areas are characterized by various degrees of biotic and 
abiotic stresses that limit productivity, warrant develop-
ment of new technologies through breeding and selection 
for tolerance to a wide range of stresses, particularly 
under field conditions with low production inputs, such 
as in cassava (Nickel 1987, El-Sharkawy and Cock 
1987b, El-Sharkawy et al. 1990, Hershey and Jennings 
1992, El-Sharkawy 1993, 2003, Pellet and El-Sharkawy 
1993a,b, 1997, DeTafur et al. 1997a,b, El-Sharkawy and 
Cadavid 2000, 2002), and in many other crops (see 
Buxton et al. 1993). 

 
Responses to stress: acclimation vs. adaptation 
 
Musgrave and his students (Baker and Musgrave 1964) 
studied maize photosynthesis in the field in the middle 
1950’s. That work stimulated a revolution in our under-
standing of how photosynthesis, respiration, and transpi-
ration of field-acclimated plants behave. Improvements in 
instrumentation by the LI-COR company helped this re-
volution prosper via its pioneering technologies. These 
were two remarkable achievements rarely acknowledged. 

Japanese scientists (cited in El-Sharkawy and Hesketh 
1964, El-Sharkawy et al. 1965, 1967, 1968, Muramoto  
et al. 1965) also had been working in the field for some 
time on photosynthesis of rice. We early recognized the 
importance of germ-plasm-based physiological and 
agronomical research under field conditions as in cotton 
(El-Sharkawy et al. 1965, Muramoto et al. 1965), cereals 
(El-Sharkawy 1975), and cassava (Kawano et al. 1978, 
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1998, Cock et al. 1979, Connor and Cock 1981, Connor 
et al. 1981, Veltkamp 1985, El-Sharkawy and Cock 
1987b, Cock and El-Sharkawy 1988, El-Sharkawy 1990, 
1993, 2003, El-Sharkawy et al. 1990, 1998, Hershey and 
Jennings 1992, Pellet and El-Sharkawy 1993a,b, 1997, 
DeTafur et al. 1997a,b, El-Sharkawy and Cadavid 2000, 
2002). All of these efforts have led to a better 
characterization of varietal and genotypic performances 
under different environments, and elucidation of 
mechanisms underlying productivity and tolerance to 
stresses and the identification of useful plant traits for 
breeding and selection for better adapted and high yield-
ing new cultivars. Furthermore, these research efforts 
provided essential data for developing effective and expe-
rimentally-based crop simulation models. 

Before discussing how a crop model handles ‘respon-
ses to stress’ we need to note that ‘acclimate’ is defined 
to describe form and functional adjustments to short-term 
stress brought on by changes in climate, environment, or 
other circumstances. ‘Adapt’ is often defined the same 
way, but botanists reserve it for long-term genetic adjust-
ments to the stress factors. It gets very confusing when 
both terms apply to what is going on in the same system. 
Some successful experimental ecologists deliberately use 
the term ‘adapt’ for short term responses to stress, it 
being a somewhat less clever word. The experimentalist-
modeller should be wary when encountering ‘adapt’ or 
‘adaptation’ as some scientists, especially those of British 
school, get very upset about their misuse. This focus on 
the use of these two words has occurred during some very 
important breakthroughs in photosynthesis and transpira-
tion research, with terminology papers published at the 
same time, aimed at undermining credit for pioneering 
agronomic C3:C4 photosynthesis research and modelling 
innovations on how to study plant-water relations 
(Gaastra 1959, El-Sharkawy and Hesketh 1965, El-
Sharkawy et al. 1967, 1968, Šesták et al. 1971). 

Stress acclimation has been a problem in physiolo-
gical research; a potted plant inadvertently allowed to 
stress severely because of improper watering often does 
not re-acclimate to normal conditions before elaborate 
stress studies are made (automatic irrigation partially 
solved the problem). Potted plants grown in shade at the 
same time further inflate the problem (see Boardman 
1977); all of this resulted in leaves energy-saturated at 
low irradiances with low photosynthetic and transpiration 
rates prior to the early 1960’s, with a few exceptions (see 
El-Sharkawy and Hesketh 1986). 

We have continually pointed out test-plant ‘acclima-
tion’ problems that have slowed scientific progress from 
the early 1960s on, such as in studies of photosynthetic 
rate constants and irradiance response curves in various 
crop species (El-Sharkawy and Hesketh 1964,  
El-Sharkawy et al. 1965, 1968, 1990, 1992a, 1993), 
studies of the cassava C3:C4 intermediates (Cock et al. 
1987, El-Sharkawy and Cock 1987a, CIAT 1990–95), 
and of temperature effects on cassava leaf area 

development, crop growth and yield (Irikura et al. 1979) 
and photosynthetic rate constants of cassava in response 
to water stress, irradiance, air humidity, temperature, and 
CO2 (El-Sharkawy and Cock 1984, 1990, El-Sharkawy  
et al. 1984, 1992a, 1993, CIAT 1990–95, Cayón et al. 
1997). Observed characteristics of leaf anatomy, high  
leaf photosynthetic rates, no photon saturation up to 
1 800 µmol m-2 s-1, high optimal temperature for photo-
synthesis, 30–40 °C, low photorespiration, high % of la-
belled 14C in initial products of C4 acids, and elevated ac-
tivities of the C4 enzyme phosphoenolpyruvate carboxy-
lase (PEPC) in leaves of cultivated cassava and wild 
Manihot species grown under intense sunlight and hot-
dry climates might indicate that these species represent an 
example of a C3:C4 intermediate (Cock et al. 1987,  
El-Sharkawy and Cock 1987a, 1990, CIAT 1992–95, 
Tenjo et al. 1993, El-Sharkawy et al. 1992a, El-Sharkawy 
2003, 2004). Under prolonged water stress in the field, in 
tense sunlight and high air temperatures, the activities of 
PEPC in cassava leaves increased or remained unchan-
ged, as compared to those in well-watered plants, while 
those of the C3 enzyme ribulose-1,5-bisphosphate carbo-
xylase/oxygenase (RuBPCO) were greatly reduced 
(CIAT 1992, 1993, Lopez et al. 1993, El-Sharkawy 2003, 
2004). In such leaves, leaf photosynthesis rates were sig-
nificantly correlated with PEPC activities (El-Sharkawy 
2003, 2004). Moreover, in a wide range of cassava germ-
plasm grown under field conditions in humid, seasonally 
dry and semiarid environments, total biomass and storage 
root yield were significantly correlated with upper canopy 
leaf photosynthetic rates as measured in the field (CIAT 
1990, 1992, 1993, El-Sharkawy and Cock 1990, El-
Sharkawy et al. 1990, 1993, Pellet and El-Sharkawy 
1993a, DeTafur et al. 1997b). In the main, the relation 
was due to non-stomatal factors (i.e. biochemical/anato-
mical factors). The storage root yield was also signi-
ficantly correlated with intercellular CO2 concentration 
(negatively) and with leaf photosynthetic nitrogen use 
efficiency (LPNUE = leaf photosynthetic rate per unit of 
total leaf N) (El-Sharkawy et al. 1990, CIAT 1993, De 
Tafur et al. 1997b, El-Sharkawy 2003, 2004), thus em-
phasizing the role of activities of photosynthetic en-
zymes. Cassava lacks leaf Kranz anatomy (El-Sharkawy 
and Cock 1987a, 1990) typical of higher plant C4 leaves, 
which is essential for the separation and compartmentali-
zation of the C3 and C4 main enzymes (El-Sharkawy and 
Hesketh 1965, Laetsch 1974, Hatch 1977, El-Sharkawy 
and Hesketh 1986). From an evolutionary point of view it 
is possible that cassava and its wild relatives are midway 
in their biochemical evolution towards C4 photosynthesis. 
Species in the family Euphorbiaceae have CAM, C3, or 
C4 pathways and apparently also intermediates. Cassava 
plants grown in well-lit growth cabinets, probably with 
high atmospheric humidity, did not show the intermediate 
behaviour, which adds another dimension to this C4 evo-
lutionary theory (Edwards et al. 1990, Ueno and Agarie 
1997). 
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Controlled environment plants have helped studying 
photosynthetic responses to temperature and provided 
temperature functions for crop models (see Berry  
and Björkman 1980); data from different elevations  
and latitudes as reported by Irikura et al. (1979), CIAT 
(1992–95), El-Sharkawy and Cock (1990), and  
El-Sharkawy et al. (1992a, 1993) offer a good calibration 
for controlled-environment data, if not a better source of 
information for modelling. Researchers using controlled 
environments should calibrate their plants against some 
plants growing outside. Sometimes a farmer will point 
out that controlled-environment plants look bad, when in 
fact if they pulled up a single plant from one of their own 
densely-planted fields they might be amazed at how un-
healthy such plants often look. 

This acclimation problem for trying to predict how 
field-grown plants can behave under full sunlight using 
data on plants grown under controlled environments still 
confuses scientists, when a few simple calibration experi-
ments on field- and controlled environment-grown plants 
would solve the problem. Evans (1993) discussed the 
various aspects involved in environmental adaptation of 
crop growth and yield as well as the physiological proces-
ses underlying crop improvement. Boardman (1977) 
reviewed plant’s adaptation to light and the comparative 
photosynthesis of sun and shade plants. Kasperbauer 
(1999) and Kasperbauer et al. (1986, 1998) studied the 
effects of quality of photons on growth, yield, and photo-
synthate allocation among different plant organs in 
various crops grown in the field using plant residual and 
coloured-plastic mulches. Osaki et al. (2004) modelled 
the role of node unit in photosynthate distribution. 
Thornley (1998, 2002, 2004) developed a theoretical 
model that accounts for leaf photosynthetic acclimation to 
light and N limitations and for the relative contribution of 
sun and shade leaves to crop canopy photosynthesis. 
Šesták (1985) documented research on leaf development, 
structure, function, and physiology as adapted to environ-
mental factors. Nevertheless, recent research on plant 
responses to elevated CO2 (EC) under controlled condi-
tions, in open-top chambers and in FACE (free-air CO2 
enrichment)-conducted experiments with herbaceous and 
woody species have revealed some useful information 
about possible causes underlying photosynthetic acclima-
tion. The term ‘photosynthet ic  down-regulat ion’  
commonly used in literature refers to only one facet of 
acclimation, i.e. reduction in the rates and capacity of the 
photosynthetic process. The observed photosynthetic 
down-regulation had been attributed to one or more of the 
following factors: a decrease in stomatal conductance to 
gas diffusion, imbalance in source/sink ratio for photo-
synthate within the whole plant system, feedback inhibi-
tion of photosynthesis due to soluble saccharide accumu-
lation in leaves, decreases in photosynthetic biochemical 
capacity (including both light and dark reactions), and 
lesser leaf content of RuBPCO (Chen et al. 1993, 
1995a,b, Xu et al. 1994, Rogers et al. 1998, Dickson  

et al. 2000, Adam et al. 2004, Bunce and Sicher 2004). In 
other cases, the long-term exposure to EC did not result 
in reduction in photosynthesis. 

Sholtis et al. (2004) reported that in a FACE experi-
ments within an established sweet-gum (Liquidambar 
styraciflua) closed-canopy forests there was a long-term 
positive response to EC without apparent reduction in 
photosynthetic capacity. Moreover, these authors provi-
ded an informative mini-review on photosynthetic accli-
mation. Also, Hesketh et al. (1984), Radin et al. (1987), 
Hileman et al. (1994), and Begonia et al. (1986b, 1987, 
1996, 1999) found small or no significant reduction in 
stomatal conductance while leaf photosynthesis was 
significantly enhanced in cotton grown in EC as com-
pared to rates in plants grown in ambient air. Sharma-
Natu et al. (2004), working with mung bean grown in 
field at atmospheric CO2 concentration (AC) and EC in-
side open-top chambers for the entire period of growth 
found no down-regulation in leaf photosynthesis and in 
one cultivar there was enhancement. Bunce and Sicher 
(2004) found no photosynthetic down-regulation in kohl-
rabi plants grown in EC due to its large stems acting as 
sink for excess saccharides while collards, lacking large 
stems, showed down-regulation whose extent depended 
on the irradiance used. Thus the observed photosynthetic 
down-regulation in collards was associated with glucose 
and fructose contents than with sucrose or starch. 
Feedback inhibition of photosynthesis, due to accu-
mulation of glucose and fructose, was apparently the 
underlying cause for down-regulation in this case. Ziska 
et al. (1991) reported about 56 % increase in leaf photo-
synthesis of cassava grown in EC under controlled 
conditions (at 300 cm3 m-3 above AC) indicating absence 
of down-regulation. Moreover, Fernández et al. (2002), in 
an open-top chamber experiments, found that EC (at 680 
cm3 m-3) enhanced cassava leaf photosynthesis compared 
to those in plants grown in AC. The absence of photo-
synthetic down-regulation in cassava grown in EC was 
apparently associated with greater carboxylation effi-
ciency of RuBPCO despite reductions in soluble protein 
and N contents in leaves. Also, leaf contents of soluble 
sugars and starch decreased in plants grown in EC 
suggesting strong sinks for photosynthates as indicated 
by increases in both shoot and storage roots’ biomass. 
These findings imply that cassava productivity, as a 
source for food, feed, and energy in the tropics and 
subtropics, is likely to be enhanced by the expected 
increases in AC and associated rises in global 
temperature. Cassava photosynthesis (El-Sharkawy and 
Cock 1984, 1990, El-Sharkawy et al. 1984, 1992a, 1993, 
Ramanujam 1990, CIAT 1992–95) and yield and growth 
(Irikura et al. 1979, Connor et al. 1981, Keating et al. 
1982, Fukai et al. 1984, CIAT 1992–95, El-Sharkawy  
et al. 1990, 1992b, 1993, 1998, Ramanujam 1990, El-
Sharkawy 1993, 2003, 2004, Pellet and El-Sharkawy 
1993a, 1997, El-Sharkawy and Cadavid 2000, 2002) were 
greatest in tropical and subtropical environments in 
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wetter soils and with higher temperature, air humidity, and intense sunlight. 
 
History of cropping systems’ models and related ongoing research 
 
Knowing the evolution of crop modelling to date is help-
ful for determining how to proceed with the above objec-
tive (see for example, Penning de Vries et al. 1974, 1989, 
Penning de Vries 1975, Loomis et al. 1979, Bunce 1986, 
Whisler et al. 1986, Thornley and Johnson 1990, Boote 
and Loomis 1991, Hodges 1991, Peart and Curry 1997). 
Recently, several review and assessment papers discussed 
the underlying theory and conceptual basis, the 
application, validity, and utility of empir ical /descr ip-
t ive and mechanis t ic /explanatory  crop simulation 
models developed over 30 years (Boote et al. 1983, 
Swaney et al. 1983, Fye et al. 1984, Mishoe et al. 1984, 
Shorter et al. 1991, Baker 1996, Boote et al. 1996, 
Monteith 1996, Passioura 1996, Sinclair and Seligman 
1996, Poluektov and Topaj 2001). Empirical or functio-
nal models rely on a few simple mathematical equations 
or algorithms with little attention to the underlying me-
chanisms while describing crop growth, phenotypic and 
genotypic variations, and responses to complex environ-
ments. The simplified forms of these empirical models 
are well-illustrated by the statistically-based multiple 
regression-models and by those describing the functional 
components of crop growth, yield, and their responses to 
environments (see Hanks and Rasmussen 1982, Penning 
de Vries et al. 1989, Hodges 1991, Shorter et al. 1991). 
On the other hand, the mechanistic models are based on 
dynamic rate concepts and are constructed using many 
detailed algorithms describing in quantitative manner 
events, biological processes and mechanisms, as affected 
by environments, at various plant levels that may range 
from enzymes to crop canopy (see Whisler et al. 1986, 
Boote and Loomis 1991, Hodges 1991). The empirical 
crop models are easy to apply, given the modest informa-
tion and inputs required for their application, and are use-
ful and more widely used for management purposes than 
the mechanistic ones. The mechanistic or explanatory 
models, however, are useful as research tools, used main-
ly by its builders, for better understanding the complex 
biological processes in plants/communities and in analyz-
ing the plant-environment interactions (see Boote et al. 
1983,  Ritchie and Johnson 1990). In few cases it is used 
to predict crop performance under new environments and 
climates where the crop has never been grown before and 
for assessing the impact of breeding and selection pro-
grams on cultivar variations for specific traits (Penning 
de Vries et al. 1989), as well as in evaluating alternative 
cropping system’s management (Ng and Loomis 1984, 
Mishoe et al. 1984). In general, there is more pessimism 
concerning the effectiveness and utility of simulation 
crop models, particularly the comprehensive ones. How-
ever, the effectiveness of a simulation model in achieving 
its objective depends largely on the balance between the 
theory and its associated assumptions underlying model’s 

development and what is going on in the real world. 
Thus, the more the model is built on sound experimental 
research with enough supporting data and with less ambi-
guity in its structure the more effective and valid it is in 
simulating processes, and in predicting performances 
actually occurring in plant ecosystems and crop commu-
nities. Unless this calibration to field conditions is under-
taken, modellers often fail in achieving their objectives in 
their simulation (see Fye et al. 1984). There are papers of 
Cock et al. (1979), El-Sharkawy and Cock (1987b), Cock 
and El-Sharkawy (1988), and El-Sharkawy (2003, 2004) 
on cassava ideotype under both favourable and stressful 
environments, the Reddy et al. (1997) leaf/internode 
paper, Zhang et al. (2001) phenology paper, the Pan MSc. 
and Ph.D. theses (1997, 2000) and Pan et al. (2000) phe-
nology/dry matter paper backing up the Pan crop model, 
as well as a new Chinese field research paper on photo-
periodism in soybeans (Han et al. unpublished). 

The experimentalists involved, directly or indirectly, 
in evolving crop models know how weak the logic and 
scientific literature is in backing up those models. Also 
they know how fast the tax money can be wasted trying 
to correct the problem. Hence we need much more 
thought on how to proceed. 

The early British work on leaf area development 
(LA), leaf area index (LAI), crop growth rate (CGR), and 
net assimilation rate (NAR) (Watson 1947, 1952), the ex-
tensive work on leaf development and photosynthetic be-
haviour (see Šesták 1985), and the papers of Monsi and 
Saeki (1953) and Saeki (1960) on crop irradiance inter-
ception and canopy photosynthesis laid a foundation for 
crop modelling. However, there were different views con-
cerning who was the first among the British and the 
Japanese workers in initiating crop modelling (see 
Sinclair and Seligman 1996, Poluektov and Topaj 2001). 
Gaastra (1959) came up with an innovative leaf photo-
synthesis–transpiration model based upon the physical 
principles of gas fluxes in and out of the leaf. His model 
was supported by careful research and was later used in 
software development by the LI-COR company and by 
many other companies in Europe and Japan for manu-
facturing portable infrared gas analysers, which can be 
used to calculate leaf gas exchange flux rate constants. 
Moreover, El-Sharkawy and Hesketh (1965) and El-
Sharkawy et al. (1967) extended and applied Gaastra’s 
leaf gas exchange model in their research on photosyn-
thesis and transpiration in C4 and C3 species. Penning de 
Vries et al. (1974, 1989) and Penning de Vries (1975) 
estimated and added up the respiration energy require-
ments for the synthesis of various organic substances 
such as proteins, fats, starch, and cellulose as well as 
carbon costs for synthesis and maintenance within plant 
cells and tissues based on details of biochemical 
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pathways involved and by building on the equation of 
McCree (1974) for estimating the rate of growth and 
maintenance respiration in white clover and grain 
sorghum. Also, MacDermitt and Loomis (1981) added 
more insight by quantitatively assessing the elemental 
composition of plant biomass in relation to its energy 
contents, growth efficiency, and productivity. All these 
efforts have led to more progress in crop modelling and 
to very detailed studies on plant respiration and on its 
implications for overall crop productivity (see Evans 
1993, Amthor 2000). 

While computers were used in the kinds of modelling 
cited above, another critical paper in US plant modelling 
efforts is that of Duncan et al. (1967). Duncan (a retired 
Kentucky maize farmer) did the computer modelling and 
Hanau provided the needed data set. By using the relation 
between different arrangements in leaf canopies and 
sunlight profile within canopy, this model was able to de-
scribe canopies with maximum use of sunlight. It also 
explored effects of saccharide stresses on plant growth. 
At about the same time in the Netherlands, another cri-
tical, but static, model on photosynthesis of leaf canopy 
was elaborated by de Wit (1965) which laid the basis for 
further development of more comprehensive series of 
dynamic explanatory models at Wageningen. Ritchie et 
al. (for recent versions, see 1985a,b) did a water budget 
model based upon evapotranspiration models (for a 
comprehensive treatment of the concept of crop evapo-
transpiration and its practical application in various crops 
see Allen et al. 1998) where he separated plant tran-
spiration from soil evaporation by applying a photon 
interception : LAI relationship. This model is probably 
the most effective experimentally-based simulation effort 
used to date with wide application for plant-water-soil 
relation analysis (Ritchie and Johnson 1990), in contrast 
to the numerous theoretical ones with little supporting 
experimental data. Singh (1999), while building on 
Ritchie’s model, discussed the essential field data needed 
for soil water balance simulation in semiarid environ-
ments, hence emphasizing the importance of more colla-
boration needed between modellers and experimentalists. 
Begonia et al. (1986a,b) were involved in an irrigation 
experiment in Starkville, Mississippi, using rain-pro-
tected plots. The soil was heavy and deep, with big cracks 
when dried out. Plants given no water, a medium amount 
of water and ample water produced plants and leaves that 
were small, medium, and large with little observable 
wilting as well as associated small, medium, and large 
final yields. Un-watered plants over a sand lens in the soil 
profile went into a severe wilt early on and remained that 
way until the crop matured. Obviously there are soil and 
atmospheric conditions where leaves will wilt, such as 
large plants exposed to severe water stress. Pettigrew 
(2004a,b) saw severe wilting in cotton field studies on 
light soils in Stoneville, Mississippi. Models must be able 
to predict both kinds of behaviour. Connor et al. (1981), 
Porto (1983), Cock et al. (1985), El-Sharkawy and Cock 

(1987b), CIAT (1992, 1993, 1994), El-Sharkawy et al. 
(1992b), El-Sharkawy (1993), Cayón et al. (1997), De 
Tafur et al. (1997a,b), and El-Sharkawy and Cadavid 
(2002) studied extended water stress effects on cassava in 
the field and saw varying degrees of moderate wilting but 
leaves remained photosynthetically active throughout 
stress due to partial stomatal closure in response to 
edaphic and atmospheric water deficits as well as deeper 
rooting, hence preventing severe leaf dehydration (i.e. 
stress avoidance mechanisms). 

Duncan (1973) and D.N. Baker combined the Davis 
model with Ritchie’s model as available in the early 
1970’s, as well as with other data at Starkville, 
Mississippi, on cotton to produce SIMCOT, which explo-
red interactions between saccharide and water stress 
effects on growth and yield. There was a wealth of cano-
py photosynthetic, respiration, and morphogenetic data at 
Starkville from which McKinion and Jones et al. (1974) 
developed logic to greatly improve the model, resulting in 
SIMCOT II. 

Jones et al. (1974) added the soil/crop nitrogen budget 
to SIMCOT II, the latter needed by insect modellers (his 
associated modified and differently named SIMCOT II 
cotton model was described in these publications). Pierce 
Jones (personal communication), working on his Ph.D. 
with J.W. Jones at the University of Florida created an 
internet agricultural extension service, collaborating with 
agricultural extension people at the location. Zhang et al. 
(2002) added to the internet agricultural extension efforts 
with software for storing past crop performance and 
related weather data. Some of this work may not seem 
particularly sophisticated, but what was important was its 
timing and its impact on agriculture production systems. 
It should have been done a decade earlier as progress 
begets progress. This work was needed to bridge the gap 
between crop simulation models at the time and a prac-
tical application. It led to better N : P205 : K20 budgets 
in the model. The Florida and Ritchie’s groups, and 
others (see Hoogenboom et al. 1992, White et al. 1995) 
using their models developed the first generic crop simu-
lation models. Moreover, White and Hoogenboom (1996) 
describd and evaluated the GeneGro model, which is a 
version of the dry bean model BEANGRO V1.01, incor-
porating effects of several genes influencing physiolo-
gical traits such as phenology, growth habit, and seed 
size. They concluded that for certain plant traits few 
genes must be characterized to accurately simulate cul-
tivar differences, and pointed to the potential for develop-
ing similar models to study the effects of genes in relation 
to plant adaptation in other crops. Mathews (1998) re-
ported the first elaborate P205 model for a cassava eco-
system (not yet supported by research). His model was 
part of a cassava general ecosystem model, built in the 
cotton model tradition (Matthews and Hunt 1994), sup-
ported by research from the CIAT (Irikura et al. 1979, 
Connor et al. 1981, El-Sharkawy and Cock 1984, 1987b, 
1990, El-Sharkawy et al. 1984, 1990, 1992a,b, 1993, 
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1998, Veltkamp 1985, El-Sharkawy 1993, Pellet and El-
Sharkawy 1993a,b, 1994, 1997, DeTafur et al. 1997a,b, 
El-Sharkawy and Cadavid 2002). Gray (2000) reported 
on another cassava model. 

The group at Mississipi State University (McKinion et 
al. 1975, 1989, Baker et al. 1983, Fye et al. 1984) also 
added US soil taxonomic information and soil-water phy-
sical theory to their GOSSYM/COMAX cotton model. 
Wang et al. (1986) emphasized the role of holes and 
cracks in the profile on water flow and root distribution. 
Bowman et al. (1994, 2003) reviewed the problem and 
found considerable water flowing down through a dry 
block of a soil profile in cracks and pores. Soil taxo-
nomists knew about the problem all along but were some-
what intimidated by soil physicists from talking about it. 
A prominent soil physicist at University of California, 
Davis discovered the problem when testing his model in 
the field but covered it up, although he talked about it at 
scientific meetings. Soil physical-chemical models for 
water and nutrient behaviour near soil particle surfaces 
were developed by others for predicting the flow of 
pollutants through a soil profile. Others are also now 
working on models for soil formation to predict cracks, 
holes, and hardpans (fragipans) as well as other soil 
types. One might easily envision complicated probability 
theory to describe holes, cracks, hardpans, and crusting; 
coefficients needed in the theory may be a bit hard to 
come by. El-Sharkawy (1975), working in the Libyan 
Sahara Desert, was faced with a stratified sandy soil 
profile with a fine sandy hardpan that stopped root 

growth but not water flow further down the profile. Field 
plant scientists including modellers need under-graduate 
level reviews from soil taxonomists describing similar 
problems. 

The state of the art of such models can be seen in 
abstracts given at global change symposium at Reading 
University (see Ingram et al. 1999). Kawano et al. (1978, 
1998), Veltkamp (1985), El-Sharkawy and Cock (1987b, 
1990), Cock and El-Sharkawy (1988), El-Sharkawy et al. 
(1990, 1992b, 1998), CIAT (1992–95), El-Sharkawy 
(1993, 2003), Pellet and El-Sharkawy (1993a,b, 1997), 
DeTafur et al. (1997a,b), and El-Sharkawy and Cadavid 
(2000, 2002) took the plant ideotype approach, searching 
for form and function traits that might lead to higher 
yields. This effort, of course, lays the groundwork for 
post-genomic studies of how plant processes and their 
interactions in a crop simulation model are controlled by 
genes or gene function (Fregene et al. 2001, Akano et al. 
2002, Fregene and Puonti-Kaerlas 2002, Okogbenin and 
Fregene 2002). The definition of a gene is now in a flux. 

The use of computer technology in genomic and post-
genomic studies has been described at the DOE ‘Human 
Genome Project Information’ website. One example is 
the work of Ware et al. (2002) who developed the 
Gramene software at Cold Spring Harbor, NY. Pan et al. 
(2000 and personal communication) recently has reported 
on more much needed genomic software; their contribu-
tions to bioinformatics and comparative genomics are in-
credible, all of which came after their crop modelling 
research. 

 
What remains to be done better 
 
Detailed interactive process models to understand and 
quantify effects of stresses on crop performance are re-
quired before others can determine associated gene func-
tion. The computer power is in superabundance and is 
thus not a limiting factor. Studies are needed on root sys-
tems, phenology, and growth dynamics under stresses, 
using ‘calibrated’ (this means digging up fine root sys-
tems and getting dry matter and root distribution, see 
Böhm 1979, Connor et al. 1981, Aresta and Fukai 1984, 
El-Sharkawy and Cock 1987b, Pellet and El-Sharkawy 
1993b, Tscherning et al. 1995, El-Sharkawy 2004) mini-
rhizotrons, particularly in rain-protected plots (see 
Begonia et al. 1986a,b) or in the field, both with irrigated 
and non-irrigated plots, for different soil types (Pettigrew 
2004a,b). Water and N stresses need to be quantified for 
plant shoots at the same time with emphasis on photo-
synthetic acclimation problems to N, water, and irradian-
ce limitations (see Boardman 1977, Thornley 1998, 2002, 
2004). All such large scale studies need elaborate phen-
logical and dry matter measurements for vegetative and 
reproductive growth (Pan 1997). These techniques need 
to be employed in (modified) FACE experiments. Crop 
simulation modelling as a means of integrating logic from 
new and old results is critical to the success of such large 

scale efforts, else they are a waste of tax payer’s money. 
Apparently the CERES-wheat model (Ritchie 1985, 
Ritchie et al. 1985a,b) was tested at the wheat Arizona 
FACE experimental site. 

Experimentalists need to do a better job of quanti-
fying stresses occurring during their experiments. In 
order to do this, it is important that plant scientists under-
stand the budgeting or book keeping methods used in the 
models to account for saccharides, water, and other 
nutrients (N, P, K): income is compared to costs (supply 
vs. growth demands) for each morphological unit in the 
plant (phytomers, reproductive organs, and roots) and 
growth decisions are made accordingly (see Hodges 
1991, Baker and Davies 1995, Thornley 1998). Such 
morphological units at maturity require some or relatively 
little supply, like a mature fruit or stem. If demand is 
greater than supply, then decisions must be made to slow 
shoot growth, eliminate growing plant parts, or grow 
more roots. Priorities must be set for which organs are 
supplied. Rules are set up to make such decisions. It is 
important now to understand the various structural and 
functional plant responses to environmental stresses such 
as water shortage (see Kreeb et al. 1989) and the role of 
growth regulators and other physiological mechanisms 
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(see Davies et al. 1986, Kutáček et al. 1990, Baker and 
Davies 1995, Alves and Setter 2000, 2004) involved in 
this decision-making process. At any moment in time we 
need to understand the genetic controls for behaviour of 
dividing cells in the plant, realizing that much of the plant 
has mature or dead cells. Also we need to understand pro-
cesses involved in leaf area production, development, and 
its dynamics and functions in relation to crop productivity 
under stresses (Connor and Cock 1981, Porto 1983, Fukai 
et al. 1984, Šesták 1985, Evans 1993, Pellet and El-
Sharkawy 1993a, 1997, DeTafur et al. 1997a, El-
Sharkawy and Cadavid 2002, Cowling and Field 2003, 
Alves and Setter 2004) and the role of hormones such as 
abscisic acid (Davies et al. 1986, Kutáček et al. 1990, 
Alves and Setter 2000) and abscission of leaves and fruits 
(Baker and Davies 1995). The plant needs to be broken 
down into phytomers, tissues (cambium), stems, and 
fruits or fruit parts and roots. The British Growth 
Analysis method with its LA, LAI, dry mass (M), and 
dM/dt, dA/dt is no longer of much help by itself and must 
be integrated with McCree (1974) equation for estimating 
respiration and with Monsi and Saeki (1953) and Röhrig 
et al. (1999) within crop canopies light interception 
models to provide useful software if possible. Modellers 
must test their rules and priorities against what plants do 
in the real world under similar stresses. Of course, if 
supply exceeds demand, reserves can build up as in the 
case of some results obtained in EC experiments. More 
information is needed on whole plant photosynthate re-
serve capacity, alternative sinks, saccharides’ sink-source 
relation, partitioning dynamics of photosynthate and es-
sential mineral nutrients, and the mechanisms of feedback 
controls on photosynthesis as affected by stresses (Neales 
and Incoll 1968, Bunce 1986, El-Sharkawy 1993, 2003, 
2004, Pellet and El-Sharkawy 1994, Xu et al. 1994, 
Cayón et al. 1997, De Tafur et al. 1997a, Rogers et al. 
1998, Dickson et al. 2000, Fernández et al. 2002, Bunce 
and Sicher 2004). 

While much research during the past 50 years had 
been devoted to photosynthetic biochemical, biophysical, 

and carbon processing mechanisms, leaf behaviour and 
associated stresses are equally important if not more in-
volved (see Šesták 1985). For leaf growth, emphasis 
should be on leaf primordia, small leaf (1 cm), fully ex-
panded leaf, and dead leaf appearance rates up the main 
stem vs. physiological time (degree days), to define leaf 
senescence effects; physiological measurements should 
be made at different leaf ages (see Šesták 1985, Evans 
1993). The same goes for internode primordia, small 
internode (1 cm), and fully extended internode events vs. 
physiological time, to give leaf position in the canopy. 
Equations for leaf/internode dimensional changes and dry 
matter/N accumulation complete the model. Reddy et al. 
(1997) have already done some of this for cotton. Plant’s 
stages of growth in expensive field experiments need to 
be defined based upon elaborate measurements such as 
these. How much further one goes to get leaf angles, etc. 
or how much further detail the model needs is open to 
argument. Details of plant canopies and their structure, 
form, and function as essential components in crop 
simulation are discussed by Russel et al. (1989). 
Thornley (1998, 2002, 2004) is close to creating software 
enabling experimentalists to use the Monsi-Saeki equa-
tion along with crop measurements given above as well 
as actual measurements of light interception within the 
canopy to predict canopy photosynthesis from actual leaf 
photosynthetic measurements. These could be combined 
with respiration models and associated measurements to 
give a more complete picture. Such software would be si-
milar to the Gaastra equations available for some time ac-
companying photosynthetic equipment from private 
suppliers. 

Portis and Salvucci (2002) described how the enzyme 
RuBPCO activase was discovered and subsequently 
researched, leaving out management details. Their history 
is very relevant to understanding how discoveries are 
made; more of this is needed. We do need cases 
illustrating when management went astray during such 
dramatic discovery events. 

 
Ongoing problems in maintaining productivity in multidisciplinary teams 
 
Before we proceed with the question we must mention 
the recent Discover interview by Jocelyn Salem (2004) 
with Lord Robert May who advocated allowing young 
people to pursue their own agenda and express their crea-
tivity; somehow this must be done within the framework 
of a goal a multidisciplinary team is working on. He im-
plies it can not be done; teamwork entices the ‘plodders’. 
We have seen many examples of where it can be done, 
but often by ignoring management’s close direction. One 
should read his entire interview where he, for example, 
ranked both Switzerland and United Kingdom higher than 
USA with respect to research management styles as well 
as scientific productivity per capita. 

The DOE ‘Human Genome Project Information’  
 

website emphasizes the importance of team research. 
Natural and agricultural ecosystems are so complex that 
large multidisciplinary teams are needed to effectively 
solve associated research problems. Shorter et al. (1991) 
discussed the complementary roles needed among plant 
breeders, plant physiologists, and crop modellers in order 
to enhance the process of crop improvement and their ge-
notypic adaptation to diverse environments. 

For searching related information about management 
theory available on the internet, key words like ‘mana-
ging conflicts in work teams’, ‘developing disciplinary 
teams’, and ‘establishing and nurturing research colla-
boration’ bring up some relevant information. Also there 
are books and papers on research management to be 
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consulted. For example, John Nickel (1989), while build-
ing on his long career as a research manager in inter-
national agricultural research systems in developing 
countries, discussed in detail problems encountered in 
multidisciplinary teams, challenges in planning, and exe-
cution of strategies underlying better management, and 
means to make research more efficient. His book makes 
an interesting reading for any young researcher who 
aspires to be a future manager for agricultural research 
institutions, particularly in developing countries. 

Modern management theory for team research decrees 
that those in a team inclined to steal what someone else 
has done be immediately transferred out or terminated; 
this, of course, includes the team’s manager. Also there 
are now effective group methods [democratic political 
procedures or futures (stock market) betting games] for 
determining what research to do, how to divide up the re-
sources, and who to collaborate with or hire. There were 
some past examples of misbehaviour within team efforts 
we knew about, but human nature being what it is and 
with some especially rank recent behaviour, it is pointless 
to take up space here citing examples. Instead we will 
discuss some general principles: 

(1) Any member of a team making a scientific contri-
bution to the effort should receive full credit for what 
he/she did, as well as associated financial rewards. 
Graduate students and post-docs will happily settle for 
first authorship on associated publications. Their author-

ship rights, still being abused because their vulnerability 
in the job market, must be protected. Other team mem-
bers, including the manager, should be cautious about 
subsequent review papers, meeting presentations, and 
books discussing what a team member did. 

(2) Team members with the potential for making a big 
contribution should get financial backing needed, within 
budgetary limits. 

(3) Non-scientists, by definition not using the experi-
mental method, need to focus on how to solve scientific 
problems and not on how to steal credit for what someone 
else has done. The scientific method can be used effec-
tively to challenge someone else’s reported work. While 
it is part of the system to do so without new experiments, 
if one turns out to be wrong in such a challenge, he/she 
should be penalized. 

(4) Scientists who have the courage to speak out their 
minds and freely express their views and concerns about 
poor research management and obvious abuses must not 
be intimidated and their careers should not be threatened. 
To the contrary, they should be encouraged and com-
mended for their stance. The views of such scientists 
must be taken seriously into consideration in order to re-
medy deficiencies and eliminate abuses in the system that 
would certainly reflect positively upon science quality 
and reputation as well as on its efficiency in delivering 
required outputs. 

 
The cost : benefit ratio of ecosystem modelling and associated research 
 
Computer science, which has revolutionized our work-
place, was mainly developed by nerds  with notoriously 
little leadership ability, although many found ways to 
make money when the opportunity rose. We need to em-
phasize more the important role of nerds  and maver-
icks  in our society among our young people and to stop 
encouraging incompetent management/leadership or re-
warding it so much in the workplace. 

To minimize cost and time, for example, this paper 
was written and edited using PC’s, not a secretary or 
assistants as usual. Drafts of the paper were distributed 
among interested colleagues across countries over the 
internet; sometimes the discussions got a little heated 
with repeated editions in view of new and relevant infor-
mation. New literature was searched using the internet, 
which proved very effective; sources often supplied even 
better information, which we cited. One merely has to 
type in critical key words; often reprints of the papers 
were available. References were easily obtained using  
a search tool. The young reader is aware of all this, to 
a retired scientist this capability seems amazing. Even at 
the library, a PC can be used the same way to locate 
sources. Garfield (1992) has single-handedly replaced the 
scientific society award system for outstanding research, 
with his ‘citation classics’ (prior to 1992) or now his 
‘citation laureates’, based upon some criteria and a com-

puter analysis of citation scores listed by published 
papers in peer reviewed journals. Of course once one 
understands this new system, there are ways to game it to 
become an ‘outstanding scientist’, replacing the politics 
once needed in the scientific society award system. All 
the above is leading rapidly to a revolution in agricultural 
extension, university teaching, libraries, and the need for 
congregating large numbers of people in cities (which 
now presents a large potential security threat). It also has 
brought what once was considered outlying research 
laboratories into the mainstream, as recently proven by 
discoveries made in such laboratories. 

Ecological modelling has finally made natural eco-
system and crop ecology respectable sciences, when used 
to integrate literature and new research results. Earlier the 
emphasis was on classification systems, as well as 
sampling methods, without much synthesis. 

One needs to ask in any cost-benefit analysis what 
was discovered and what is the potential for a discovery 
that might benefit mankind? We list innovations in crop 
modelling in the history given above; progress was slow 
but steady. 

The plant ecosystem models in effect represent a 
major advance in photosynthetic research, with emphasis 
on effects of stresses and leaf dynamics, particularly leaf 
senescence in relation to irradiance and N limitations, 
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among other stresses (Thornley 1998, 2002, 2004). Eco-
system modelling should continue as long as photosyn-
thetic research exists; photosynthetic scientists should 
make an effort to contribute to it. We need large multidis-
ciplinary experiments where the phenology and structure 
of the crop as well as the form and function of its parts 
are properly defined. Some time ago large expensive ex-
periments were run where the plots were undisturbed, 
using aerodynamic techniques to measure gas and energy 
exchange. Possibly better crop evapotranspiration models 
were developed but the knowledge base in crop physiolo-
gy remained undisturbed. One wonders what was disco-
vered by the sophisticated and very expensive FACE ex-
periments; numerous interesting findings have been re-
ported using open-top chambers (see papers by Chen  
et al. 1993, 1995a,b, Begonia et al. 1996, 1999, Bunce 
and Sicher 2004, Sharma-Natu 2004) such as stomatal ac-
climation (present and absent), responses to drought, leaf 
starch and sugar contents, photosynthesis feedback inhi-
bition mechanisms, etc. One needs to be hesitant before 
putting out large expensive but media attractive expe-
riments. Well supported large multidisciplinary teams 
need to be in place with broad stress-related experiments 
to ensure that something useful comes out from such 
experiments. 

The best place to do water stress research is in the de-
sert under irrigation, as is the best place to put controlled 
environment facilities (greenhouses). Techniques used in 
Starkville, MS, should have been used in the desert 
(generally one does not need rain-protected plots there 
and plants in well-built greenhouses there look more like 
field-grown plants). 

There is a faction of experimentalists closely associ-
ated with the modelling effort that was frustrated in the 
past by the multidisciplinary problems encountered in the 
teams involved. Nevertheless, these experimentalists 
made major contributions to logic used in the models. 
Sometimes the models were used to analyze data from 
complex field experiments on stress; a good example is 
the work of Cavero et al. (2000); this approach needs to 
be used more in the future in order to increase research 
efficiency. Irikura et al. (1979), El-Sharkawy and Cock 
(1990), El-Sharkawy et al. (1990, 1992a, 1993), and 
CIAT (1992–95) did research at different elevations and 
latitudes in the tropics to get at temperature effects on 
cassava growth, yield, and photosynthesis responses, thus 
obviating the need for expensive phytotrons or growth 
cabinets. Han et al. (unpublished) report on photoperiod 
studies done in the field and four locations at different la-
titudes (photoperiod was controlled by dark chambers and 
latitude). In both experiments weather and soil variations 
are a factor, but using field-grown experimental material 
overrides this criticism. One needs to study these papers; 
the use of models for interpreting their data sets might be 
quite effective. 

Aerodynamic measurements of photosynthesis and 
CO2 field release experiments did not disturb the eco-

system much but also generally did not lead to significant 
discoveries. Here the cost/benefit ratio was very high. 
Open-top chamber CO2 releases at Phoenix, Arizona con-
trolled environment greenhouse studies led to exceptional 
leaf sugar and starch contents, with mottling of leaves 
because of back-reflection of radiation by the starch 
grains (see Chen et al. 1993, 1995a). This was a major 
discovery but unfortunately has not been exploited to 
study associated stress effects on photosynthesis and 
translocation. Obviously, starch and sugars build up will 
occur when saccharide supply is exceptional and demand 
is low. It is pointless to comment on what was found in 
the Phoenix experiments without doing analysis of the 
materials, balance of one’s experimental system and 
quantifying stress effects on saccharide supply and 
demand. 

The plant respiration equation (McCree 1974, Amthor 
2000) was derived from the British Growth Analysis 
equations. Old animal science books on preparing nutri-
tional feeds for animals contain huge tables on cellulose, 
soluble saccharides, proteins, and fats (see for example 
Cuthbertson 1969) and the old biochemistry books give 
how much sugar it takes to synthesize these products. 
One does not need elaborate theoretical models to calcu-
late respiratory costs but then one should not ignore their 
results if available (Amthor 2000). Maintenance respi-
ration costs need a theoretical estimate, but scientific 
measurements might be better, although experimental 
techniques for measuring both maintenance and growth 
respiration are difficult to deploy. In Amthor’s (2000) re-
view, one table revealed that the theoretical studies were 
cited 200–300 times while the one experiment was cited 
80 times. 

There is a ‘snake oil’ factor in crop modelling (see 
Passioura 1996). The Duncan et al. (1967) and El-
Sharkawy and Hesketh (1965) citation classics illustrate 
this syndrome. The former represented a small advance in 
synthesizing what goes on in a complex ecosystem, using 
a very sophisticated data set that was perfect of the mo-
delling effort, while the latter represented an agronomic 
pioneering effort reporting critical studies of the C3:C4 
phenomenon and called attention to earlier work on C4 
acid products in sugarcane leaves carried out at the 
Hawaii Sugarcane Plantation (Kortschak et al. 1965). 
This latter was also a major discovery (though an earlier 
Russian paper by Yuri Karpilov in 1960, which went 
unnoticed for some time by photosynthesis researchers in 
English speaking countries, reported on the presence of 
C4 acid products in maize leaves); both pioneering works 
led to many subsequent papers (see Hatch and Slack 
1966, Hatch 1977). We report above on discoveries made 
during the modelling work; the C3:C4 discoveries were in 
another league. Yet the modelling work was cited more 
times; it often dwarfed the C3:C4 work at scientific 
meetings and in textbooks. The early C4:C3 leaf photo-
synthesis and transpiration work (El-Sharkawy and 
Hesketh 1965, El-Sharkawy et al. 1967) did rely,  
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however, on the Gaastra’s model equations (1959). 
We make a case for using detailed models to identify 

genes controlling complex processes, but if an experi-
mentalist understands the logic that underlies these 
models he might greatly simplify how to identify such 
genes (see e.g., White and Hoogenboom 1996); what now 
seems complex will become obvious. And, of course, it is 
far more efficient to just do the research (with emphasis 
on molecular behaviour at the gene level), keeping the 
modelling logic in mind. And doing research on 
modelling logic can be exciting, leading to discoveries. 
Wang et al.’s soils hole and crack paper (1986) deci-
mated years of expensive highly theoretical soil physics 
modelling; soils research had to be reoriented towards 
modelling soil formation processes leading to holes, 
cracks, surface crusts, and hardpans. In their studies, 
roots were found growing in the holes and cracks, mo-
difying assumptions made earlier in root models. Leaf 
senescence is an important factor in predicting leaf photo-
synthesis (Thornley 1998, 2002). We have pointed out 
the needed phenological and structural plant measu-
rements needed to specify leaf age, size, and place in the 
canopy over time. The molecular factors and genetics 
underlying leaf senescence is now being studied in detail 
in the laboratory and field (Biswal and Biswal 2000 
http://www.ias.ac.in/currsci/sep25/articles19.htm, Behera 

et al. 2003, Raghavendra et al. 2003) some controlling 
genes had been identified and isolated; one only has to 
search the critical words (e.g. Biswal and Biswal 2000). 

Money managers need to ask scientists what the 
cost/benefit ratio is for what they plan to do, and crop 
modelling is very expensive. We need to find ways for 
experimentalists to collaborate with computer scientists, 
using existing resources. It might be appropriate if more 
crop modellers like Pan (see Ware et al. 2002) and 
Brendel et al. (2004) became involved in bioinformatics. 

The cost/benefit ratio is about as good as the ratio of 
computer scientists to experimentalists involved. It also is 
as good as the ratio of the cost of scientific management 
to the cost of active scientists using the scientific method 
and who must deliver outputs from their research efforts. 
Moreover, it pays to remember that private companies 
gave us: (1) the hardware and software to implement 
Gaastra’s model for leaf gas exchange plus many other 
useful instruments, (2) the human genome discovery in a 
record time, (3) the biochemical details of C4 pathway, 
(4) the bioengineered plants, which increase yields and 
reduce pesticide use and environmental pollution. Public-
funded scientists at universities and at national and inter-
national research laboratories, and particularly theoretical 
modellers, might set their sights on these outstanding 
achievements. 

 
Summary 
 
Besides the need that scientists should be ever more dili-
gent in citing relevant earlier research and giving credits 
to where it originally belongs, also needed are: (1) Text-
books and manuals for experimentalists on logic needed 
for quantitative plant ecosystem models, aimed at under-
graduates or experimentalists in other disciplines. Publi-
cations such as those by Allen et al. (1998), Singh 
(1999), Biswal and Biswal (2000 http://www.ias.ac.in/ 
currsci/sep25/articles19.htm), and Bowman and Reynolds 
(2003) are good examples for the type of interdisciplinary 
reviews needed for undergraduate teaching and for expe-
rimentalists in other disciplines. (2) Better management 
methods for nurturing multidisciplinary team colla-
boration and ‘genius’ when it appears and for enforcing 
zero toleration of interdisciplinary snobbish attitudes. 
Rules for authorship should be established in the case of 
modelling and related research; the current situation parti-
cularly in the US is disgraceful. Programmers could claim 
first authorship on their software, experimentalists on the 
logic and its data base. Software should not undergo 
minor manipulations and be renamed and claimed by 

others without giving credit to the original work. (3) 
More research on water stress, root behaviour, soil pores, 
cracks, crusts, and hard pans, leaf saccharide feed back 
control on photosynthesis, and leaf behaviour (senes-
cence) as affected by irradiance, nitrogen, and other limi-
tations. However, all growth cabinet users must be aware 
that irradiance acclimation was supposed to be eliminated 
as a research problem some 50 years ago. (4) More em-
phasis on the scientific method. (5) Better overall multi-
disciplinary team management methods. Clearly, there is 
a need for a system where young people can challenge 
old ideas and get away with it – they should not be sup-
pressed or intimidated for challenging the past. Salaries 
for innovative scientists should be greatly enhanced, in 
comparison to those for management, with emphasis on 
their individual discoveries. National and international 
scientific awards should be conferred on those innovative 
scientists but not on politicians. Scientists deliberately 
need to find ways to collaborate with scientists in other 
disciplines, if only for innovative ideas that come from 
such interactions. 
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