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ABSTRACT

FLOODING AND FIELD GROWN MAIZE:

ABOVE- AND BELOW-GROUND RESPONSES AND A SIMULATION MODEL

By:

Jon I. Lizaso

Problems associatedwith excess of water affect 12% of the world’s Soils.

In many areas of seasonal rainfed agriculture in the tropics. heavy rainfalls in soils

with limited drainage produce transient flooding that affect maize and other crops'

production. However. our knowledge of seasonal responses of field grown maize

to soil submergence is limited. A field facility was built to control the water table

in five 2.1 m by 1.5 m plots. Pairs of transparent minirhizotrons were horizontally

located to study root growth at 15, 40, 60 and 90 cm depth. Maize (Zea mays L.

cv. GL 420) was flooded early (five or six leaf tip stage) or late (10 ori12 leaf tip

stage) during the vegetative growth stage for four or eight days in 1990 and 1991.

Leaf area was reduced by flooding and the timing of waterlogging determined the

physiological process altered; early flooding was more associated with reductions

in expansion growth; late flooding increased premature leaf senescence.

Aboveground biomass remained unaffected during soil submergence but was

reduced after drainage. Yields were halved independently of timing or duration of

waterlogging. The early flood delayed the appearance of silks by two or three

days. On the other hand, root growth proved to be sensitive to timing of soil

submergence. Plants flooded early in the season exhibited fast reduction in root

number after flooding and rapid proliferation after drainage. Plants flooded later

in the season recovered the number of roots only after a short flood. ,The generic



version of CERES is a simulation model that predicts growth and development of

wheat, maize. sorghum, pearl millet and barley, considering the limitations imposed

by deficient soil levels of water and nitrogen. The maize model in this generic

CERES was modified to include the effect of excess of water on crop growth and

development. The modified model prdvides an alternative for predicting the effects

of transient flooding on maize, although additional adjustment and model validation

are required.
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Chapter 1

FLOODING AND CROP RESPONSES: A MAIZE-BIASSED REVIEW. 1

Introduction

Although maize (Zea mays L) is cultivated worldwide, the main production

comes from two geographical bands located between latitudes 30° and 50° N. and

15° to 35° S. (Guidry, 1964). In the equatorial zone, maize grows from near the

sea level to several thousand meters above sea level (Shaw, 1988).

Maize accounts for one-fourth of the world’s total cereal production (Table

1.1), with the USA being responsible for almost half this output (USDA, 1984). In

1986-1987, USA farmers harvested 26 million hectares of maize yielding 7,500 Kg

per hectare (FAO, 1989).

Table 1.1: World cereals production during 1984-1988 (million tons).

 

Total cereals production 1,811.8 100.0

Wheat ~ 517.4 28.6

Rice 472.7 26.1

Maize 457.8 25.3
 

Source: FAO, 1989.
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Soils with excess of water are widespread. Ponnamperuma (1972)

estimates that submerged soils or sediments cover 72% of the earth’s surface. ‘

Dudal (1976) calculates that about 12% of the world’s soils have excess water

problems. In addition, heavy rainfalls in imperfectly drained soils produce transient

flooding in many areas of seasonal ralnfed agriculture in the tropics (Sandhu et al.,

1986).

The aim of this review is to focus on the responses of the maize crop to

transient periods of soil hypoxia and anoxia. To gain a better understanding of

these responses, the biochemistry of anaerobic respiration is examined.

Successive sections will analyze hydric, nutritional and hormonal relations in the

plant as affected by oxygen deprivation. Morphological and metabolic responses

proposed as having some meaning inwthe maize ability to survive oxygen stress

will follow. The last part will review the attempts to summarize our present

knowledge of maize responses to flooding, in a mathematical simulation model.

Information on other crops and species is included whenever they add relevant

details to the discussion. However, a premeditated bias towards maize is

acknowledged.

Biochemistry of anaerobic respiration

In the evolutionary process, aerobic respiration succeeded the anaerobic

respiration. developed when there was no atmospheric molecular oxygen and

reductive conditions were the norm (Vartapetian, 1978). Much later, after oxygen
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accumulated in the atmosphere because of photosynthesis, new metabolic

strategies were possible. The new aerobic cell kept the older system of anaerobic

energy generation and added an aerobic system to take advantage of the new

atmospheric conditions. The result was an integrated and much more efficient

system, with oxygen as the final electron acceptor, and an 18-fold increase in

potential energy yield. .

The new aerobic respiratory system has three main components that take

place in three different cell compartments:

1. Glycolysis (the anaerobic former system), in the cytosol.

2. Krebs cycle, in the mitochondria matrix.

3. Electron transport system, in the mitochondria inner membrane.

Most of the biologically useful energy produced during aerobic respiration

is coupled with the electron transport process. The process is called oxidative

phosphorylation (Salisbury and Ross, 1992; Nobel, 1991).. In fact, the nicotinamide

adenine dinucleotide (NADH+H+) from glycolysis, and the NADH-I-H+ and flavin

adenine dinucleotide produced during the Krebs cycle are oxidized in the electron

transport system coupled with the ATPase enzyme system, regenerating 89% of

the adenosine triphosphate (ATP) produced in aerobic respiration. Thus when the

oxygen supply is limiting, the resultant decrease in ATP greatly reduces the energy

available for metabolism. Under such conditions, the rate of glycolysis may

increase in a process known as the Pasteur effect (Salisbury and Ross, 1992).
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The process will provide more ATP than under normal glycolytic rate, but at a

larger cost in carbon compounds.

Impaired functioning of the Krebs cycle and the electron transport system

due to anaerobic conditions cause NADH-I-H+ and pyruvic acid. (the end product

of glycolysis) to accumulate in the cytoplasm. This condition activates the

fermentative metabolism of pyruvate, leading to either lactic acid or ethanol, both

considered toxic for plant cells. Crawford (1978) found correlation between

ethanol production and anaerobic injury. He proposed that irrespective of species

or tissue, ethanol accumulation during flooding periods must be small for plants

to survive significant periods of anoxia (Crawford, 1977; Crawford and Baines,

1977).

The role of fermentative metabolism and ethanol and lactate production has

been investigated extensively during the last decade (Sagllo eta!" 1980: Jackson

et al., 1982; Roberts et al., 1984b; Pradet et al., 1985; Walker et al., 1987;

Thomson and Greenway, 1991). Davies (1980) and Jackson at al. (1982)

questioned the association of plant injury during anoxia with fermentative ethanol

production. Evidence accumulated since then, indicates that ethanol fermentation

is an acclimative response to oxygen deprivation (Walker et al., 1987; see also

later section on metabolic adaptations). Today’s view (Drew, 1992) is that the end

products of fermentation are not harmful because lactate, and especially ethanol,

diffuse across the plasmalemma into the external medium.
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Field grown waterlogged plants may exhibit some of the symptoms

connected with drought, as lack of leaf turgor, growth reduction and yellowish

appearance. Early reports associated plant responses to low soil oxygen with

those of water stress under the term "physiological drought“. Kramer (1940 and

1951) found a reduction in root permeability as a cause of decreased root water

absorption by flooded plants. Since then several experiments have provided

consistent evidence to support the view of an increased resistance to the radial

flow of water under limited oxygen (Parsons and Kramer, 1974; Bradford and

. Hsiao, 1982; Everard and Drew, 1987; Everard and Drew, 198%). However,

Trought and Drew (1980a) were not able to detect any increase in the root

resistance to water movement in wheat. The significance of this last report

remains unclear. f

Stomatal behavior under limiting soil oxygen seems to be a field of

contradictory evidence as well. Sojka and Stolzy (1980) in their review found that

stomatal closure was consistently reported in response to low soil oxygen.

Kozlowski and Pallardy (1984) classified plant responses to limiting soil

oxygenation in two main groups according to the presence or absence of leaf

dehydration associated with stomatal closure. In an experiment with sunflower,

Everard and Drew (1989b) measured a decline in leaf water potential within the

first hour after imposing anaerobiosis to the roots. Recovery of the leaf water

status occurred at the beginning of the second day without stomatal closure.
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Bradford and Hsiao (1982) found a reduction in both stomatal and root

conductance without a concomitant decrease in leaf water potential. In their

experiments they found indirect evidence for a role of the root system in

maintaining a partial stomatal opening. .

Further indirect evidence on an inadequate leaf water status is the reduction

‘ in leaf expansion associated with soil oxygen deficiency (Trought and Drew, 1980a;

Wenkert et al., 1981). Since it is well known that leaf growth is highly sensitive to

low leaf waterpotentials (Boyer and Westgate, 1984), the immediate reduction in

leaf elongation after anoxia treatments may be an indioation of lack of the turgor

pressure required for cell elongation.

On the other hand, an early flood response as leaf epinasty, the downward

' orientation of leaves, requires an active process involving turgor. Bradford and

Hsiao (1982) did not find any reduction in leaf water potential in stressed tomato '

plants, recording an epinastic response on the second day after flooding. Everard

and Drew (1989b) measured a decrease in leaf water potential within one hour

after flooding in sunflower, and leaf epinasty started on the second day

simultaneOusly with the recovery of the leaf water potential.

Studying the water movement through anaerobic roots of maize, Everard

and Drew (1987) found that anoxia appreciably reduced the root water flow rate.

They concluded that the reduction in water flow across the roots was due primarily

to the disappearance of the diurnal rhythm (Parsons and Kramer, 1974) in

hydraulic conductivity and that the osmotic component had only a small effect.
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Several plant responses to flooding formerly were ascribed to altered water

relations. However, today it is generally accepted that they are controlled by plant -

growth regulators. This is the case of epinasty regulated by ethylene (Bradford

and Yang, 1981) and stomatal movements affected by several factors including

abscisic acid (Bradford, .1983; Jackson and Hall, 1987; Zhang and Davies, 1987).

Effect of anoxia on nutrients relations

Soil oxygen level affects soil nutrients bioavailability and plant mineral status.

In oxygen depleted soils, mineral nutrients have altered chemical and biological

dynamics. Nitrate disappears from the soil solution as a consequence of leaching

and/or microbial denitrification, whereas nutrients such as phosphorus, iron and

manganese may become more available (Kozlowski and Pallardy, 1984; Sposito,

1989). Early investigations on this subject, using solution culture, found a quick

inhibition in absorption and translocation of nutrients (Hopkins et al., 1950;

Hammond et al., 1955; Hopkins, 1956; Rao and Raines, 1976). Whole plant

experiments conducted in anaerobic environments showed reduced accumulation '

of nitrogen, phosphorus and potassium in the shoots; calcium and magnesium

remained unchanged and sodium increased under hypoxic environment (Letey et

al., 1961 a, 1961b, 1962, 1.965; Shalhevet and Zwerman, 1962; Lal and Taylor,

1969; Chaudhary et al., 1975). Increased temperature escalated the differences

in shoot nutrients accumulation between normoxic and hypoxic plants (Letey et al.,

1961b; Trought and Drew, 1982).
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Timing of reduced soil aeration has a major effect in field grown plants.

Chaudhary et al. (1975) flooded maize for one to four days at two, four orleight _

weeks after planting. They found that early submergence was most harmful to

total nutrient uptake. Shandhu et al. (1986) studied the effect of intermittent"

submergence. for 10-day periods at 20 and 40 days after planting. Significant

reductions in leaf concentrations of nitrogen, phosphorus and potassium were

measured only in the earlier hypoxic treatment.

Reductions in absorption and translocation of inorganic nutrients to the

shoots are usually detected within two days of hypoxia, long before nutrient

concentration in the rooting media has declined (Drew and Sisworo, 1977, 1979).

Trought and Drew (1980b) found translocation of nitrogen, phosphorus and

potassium from the older leaves of wheat to the growing ones during

waterlogging. Calcium and magnesium did not translocate. The nitrogen

movement was associated with the onset of premature senescence in folder leaves

and additions of nitrate or ammonium to the soil surface, or foliar sprays of urea

delayed the senescence symptoms.

. The inability of plant roots to maintain adequate rates of nutrient uptake and

transport are associated with low energy levels under fermentative respiration

(Drew and Stolzy, 1991). Spek (1984a, 1984b) found that the sharp decrease in

nitrogen content was a consequence of the combination of continuing shoot

growth and a major reduction of the transport from the roots. His data also
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suggest that nitrogen transport is more dependent on the supply of oxygen than

nitrogen uptake. . ‘ ,

Many non-wetland plants exhibit the ability to develop nodal roots with

interconnected freespace (aerenchyma) in response to anoxic events. Molecular

oxygen can diffuse through these lacunae from the aerial organs into the roots,

maintaining the oxygen supply for aerobic respiration to a certain extent. However,

these roots may be less efficient in absorption and transport of ions, since they

lose extensive apoplastic and symplastic pathways at the root cortex. Drew and

his colleagues (Drew et al. 1980; Drew and Saker, 1986) showed that under well

aerated conditions aerenchymatous roots were as efficient as ordinary roots.

Rates of Uptake of phosphate, potassium (86RbT) and chloride were the same in

both types of roots. it seems reasonable here to advise some caution with the

common practice of identifying Rb results with K, since recent evidence shows

that, at least under certain experimental settings, absorption and especially

transport may be quite different (Brauer et al., 1987).

Sodium seems to behave differently than the other cations under restricted

soil aeration. Maize tolerance to salinity is associated with the exclusion of sodium

from leaves (Yeo et al. 1977). Since plasma membranes are permeable to Na+,

it has been proposed an active KT-dependant efflux mechanism (Jeschke, 1984).

Drew et al. (1988) studied the combined effects of salinity and anoxia. Addition

of NaCl to the anoxic solution culture, enhanced Na+ transport to the shoots while

it depressed that of K+. Under their experimental conditions, the ratio Na+lK+
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transported to the shoots by anoxic roots increased by a factor of 860. The

authors discussed that this abnormal ionic ratio in other salt sensitive species are

known to produce physiological alterations including stomatal misfunctioning and

reductions in photosynthetic rate and ribulose bisphosphate carboxylase-

oxygenase activity (Drew eta!., 1988).

Effect of anoxia on plant growth regulators

Since root systems are capable of synthesizing all plant growth regulators

known today (ltai and Birnbaum, 1991), it is reasonable to inquire about the effects

that a major metabolic disruption to the root tissues, lack of oxygen, may have on

these substances and their regulatory role. Reid and Bradford (1984) in their

review found that limiting oxygen inhibits synthesis (of auxins, gibberellins and

cytokinins. It has been found also that abscisic acid (ABA) levels increase in

Shoots (Jackson and Hall, 1987; Zhang and Davies, 1987) and ethylene

accumulates both in submerged soils (Smith and Russell, 1969; Smith and Restall,

1971; Smith and Dowdell, 1974) and in hypoxic plant tissues (Jackson, 1985).

Unlike the other plant growth regUlators ethylene is a gas with restricted

solubility (Jackson, 1985). For that reason it cannot be significantly translocated

in solution through the plant aqueous medium (Yang and Hoffman, 1984), but'it

moves mainly by diffusion. The estimated diffusion coefficient of ethylene

decreases 10,000 times when moved from gaseous medium to water (Jackson,
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1985). This limited mobility does not seem to be a problem for plants since all

plant cells seem capable of producing the gas (Roberts and Hooley, 1988).

Ethylene is associated with the regulation of several plant responses to

flooding such as epinasty (Bradford and Dilley, 1978; Bradford and Yang, 1981),

the promotion 'of adventitious roots, and aerenchyma formation (Luxmoore and

Stolzy, 1969; Yu et al. 1969; Drew et al. 1979 and 1981; Jackson et al. 1981;

Konings, 1982; Everard and Drew, 1989b). The signal to produce these

responses appears to result from an increase in ethylene concentration within the

roots. Kawase (1981) proposed that ethylene increases cellulase activity, thus

. leading to cell wall lysis and air space formation. However, the experimental

evidence to support this theory is lacking (Jackson, 1985). Moreover, most of the

root cells are likely to be in contact with the gaseous» ethylene, however

aerenchyma formation is tissue specific. Cell lysis occurs specifically in the root

cortex suggesting some unknown controlling mechanism (Drew, 1990).

Ethylene production by maize roots is stimulated by'hypoxia but ceases

during anoxia, which further halts aerenchyma development (Drew et al. 1979).

However, synthesis of the ethylene precursor aminocyclopropane carboxylic acid

(ACC) is stimulated under anoxia (Atwell et al. 1988). This suggests that ACC

formed in anoxic root tips may be transported and converted to ethylene in better

oxygenated portions of the root system closer to the surface (Bradford et al. 1982;

Drew, 1990). Recent reports show that aerenchyma formation may also be

associated with the plant mineral nutrition, in which case the process is not
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necessarily related to an enhanced biosynthesis or accumulation of ethylene (Drew

et al. 1989a and 1989b).

The accumulation of ABA in leaves during flooding events has received

much attention during the last decade (Bradford, 1983; Jackson .and Hall,.1987;

Zhang and Davies, 1987; Jackson et al., 1988; Neuman and Smit, 1991). Although

it was known for its role in stomatal control (Walton, 1980), it was only after failing

to explain stomatal responses to root oxygen deficits based on ethylene evolution

that ABA received attention (Bradford and Yang, 1981 ; Bradford and Hsiao, 1982).

Today there seems to exist agreement that accumulatibn of foliar ABA will control

stomatal behavior under waterlogged conditions. However, the source of the

regulator remains unclear. Jackson and Hall (1987) proposed the inhibition of the

' transport out of the shoots as the accumulating mechanism; Zhang and Davies

(1987) concluded that ABA accumulation in leaves might originate in the roots.

Effect of anoxia on phloem transport

Previous sections followed the hypothesis that a stress localized at the root

level could have a significant effect on the shoots. In this section we will find that

the opposite communication pathway, shoot to root, can also be affected.

In 1930, Munch proposed that photosynthates could move in the phloematic

stream because of the difference in hydrostatic pressure generated by an osmotic

gradient between the source and the sink (Mfinch, 1930). Munch’s pressure-flow

model was based on a simple physical model that can be built in the laboratory
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(see Salisbury and Ross, 1992 for details). After much research and some

additions, the pressure-flow model seems to still be favored today (Lucas and .

Madore, 1988; Nobel,1991; Salisbury and Ross, 1992). 1

Among the additions to the original pressure-flow model, the concepts ’of

phloem loading and unloading were required for sustained functioning of the

model. Munch thought that the high solute concentration required at the source

could be provided by an active current of photosynthates produced in the

mesophile cells. At the sink end, sugars were kept low through metabolism and/or

storage in specialized cells or organelles. Investigations of the spatial distribution

of specific solute concentrations strongly suggest the presence of a selective

energy-dependent loading mechanism for the main compounds in phloem sap

(Lucas and Madore, 1988). The movement of sucrose and other solutes to the

sites of utilization or storage are also energy dependent (Eschrich, 1986). During

anoxia the root system switches to the less energy-efficient anaerobic respiratory

path (Saglio et al., 1980).

in maize roots, Giaquinta et al.(1983) identified the pathway of phloem ‘

. unloading. Their results showed that sucrose was unloaded from the phloem,

symplastically transferred to adjacent cells and hydrolyzed by a vacuolar invertase

prior to metabolism. Saglio and Pradet (1983) demonstrated that strict anoxia

halts sucrose transport though the phloem. Since the sink strength for sugar

metabolism remained unaffected (Saglio etaL, 1980), their data suggested that the

unloading process was impaired (Saglio and Pradet, 1983; Saglio, 1985). One
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possible explanation was the occurrence of reversible structural modifications

affecting the continuity Of the cytoplasmic path, perhaps at the plasmodesma level _

(Saglio, 1985). An alternative explanation may be a disruption in the regulation of

membrane potential at the tonoplast level. A recent report (Xla and Saglio,1990)'

provides some evidence in support of the latteralternative.

Morphological adaptations to anoxia

Field grown maize exhibits a series of adaptive mechanisms to adverse soil

aeration. Indeed, maize plants are relatively resistant to hypoxia (Grinieva, 1981).

This resistance has a profound effect on the ability of the plant to survive.

Unfortunately, it may not be as significant in avoiding loss of grain production.

According to the general concept of stress (Levitt, 1980) resistance can be

achieved by avoidance and/or tolerance of the stress factor. Cannell and Jackson

(1981) identified four types of avoidance mechanisms to oxygen stress:

accelerated elongation, production of replacement roots, construction of internal

1 channels (aerenchyma) within the root, and shoots responses which minimize

injury. Tolerance to oxygen stress includes both the avoidance of toxic metabolite

accumulation and true tolerance to toxic buildup. In this section, I will refer to the

morphological adaptive responses of maize, more associated with the avoidance

of the stress.

Several morphological responses that may have acclimative meaning have

been reported in maize. They include inhibition of root (Purvis and WIlliamson,
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1972; Wenkert et al., 1981; Meyer et al., 1987) and shoot growth (Purvis and

WIlliamson, 1972; Wenkert et al., 1981 ), foliar senescence (Purvis and Williamson,

1972; Wenkert et al., 1981), adventitious rooting (Drew et al., 1979; Wenkert et al.,

1981), and aerenchyma development (Luxmoore and Stolzy, 1969; Yu et al., 1969;

Drew et al., 1979 and 1981; Jackson et al., 1981; Konings, 1982). f

The significance of aerenchyma developed in response to hypoxia for the

whole plant metabolism remains unclear. Vartapetian et al. (1978) found that the

oxygen transported through aerenchyma tissue alone, could not provide normal

aerobic metabolism to the root cells of pumpkin or cotton. Their calculations

showed that only 8% of the total root oxygen requirement could be provided by

diffusion Via the cortical air spaces. Drew et al. (1985) calculated the quantitative

contribution of the aerenchyma-diffused oxygen to the maintenance of high levels

of adenylate energy charge. Although cortical lysis helped to maintain a high

respiration rate over distances of at least 21 cm (the longest roots in their

experiment), the oxygen diffusion was insufficient to maintain the energetic levels

. of fully aerobic roots.

Metabolic adaptations to anoxia

Kennedy et al. (1992) summarized the attempts to explain the metabolic

adaptations of plants to flooding into two main groups:

1. Flood tolerance is dependent upon reduced activity of alcohol

dehydrogenase (ADH) so leading to reduced ethanol production.
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Proposed by Crawford and coworkers (McManmon and Crawford,

1971; Crawford, 1978), the theory identifies flooding injury with

ethanol production, hence the Pasteur effect is a response of non-

tolerant species. The tolerant species accumulate .malic acid, as an

alternative to ethanol, because malic enzyme is absent. ‘

2. Flood tolerance is dependent upon fine regulation of the synthesis

of lactate and acetaldehyde-ethanol. Proposed by Davies (1980), the

theory recognized the regulatory role of the cytoplasmic pH on the

activities of lactate dehydrogenase and pyruvate decarboxylase. The

hypothesis associates flooding injury with cytoplasmic acidosis.

Many indications support the hypothesis of enhanced glycolysis and ethanol

production as an acclimative response to anoxia. Several anoxia tolerant species

and organs have a well regulated glycolysis and ethanol production (Drew, 1990).

Ethanol is the main end-product of fermentation in rice, and ethanol production is

quantitatively associated with the growth of rice embryos (Pradet et al., 1985).

Ethanol is also the main product in anoxic maize roots, where the metabolic

energy level, as expressed by adenylate energy charge (Atkinson, 1977) was

quantitatively related to the ethanol fermentative pathway (Saglio et al., 1980). in

studies of hypoxic acclimation of maize to anoxia (Saglio et al., 1988; Hole et al.,

1989; Johnson et al., 1989), longer viability during anoxia and higher ATP levels

of the acclimated roots have been consistently associated, with an induced Pasteur

effect, increased ethanol production and high ADH activity.
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The work of Roberts et al.. (1984a and 1984b) in hypoxic maize root tips

presented evidence in support of Davies’ hypothesis of cytoplasmic acidosis. After

an initial. drop in pH, associated with lactic acid production, the cytoplasmic pH

stabilized, within 20 minutes, at 0.5 pH- units lower than the original value. This pH

stabilization was associated with an active ethanol production and reduced lactate.

synthesis. Mutants without an active ADH, unable to shift from lactate to ethanol,

continued producing lactate and the pH never stabilized. In all tested cases, early

cell death was correlated with cytoplasmic acidosis.

Our understanding of the complexity of the maize metabolic adaptations to

oxygen deficiency has been greatly improved after the identification of the

acclimative effect of hypoxic periods previous to the anoxic treatment (Saglio et al.,

1988; Johnson et al., 1989). Field grown maize will experience hypoxia before a

complete depletion of oxygen, hence the hypoxic acclimation should be the

dominant scenario in nature (Drew, 1990). This acclimation implies longer viability

and, when in anoxia, higher energy levels, immediate expression of the Pasteur

effect (Hole et al., 1989) and high ADH activity. Recently Xia and Saglio (1992)

added another feature .to the hypoxic acclimation. They measured an increased

efflux of lactic acid from hypoxic-pretreated root tips as part of the adaptive

responses. They speculate it may be a parallel of the detoxification systems found

in hypoxic-treated cells of mammals. '
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Simulating the effects pf anoxia

Modeling oxygen diffusion within the soil-plant system has received some

attention. Luxmoore et al. (1970) proposed a model which included longitudinal

and radial diffusion into a'cylindrical root surrounded by a water film. Uniform root

thickness was assumed and the respiratory sink of the tissue is modeled as a

function of oxygen concentration and position along the root. Armstrong and

Wright (1976) proposed an electricalcircuit analogue to simulate root aeration in

anaerobic environments. These ideas were further developed by Armstrong

(1979). More recently Armstrong and Beckett (1985 and 1987) proposed a multi-

shelled model to account for differences in concentric root tissues. This model

provides a mathematical tool to predict quantitatively oxygen diffusion through

‘specific root tissues with large differences in porosity as cortex and stole. It is

interesting to note the existence of experimentalevidence showing the presence

of an anaerobic stele surrounded by a normoxic or hypoxic cortex (Thomson and

Greenway, 1991).

A common feature of the above mentioned models is that they focus on the

diffusion of oxygen through individual roots. No attempt is made to predict the

effects that impaired root aeration may have at the whole plant level (Armstrong,

1979). Recently, Jones et al. (1991) proposed a generic model to simulate root

growth that considers aeration stress. The model can be linked to the CERES

family (Jones and Kiniry, 1986) of simulation models and hence be used to

simulate maize responses to flooding. Jones et al. (1991) used the fraction of
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water filled pore space as an index of soil aeration. A layer aeration factor is

calculated as a function of the water filled pore fraction. Different processes cf .

root growth including rooting depth, branching and senescence are eventually

affected by the aeration factor. .

' Recently Smucker and Aiken (1992) proposed some of the needs for the

next generation of simulation models. The authors emphasized the need for more

mechanistic description of causes and effects at the root and soil interface that

includes temporal and spatial variability. The ability to collect and process below

ground information and the quantity and quality of such information will be critical

to meet such expectations.

Summagy

A maize crop during periods of waterloggingendures substantial alterations

of the physical, chemical and biological environment of its root system. These

alterations produce several changes in the plants and in the soil-plant

relationships. Some of the biochemical processes associated with the respiratory I

. path and the shift from aerobic to anaerobic respiration were reviewed and the

changing views on the role of ethanol as a major agent of plant injury during

hypoxia were discussed. Ethanol production and enhanced glycolysis is viewed

today as an acclimative response that allows plant cells to survive extended

periods of time. However, they are not able to provide enough energy to fully
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sustain metabolic rates and cells eventually die due to the inability of maintaining

the required pH compartmentalization.

' At the whole plant level, substantial changes in the hydric, nutritional and

hormonal levels were reported as a consequence of root anoxic events.- The '

decreased energy level in the roots is not able to maintain normal rates of nutrient

uptake. However, many aspects involving plant responses in terms of water

relations still need further examination. For instance, stomatal closure seems to

respond to the accumulation of abscisic acid in the leaves during hypoxia, but

stomatal closure generally persists well beyond the actual soil oxygen deficit

(Sojka, 1992). The lower energy level in roots may also have a role in impairing

the normal phloematic current through the disturbance of the unloading process.

Several mechanisms associated in the literature with maize survival to soil

submergence were reviewed. Although the mechanisms may warrant the

" opportunity to survive transient flooding periods, they imply a higher cost in carbon

compounds utilized at the root level.

Some mechanistic models have tried to mathematically describe oxygen

diffusion through the soil and individual roots. However, to the best of the author’s

knowledge no model has been published so far to simulate whole plant responses

to anoxic events.
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Chapter 2

A FIELD FACILITY FOR MONITORING WHOLE PLANT. RESPONSES

' ' TO FLOODING

m

Interpretation of root aeration studies performed on plant organs, tissues

or organelles may require extreme caution to apply the findings to flooded crops.

To gain a better understanding of whole plant responses to hypoxic and anoxic

events, close and simultaneous monitoring of shoots” and roots’ behavior may be

helpful. A field facility designed and built with these purposes is described. A

water table can be managed independently on each of five 2.1 mlby 1.5 m plots,

through a mini-scale subirrigation system. Pairs of horizontal minirhizotrons

located at 15, 40, 60 and 90 cm provided an opportunity for non-destructive root

growth monitoring. Maximum plant leaf area was reduced 30% or 40% when

plants were flooded for four or eight days at 10 leaf tip stage. Roots showed a

post-stress regrowth at 15. and 40 cm depth 24 days after flooding, whereas

deeper zones did not have major changes in root growth.
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Introduction

. Most of the knowledge we have about plant responses to limiting soil

oxygen conditions comes from research in which organs (many times only

sections). tissues or organelles were the experimental material (Saglio et al., 1980; '

Giaquinta et al., 1983; Roberts et al., 1984a and 1984b; Bacic‘ and Ratkovic, 1987;

Saglio et al., 1988; Hole et al., 1989; Johnson at al., 1989; Thomson and

Greenway, 1991; Xia and Saglio, 1990 and 1992). In cases where whole plants

were used, artificial environments were provided with growth chamber and

greenhouse facilities (Bradford, 19838 and 1983b; Drew at al., 1985 and 1988;

Veen, 1988; Thomson et al., 1990). Although these artificial settings are designed

to reduce the "noise" produced by uncontrolled factors, they may obscure the

effect of unknown, but important, relationships and interactions. .

An example may illuminate the point. in the late 1980s several reports

demonstrated the hypoxic acclimation of maize roots to anoxia (Saglio et al., 1988;

Hole et al., 1989; Johnson et al., 1989). When a flooding event occurs in nature,

the complete depletion of soil oxygen may take a period from hours to days (Drew

‘ and Stolzy, 1991), depending on soil characteristics and temperature. So, field

grown plants experience hypoxia before anoxia. In many experiments however,

root anoxia is imposed suddenly by bubbling nitrogen gas into the nutrient

solution, thus preventing the plants from undergoing hypoxic acclimation. In that

view, some investigations may yield irrelevant or misleading information to improve

our understanding of crop responses to flooding events.
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Closely monitoring the behavior of shoot and root systems of field grown

plants, under controlled submergence and water table scenarios, will help in

understanding crop responses to anoxic periods. However, managing the water

table in experimental plots, kept close enough to avoid uncertainty associated with

soil variability (Benz et al., 1978) is difficult. Literature provides an interesting

diversity of experimental techniques designed for this purpose. The most common

method is using lysimeters of different sizes and designs (Hller at al., 1971;

Chaudhary et al., 1975; Cannell et al., 1980; Meyer eta!., 1985). Barrett-Lennard

et al., (1986) and Mukhtar et al., (1990) built hydrologically isolated plots,

surrounded by plastic materials. A system of drainage-subirrigation with tiles

bUI’ied in the plot perimeter and connected to a vertical pipe, allowed the control

of the water table. Shallow back-filled plastic pans, were the solution employed

by Fausey and McDonald (1985). Whereas Mason et'al., (1987) simply retained

water into closed furrows for extended periods. Ghodrati et al. (1990) utilized

corrosion-resistant metal strips extending 20 cm into the soil to pond small plots.

This chapter describes a subirrigation research facility in which the water

table can be independently controlled on each individual plot, function as a

subirrigation system in microscale and have the capability to measure root

systems non-destructively. Leaf area and root growth data obtained when com

was flooded for different durations are presented.



Materials and Methods.

A 4.86 ha subirrigation system was installed in 1985 at the Michigan State

University Box Farm. The soil is mapped as Capac Loam (fine-loamy, mixed,

mesic Aeric Ochraquaif) with 10 to 15% inclusions of Colwood, Mariette and

Owosso soils (USDA-SOS, 1979). Plastic corrugated drainage tiles, 10 cm in

diameter, were placed at 1.12 m depth and 11 m apart.

In 1990, the location of one of the tiles was chosen as a site to construct the

root observation facility. A Iayoutof the plots is shown in Figure 2.1. The soil at

the facility matches the description of the Capac series: a very dark grayish brown

loam surface of about 23 cm. The subsoil is described as having increasing

contents of clay and clay films on the faces of peds.

A trenching machine was used to dig trenches 15 cm wide to a depth of

about 1.35 m. Three 12 m long trenches parallel to the tile direction were first

excavated. Then plywood forms, 1.22 m by 1.22 m by 15 cm wide, were slid into

the open trench. Cross trenches were then dug with just enough room for the

chain of the trencher to dig between them. The forms prevented the soil from

caving in when the perpendicular trenches were excavated. WIth this plot

arrangement, the original tile was sectioned into five pieces and became the

subirrigation system of five, 2.13 m by 1.52 m plots. Upstream of each plot a

plastic tile cap was inserted onto the tile. Downstream an outlet system (Figure

2.2) which would allow management of the water table in the plot was fitted. In the

north-east corner of each plot a vertical 15.24 cm PVC pipe provided an input for
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irrigation water. This pipe was connected to the outlet pipe through a series of

PVC reductions. To irrigate the plots. black polyethylene tubing was used to

conduct water by gravity from an elevated tank into the vertical pipe (see Figure

2.2). A valve controlled the water supply to each plot. Depth of water table was

managed byiadjusting the length of the float rod in the outlet float valve.

inside the trenches, facing the working area (Figure 2.1), a network of

reinforcing steel rods was used to reinforce the concrete walls. The other trenches

had steel mesh for reinforcement.

One form was made for the working wall location of each plot to provide access

holes for placing eight plastic minirhyzotron tubes, at 15. 40. 60 and 90 cm depths,

through the concrete wall. Concrete was poured into the trenches using a

' concrete vibrator (see Figure 2.3 for a detail). Two days later, the soil inside the

walls of the working area (Figure 2.1) was removed. The bottom of the working

area was hand worked to provide a uniform slope west-east of about 1:100. “A 200

liter plastic drum was cut in half and the two halves were placed with their open

sides upwards in the lowest part of the working area to serve as sumps. Steel

mesh was laid doWn in the working area and a 3.81 cm PVC pipe with two inlets

were longitudinally located to provide drainage. Concrete was poured, starting by

the zone surrounding the plastic sumps. to build the floor of the working area.

PVC valves of 3.8 cm diameter were connected to each of the pipes coming out

of the plots through the concrete wall and PVC 90 degrees elbows and pipe 3.81

cm in diameter were used as required to conduct the drainage flow to the sumps.
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An orifice 1.5 cm in diameter was drilled at 5 cm from the bottom. to connect both

sumps. A 248.7 watt automatic electric sump pump was located at the bottom of _

one of the sumps and connected through a 2.5 cm polyethylene tubing, buried at

1 m depth. to the main drainage of. the field.

. A .soil auger was used to open horizontal holes for the minirhizOtrons, frOm

the working area through the plots. A cylindrical wire brush. smaller in diameter

than the opened hole, was used to scratch the soil surface in the hole and then

polybuterate transparent tubes. 5 cm i.d.. 5.7 cm o.d. and 152 cm long were

driven into the holes. Black rubber stoppers (number 11) were inserted into the

end of the tube before it was driven into the soil. The ends of the rhizotrons

extending from the wall were painted black first to exclude light from the tubes and

white later to avoid heating. Black rubber stoppers were placed in the painted

ends.

Two vertical PVC pipes were located in the middle of each plot down to 1.2

m. The 5 cm pipe with rubber stoppers in both ends. was used as access tube

I for neutron probe measurements. The 1.75 cm pipe perforated and wrapped with

filter cloth, was utilized as an observation well to monitor water table depth.

Results

As an example of the performance of the facility, preliminary information on

maize growth in the summer of 1990 is given. During periods of inundation, the

water table of the flooded plots was between 3 and 5 cm above the soil surface,
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while the remaining plots kept low water tables without interference. Typically the

water table rose above the surface within 12 hours after initiating the inundation.

Drainage took longer, but usually the top 60 cm of the soil were drained within 24

hours.

The leafarea per plant appears in Figure 2.4. In one case, plants were

flooded from 35 to 39 days after emergence; in the other, from 37 to 45 days.

Results demonstrated a clear reduction in leaf growth between the stressed plants

and the well aerated ones following the onset of the inundation period. At

tasseling, the four day flooding resulted in a 30% reduction in leaf area, whereas

the eight days flooding had an extra 10% decreaSe.

Figure 2.5 shows the distribution of roots at four dates for the control and

the eight day inundation treatments. The control displayed apparently normal

increase in the number of roots as the season progressed. The flooded plot did

not reveal any decrease in roots by three days after the onset of the inundation.

The two uppermost layers showed a proliferation of after-stress root growth 26

days after drainage. Deeper layers did not have major changes in roots.

Conclusions.

The facility described herein provided a good opportunity to study the

effects of flooding and limited soil aeration on whole-plant growth.

Crop growth data provided the evidence to support the adequate behavior

of the structure. The results require further analysis. However they illustrate

general patterns and tendencies.



41

5000 

4500 -

 

NA 4000 -

 

N
0
0

C
D

0
!

O
O
!

o
O

o

o
O

O

I
I

I

i
—
d

2000 -

1500 -

   

1000 -P
l
a
n
t

l
e
a
f
a
r
e
a
(
c
m

CI Control .

500 ._ v 4 days (35-39)

v 8 days (37—45)

0‘4 I I I I I I I

0 10 20 30 40 50 60 70 80 90

   
Days after emergence

Figure 2.4: Effect of zero, four or eight days flooding on maize leaf area during

1990. Each point is the average of four plants. Vertical lines are standard errors

(for clarity only positive or negative side is shown).



42

Number of Roots cm—2

0.0 0.2 0.4 0.6 0.0 0.2 0.4- 0.6 0.8

0 1 l l l L l
 

 

 

 
  

E? _

8

.c:
4..)

a.
Q) —

m .

CONTROL FLOODED (37—45)

80 o 32 DAB 0 32 DAE _

o 34 DAEq‘ o 38 DAEfi

v 44 DAE4 v 44 DAE

v 69 DAB 7 69 DAE

1oO 

Figure 2.5: Roots distribution as affected by an eight day flooding period during

1990. Legends indicate days after emergence.



Bibliography

Bacic, G. and S. Ratkovic. 1987. NMR studies of radial exchange and distributiOn '

of water in maize roots: the relevance of modelling of exchange kinetics. J.

Exp. Bot. 38(193):1284-1297.

Benz, L. c., G. A. Reichman, E. J. Doering and R. F. Follett. 1978. Water table

depth and irrigation effects on applied water use efficiencies of three crops.

Trans. of the ASAE 21 (4):723- 728.

Barrett-Lennard, E. G... P. D. Leighton, l. R. McPharlin, T. Setter and H. Greenway.

1986. Methods of experimentally control waterlogging and measure soil

oxygen in field trials. Aust. J. Soil Res. 24:477-483.

Bradford, K. J. 1983a. Effects of soil flooding on leaf gas exchange of tomato

plants. Plant Physiol. 73:475-479. '

Bradford, K. J. 1983b. Involvement of plant growth substances in the alteration of

leaf gas exchange of flooded tomato plants. Plant Physiol. 73:480-483.

Cannell, R. 0., R. K Belford, K Gales and C. W. Dennis. 1980. A lysimeter system

used to study the effect of trasient waterlogging on crop growth and yield.

J. Sci. Food Agric. 31: 105-116.

Chaudhary, T. N. V. K Bhatnagar and S. S. Prihar. 1975. Corn yield and nutrient

uptake as affected by water table depth and soil submergence. Agron. J.

67:745-749.

Drew, M. C.. J. Guenther and A. Lauchli. 1988. The combined effects of salinity .

and root anoxia on growth and net Na+ and K+ accumulation in Zea mays

grown in solution culture. Ann. Bot. (London) 61 (1):41-53.

' Drew, M. C., P. H. Saglio and A. Pradet. 1985. Larger adenylate energy charge

and ATP/ADP ratios in aerenchymatous roots of Zea mays in anaerobic

media as a consequence of improved internal oxygen transport. Planta

165:51-58.

Drew, M. C. and L H. Stolzy. 1991. Growth under oxygen stress. p. 331-350. In

Y. Waisel, A. Eshel and U. Kafkafi (Ed.) Plant roots; the hidden half. Marcel

Dekker, New York.

43



44

Fausey, N. R. and M. B. Jr McDonald. 1985. Emergence of inbred and hybrid corn

following flooding. Agron J. 77(1):51-56.

Ghodrati, M., F. F. Ernst and w. A. Jury. 1990. Effective design for small '

flood-irrigated field plots. Soil Sci. Soc. Am. J. 54: 927-930.

Giaquinta, R. T.. W. 'Lin. N. L Sadler and V. R. Franceschi. 1983. Pathway of'

phloem unloading of sucrose in corn roots. Plant Physiol. 72:362-367. .

Hiler, E. A, R. N. Clark and L J. Glass. 1971. Effects of water table height on soil

aeration and crop response. Trans. of the ASAE 14(5):879-882.

Hole, 0.. P. Hole, J. R. Johnson, B. G. Cobb and M. C. Drew. 1989. Rates of

glycolysis in aerobic and anaerobic maize root tips. Plant Physiol. 4,

Suppz127.

Johnson, J., B. G. Cobb and M. C. Drew. 1989. Hypoxic induction of anoxia

tolerance in root tips of Zea mays. Plant Physiol. 91: 837-841.

Mason, W. K. K. E. Pritchard and D. R. Small. 1987. Effects of early season

waterlogging on maize growth and yield. Aust. J. Agric. Res. 38(1):27-35.

Meyer. W. S.. H. D. Barrs, R. C. Smith. N. S. White, A. D. Heritage and D. L Short.

1985. Effect of irrigation on soil oxygen status and root and shoot growth

of wheat in a clay soil. Aust. J. Agric. Res. 36:171-185.

Mukhtar, S., J. L Baker and R. S. Kanwar. 1990. Corn growth as affected by

excess soil water. Trans. of the ASAE 33(2):437-442.

Roberts, K M., J. Callis, O. Jardetzky. V. Walbot and M. Freeling. 1984a.

Cytoplasmic acidosis as a determinant of flooding intolerance in plants.

Proc. Natl. Acad. Sci. USA 81: 6029-6033.

Roberts, K M., J. Callis, o. Wemmer, v. WalbOt and o. Jardetzky. 1984b.

Mechanism of cytoplasmic pH regulation in hypoxic maize root tips and its

role in survival under hypoxia. Proc. Natl. Acad. Sci. USA 81:3379-3383.

Saglio, P. H., M. C. Drew and A. Pradet. 1988. Metabolic acclimation to anoxia

induced by low (2-4 kPa partial pressure) oxygen pretreatment (hypoxia) in

root tips of Zea mays. Plant Physiol. 86(1):61-66.

Saglio, P. H., P. Raymond and A. Pradet. 1980. Metabolic activity and energy

charge of excised maize root tips under anoxia. Plant Physiol.

66:1053-1057. ‘



45

Thomson, C. J. W. Armstrong. I. Waters and H. Greenway.1990.Aerenchyma

formation and associated oxygen movement in seminal and nodal roots of

wheat. Plant Cell Environ. 13(4):395-403.

Thomson. C. J. and H. Greenway. 1991. Metabolic evidence for stelar anoxia in

maize roots. exposed to low 02 concentrations. Plant Physiol.

96(4):1294-1301. - ~ .

USDA-SCS. 1979. Soil survey of lngham county, Michigan. United States.

Department of Agriculture. Soil Conservation Service.

Veen B. W. 1988. Influence of oxygen deficiency on growth and function of plant

roots. Plant Soil 111:.259-266

Xia. J. H. and P. Saglio. 1990. H+ efflux and hexose transport under imposed

energy status in maize root tips. Plant Physiol. 93(2):453-459.

Xia. J. H. and P. H. Saglio. 1992. Lactic acid efflux as a mechanism of hypoxic

acclimation of maize root tips to anoxia. Plant Physiol. 100:40-46.



Chapter 3

FLOODING EFFECTS ON FIELD GROWN MAIZE.

I. ABOVEGROUND RESPONSES.

Amt—act.

This study was conducted to examine the effect of Single flooding periods

of four or eight days when maize was at the five-six or the 10-12 leaf tip stage.

The research was done in a field facility built for this purpose. The water table was

managed on each of the five 2.1 by 1.5 m2 plots and roots were monitored

through pairs of minirhizotrons located at 15, 40. 60 and 90 cm depth. Flooding

reduced plant growth and yield, and delayed plant development. Reduction in

plant leaf area depended more on reduced expansion rate of leaves in the earlier

flooding and on premature senescence of the older leaves in the later flooding.

Aboveground biomass remained unaffected during the flooding but was

significantly decreased after drainage. Flooding reduced yields to half,

independently of timing or duration of the submergence period. The early flooding

delayed the appearance of silks by two or three days. However, the impact of this

delay on yield remains unclear. Long lasting effects on plant carbon assimilation

and stomatal regulation suggests slow post-stress recovery.

46'



47

Introduction

Most crops reduce growth and yield under conditions of restricted soil

aeration due to shallow water table or poor drainage. Limitations imposed by

limited rooting depth due to the presence of a watertable are extensively

documented (a.g. Lal and Taylor,1969;WIlliamson and Kriz,1970; Benz et al.,

1978; Shih and Rosen. 1985; Alvino and Zerbi. 1986).

After the development ofthe platinum microelectrode technique (Lemon and

Erickson. 1952), efforts were focused on the study of crop responses to soil

hypoxic environments as expressed by the oxygen diffusion rate. Evaluated crops

included snapdragon [Antirrhinum sp.] (Letey et al., 1961a), sunflower (Letey et

al., 1961b; Letey et al., 1962). cotton (Letey et al., 1961b), barley (Letey et al.,

1962), soybeans, cabbage, grain sorghum, and sweet and dwarf field corn

(WIlliamson, 1964) and maize (Letey et al.. 1965).

Another line of research has focused on the effects that transient flooding ‘

events have on plant growth and yield (Purvis and WIlliamson, 1972; Wenkert et

al., 1981; Bradford and Hsiao, 1982; Zhang and Davies, 1986 and 1987; Mason

9: al., 1987; Smit et al.. 1989; Schildwacht, 1989). In this case. considerable effort

has been devoted to address the still largely unknown issue of the water relations

in flooded plants. Since the earlier reports of Kramer (1940 and 1951) showing

reduced root permeability as a cause of decreased water absorption in flooded

plants, researchers have been confronting new findings, many times with

contradictory evidence. In a recent review, Sojka (1992) documented altered
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stomatal resistance with poor soil aeration for at least 58 species. However,

stomatal closure and reduced growth have occurred without any detectable

change in leaf water status (Bradford and Hsiao. 1982). The opposite, initial

decline in leaf water potential and subsequent recovery without stomatal closure

has been reported as well (Everard and Drew, 1989). At least one possible

explanation for these discrepancies was evident from the work of Schildwacht

(1989). This author found that the anaerobic reduction of leaf growth had two

distinct phases. The first one, detectable within a few hours after imposing the

stress, was fully explained by a lowered leaf water status. The second one was

independent of the leaf water status since it occurred despite full recovery of the

leaf water potential. This second phase may be associated with a reduction in cell

' wall extensibility as reported for peas (Zhang and Davies, 1986) and for a Populus

hybrid (Smit at al., 1989). However, there is a lack of documentation on the

relative contributions of senescence and reduced expansion to the decrease in leaf

area growth experienced by whole plants through the season.

Crop yields have been reported to be reduced most when flooding occurs

early in the season (Chaudhary et al., 1975; Sandhu‘et al., 1986; Meyer et al.,

1987; Mukhtar et al., 1990). Yet very little attention has been directed to the effect

that soil submergencelmay have on the timing of phenological events, especially

those associated with the reproductive stages (Hiler et al.. 1971; Mayer et al.,

1 987) .
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Photosynthetic assimilation has received limited attention. Data from

Bradford (1983) suggests a decrease in carbon assimilation in flooded tomato.

Oosterhuis et al. (1990) working with soybeans and Vu and Yelenosky (1991)

working with Citrus found comparableresults. On the other hand, Meyer et al.

(1987) found an increaSed photosynthetic rate in maize on the third day of a

flooding period imposed 40 days after sowing. However, the assimilation rate

decreased over larger periods when compared with the control crop.

Reports on biomass accumulation show a reduction in the final biomass of

flooded crops (Chaudhary et al., 1975: Sandhu et al., 1986; Meyer et al., 1987)

with a higher reduction when the flooding occurs earlier in the season (Mukhtar

et al.. 1990). HOWever, the final biomass provides little insight about the timing of

dry matter accumulation affected by flooding.

This chapter will study the. responses of field grown maize to individual

flooding events during the vegetative growth stage either early (five-Six leaf tip

stage) or late (1012 leaf tip stage) for four or eight days. The attention will focus

on the growth process of the aboveground organs trying to fill some of the gaps ‘

identified in previous paragraphs. A general literature review provided a

comprehensive theoretical framework in the first chapter, while the second chapter

described the field facility built to control the water table in experimental plots. This

chapter will discuss the aboveground maize responses to flooding in the

vegetative growth stage during the summers of 1990 and 1991.
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Materials and Methods

. During the summers of 1990 and 1991. maize (Zea mays L. cv. GL420) _

was grown in the field facility described in chapter 2. The facility allows

independent control of the water table in five (2.1 by 1.5 m2) plots through a drain ‘

located at 1.10 m depth. Special care was taken to avoid disturbing the Soil

during the building process. The soil at the site is a Capac loam (Aeric

Ochraquaif). with increasing clay content with depth, and with an estimated

average of 169 mm of plant available water in the upper 1.25 m. Plant available

water is defined as the difference between the highest volumetric water content in

the field after drainage and the lowest measured water content when plants are

very dry and leaves are dead or dormant (Ritchie. 1981).

In July 1991, a minimum data set automatic weather station (UCOR 1200)

was installed in the experimental site. The automatic statiOn provided daily

information for maximum and minimum air temperatures, rainfall. and solar

radiation.

Seeds were planted in excess and thinned out after emergence to the

desired density of five plants rrI‘2 in 1990 and eight plants m'2 in 1991. Sowing in

1990 was on July 20. soon after the facility was completed, providing the

opportunity to study only the vegetative growing period. In 1991, sowing was on

May 25. In 1990, fertilizer was applied at a rate of 210 Kg N ha", 53.2 Kg P ha’1

and 53.2 Kg K ha". Nitrogen was split into two applications: at planting and 28

days after emergence. In 1991, all the fertilizer was applied at planting at the
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following rates: 53.1 Kg N ha". 53.8 Kg P ha‘1 and 53.8 Kg K ha".

The water table was maintained close to, but not interfering with. the

observed growing roots. Plots were. watered at the surface using a garden-hose

as required. Treatments were imposed by raising the water table between 20 and

50 mm above the soil Surface once during the vegetative growth stage and fOr the

following durations:

1. Early vegetative. for four days (E4)

2. Early vegetative, for eightdays (E8)

3. Late vegetative. for four days (L4)

4. Late vegetative, for eight days (L8)

5. Control (C).

In 1990. the early and late Submergence periods were imposed when plants

were at five and 10 leaf tip stages (about V3 and V6 according to Ritchie and

Hanway, 1984). In 1991 early and late were six and 12 leaf tip stages (V3 and V6).

On each plot, four plants were randomly selected and identified for

measurements of leaf area and plant height through the season. Leaf area was

determined by measuring maximum width and length of leaves or visible portion

of leaves expanding and multiplying by a factor obtained by regression analysis.

Two plants from each plot were randomly sampled at three different times during

the vegetative stage in 1991 to provide information for the leaf area regression

analysis. Actual leaf area, obtained with a leaf area meter (LICOR, model 1500,

Lincoln NB), was correlated with measurements of length and width on each leaf
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to derive the following expression:

Leaf Area (cmz) = 0.765 * length (cm) * width (cm) (r2 = 0.9746)

Plant height was recOrded as the distance from the soil surface up to the

point at which the edges of the uppermost expanding leaf first separate from each

other, or, when available, up to the collar of the flag leaf.

In 1990 and 1991. two plants were sampled from the two late flooding and

control treatments before and after the flooding period for above ground biomass

determinations. At silking two plants were sampled from each of the five plots.

In 1990, the last sample was taken one week after silking and four plants were

collected per plot for biomass determinations. In 1991 eight plants were sampled

at harvest. Stems, leaves. ears and grains were separated. Grain dry weight was

used to estimate treatments yield. Six additional ears were used to evaluate yield

components.

In 1990, the occurrence of tasseling and silking was evaluated in the four

plants where leaf area was measured. In 1991. all the plants on each plot were

used to register these phenological events.

Photosynthesis and stomatal conductance were evaluated in 1991

simultaneously under conditions of complete sunshine in four randomly selected

plants of each plot. A portable open gas exchange system (Analytical

Development Corporation, Hodesdan, UK) equiped with an infrared gas analyzer
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(lRGA) was used on four randomly selected plants. On each plant, a young fully

expanded leaf, fully exposed to solar radiation was clamped into the instrument

chamber and exposed to the incoming radiation in a perpendicular orientation.

Between 30 and 60 seconds elapsed before obtaining a stable reading. The

program described byMoon and Flore (1986) was used to calculate assimilation

rate and stomatal conductance.

M5.

The temperature during 1990 was approximately normal for plant growth

. only until tasseling that occurred between 70 and 74 days after planting. After

tasseling, low temperatures abnormaly delayed plant growth. Figure 3.1 shows

the daily maximum and minimum temperatures during the growing seasons of

1990 and 1991. The amount of radiant energy provides an estimate of the

potential for carbon assimilation. The incident solar radiation for bOth years, _

together with the daily rainfall is shown in Figure 3.2. Rainfall was abundant and

well distributed during 1991.

The growth of the leaf surface during 1990 and 1991 is depicted in Figure

3.3. Arrows indicate the onset of the flooding periods. For both years, the

submergence periods of four and eight days Significantly reduced the growth of

the foliar surface, especially the early flooding event. The main difference between

the response in 1990 and that of 1991 was in the four days early flooding

treatment, which showed little impact in 1990. In 1990 it was difficult to maintain
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a constant head of water because of several leaks in the top edges of the wall in

that particular plot. The reductions observed, in the total plant leaf area in Figure

3.3 may have been caused by a reduction in leaf expansion of younger leaves, by

an earlier senescence of older leaves, or by a combination of both.

Figure 3.4 is a daily record of the average plant foliar surface for the period

of two weeks after the water table was raised. Careful measurements Showed

that, for plants of this Size, there was a discernible difference in whole plant leaf

area even from the first day after imposing the stress. Leaf senescence was

responsible for a limited share of this difference (Figure 3.5). However, Figure 3.5

showed only a reduced period after the submergence event. Figure 3.6

corroborates that the differences in whole plant leaf area, shown in Figure 3.4,

cannot be attributed to a main effect of premature leaf senescence, but rather to

changes in leaf expansion rate. ’

Leaf elongation was studied by comparing the changes in leaf length of

individual leaves that were actively expanding during the stress period. Figure 3.7

. shoWs the growth and final length of three such leaves. A careful examination of

the extension pattern of the Sixth leaf shows three differences between flooded and

non-flooded plants: the final length was Shorter for stressed plants; the extension

rate was lower; and, the duration of the period of expansion was longer.

Observing the seventh and eighth leaf lengths the different patterns of recovery

between the leaves of the shorter and longer submergence events becomes

evident. Leaf eight exhibited a two-day delay in the time of appearance.
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Figure 3.8 shows the extension rates of leaves six, seven and eight

calculated as the average of the rates through the whole period of expansion of ,

each leaf. Two factors are responsible for the differences observed: the slower

rate of growth goeS'together with the longer period of extension as shown in

Figure 3..7 Early flooding had a long" lasting effect on the proCess of leaf

expansion (Figure 3.9). Four days of flooding reduced the length up to the 10th

leaf, whereas eight days affected up to the 12th leaf.

The later flooding event was imposed when plants were in the 12th leaf tip

stage. By this time (see Figure 3.10) plants had already accumulated 2.000 cm2

of foliar surface, as compared with 100 cm2 in the earlier stress. In this case,

significant differences in whole plant leaf area between flooded and non-flooded

plants were measured after the third day of flooding. Also note that. there is an

increase in leaf area variability, as expressed by the standard errors, associated

with the duration of the submergence period. t

Figure 3.11 shows the senescence responses in the two weeks following

the initiation of the later flooding period. After Six days there were differences

between treatments. However, 10 days later plant senescence was more than

three and seven times larger in the four and eight days flooding as compared with

the control. The seasonal behavior of whole plant leaf senescence is depicted in

Figure 3.12 for the treatments that were flooded later in the vegetative stage. From

thisfigure, Senescence clearly was a major contributing factor in reducing the leaf

area of the late flooding treatments after the initial five days. This response is



Vertical lines are standard errors. 1991.

6th, 7th and 81h leaves, as affected by a flooding event of zero, four or eight days.

Figure 3.8 Leaf extension rates averaged for the whole period of expansion of the
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Figure 3.9: Final leaf length of selected leaves as affected by a flooding period of

zero, four and eight days. Vertical lines are standard errors. 1991.
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different from the one previously discussed for the early flooding, where premature

senescence was a minor component in the reduction of plant leaf area.

The seasonal evolution of leaf eXpansion for individual leaves is shOwn in

Figure 3.13. The general growth pattern of leaves 13, 14 and 15 showed small

differences between flOoded and non-flooded treatments. Although expansion

rates appear to be smaller for the eight day flood than for the control, final leaf

sizes are only Slightly different in the 15th_leaf. Average extension rates for the

same leaves are in Figure 3.14. In this case, the extension of the flooding period

from four to eight days did not affect the rate at which leaves expanded. However,

. leaves from the eight day flooding treatment did expand slower as compared with

leaves from the treatment without stress. The same thing can be said about final

leaf size (Figure 3.15). Leaves 14 through 17 were shorter in plants flooded eight

days as compared with leaves from non-flooded plants. The length of the flag leaf

was not affected.

In summary, all the flooding treatments imposed in this experiment

significantly reduced the plant photosynthetic surface. The timing of the flooding

altered the magnitude of the leaf area reductions. Earlier flooding mostly

decreased leaf expansion and later flooding mostly promoted premature

senescence.

Another plant attribute that may be affected when cell expansion becomes

limiting for growth is plant height which has a fairly direct relationship with

internode elongation. Figure 3.16 provides a perspective of the seasonal changes
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in plant height as affected by different times and durations of flooding. A rapid

reduction in plant height was evident after the early flooding. Strong winds

affected the experimental site 40 days after emergence. At that time, the longer

late flooding treatment was under- soil submergence and the. shorter flooding

treatment was just drained. Plant lodging produced a bend at the stem base that

eventually affected the measured plant height in these treatments.

If plant height was decreased during the early flooding, then a reduction in

the length of the internodes that were extending at that time could be expected.

Plants in this experiment produced 17 internodes and 18 leaves. Usually the first

five internodes are very Short and below ground after full expansion (Ritchie and

Hanway, 1984), so out of 12 internodes measured in destructive sampling at

Silking, the lowermost internode Should be the Sixth. The length of the internodes

of early-flooded plants measured at silking are shown in Figure 3.17. When

comparing the corresponding internodes of the flooded and non-flooded

treatments, the progressive recovery of length was clearly faster in the treatment

with the Shorter submergence period.

The corresponding lengths of the internodes of late-flooded plants are

shown in Figure 3.18. Smaller differences in internode length between flooded and

non-flooded treatments as compared with the earlier flooding period are evident.

Reductions in organ extension, such as those reported above for leaves

and stems, are often associated with decline in the organ water status. Under

such conditions, the plant’s fastest response is to close their stomata to avoid



74

 

El Control

20 J 0 Early, 4 days

0 Early, 8‘ days

  

A

I

V 15 ..

J: , ‘!!I§3L,.
I . I.’i~::

4.) I I .. a,”

on 1D ‘ 0

Cl

2 . I o/

G) 10 7 l 1

'8 «I

E .-'

(D

.1.) O

E. 5 ~ _.

O

. /

O

0 ' I ' T ' I ' I m I
  

6 8 10 12 14 16 1a

Internode number

Figure 3.17: Length of the internodes above the ground measured at Silking in

plants that were flooded for zero, four or eight days at the six leaf tip stage. 1991.



75

 

1 1:] Control

20 ‘ V Late, 4 days

‘ '7' Late, 8 days
H 0
1

l

I
n
t
e
r
n
o
d
e

l
e
n
g
t
h

(
c
m
)

8
_

 '01 1

   O I T r ' l ‘ I 1 I ' I

6 8 10 12 14 16 18

Internode number

Figure 3.18: Length of the internodes above the ground measured at silking in

plants that were flooded zero, four or eight days at the 12 leaf tip stage. 1991.



76

Table 3.1: Stomatal conductance, measured at 1400 h, after the onset of a

flooding period of zero, four or eight days in plants at the 12 leaf tip stage. Values

in parentheses are standard errors.

 

 

  

DAF Control Late, 4 days Late, 8 days

‘ ‘ pmol m"2 s'1 I

4 ' 127.33 117.22 - 114.71

(5.68) (5.09) (9.58)

8 1 01 .59 ' 83.47 73.27

(2.55) (2.76) (7.26)

50 170.42 1 73.00 1 62.26

(2.55) (1 7.77) (1 2.63)
 

dehydration. Table 3.1 shows the evolution of stomatal conductance measured

around 2:00 pm in the plots that were flooded later in the season. Four days after

the onset of the submergence treatment, differences between flooded and non-

flooded plants were still part of the variability associated with the measurement.

The distinction in stomatal conductance was larger eight days after the initiation

of the soil submergence. Table 3.1 shows that 50 days after flooding the soil the

recovery of the treated plants seems to be complete. However, looking at this last '

. measurement in a daily context (Figure 3.19), while morning and mid-day

evaluations of the plants failed to detect differences in stomatal opening between

flooded and non-flooded plants, the flooded seemed to close their stomata earlier

in the afternoon. Even the plants that were flooded earlier in the season showed

the same early afternoon stomata closing (Figure 3.19).

One of the main reasons why farmers grow crops is to obtain a profitable
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Figure 3.19: Daily evolution of stomatal conductance measured 50 days (above)

or 70 days (below) after the onset of a flooding period of zero, four or eight days '
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at the 12 (above) or at the six.(below) leaf tip stages. 1991.
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Table 3.2: Yield and yield components of plants that were flooded for 0, 4 or 8

days at six (early) or 12 (late) leaf tip stages. Values'In parenthesesare standard

errors. 1991.

 

 

Flooding Number Row Number Avg Yield ,

treatment of rows length of grains kernel wt

' mm‘ ‘ g g/plant

Early, 4 15.33 108.0 373.83 0.220 83.78

(0.67) (6.9) (34.46) (0.02) (12.67)

Early, 8 15.33 100.5 357.83 0.217 78.20

(0.42) (3.9) (19.12) (0.01) (6.06)

Late, 4 14.00 96.8 336.50 - 0.234 78.74

(1 .03) (4.4) (30.86) (0.01) (8.50)

Late, 8 15.33 98.0 336.50 0.233 78.80

(1 .33) (4.7) (30.36) (0.01) (9.09)

Control 17.33 152.7 664.83 0.230 153.38

(0.67) . (6.2) (28.58) (0.01) (12.26)

 

yield, usually in terms of grain weight per unit of cultivated land. Table 3.2 shows

the grain yield and the components of yield for all thetreatments. In all cases, the

flooded plants yielded about one-half that of the control plants. Both the number

and the length of the rows in the ear were reduced as a consequence of flooding

but the individual kernel weight was not affected. The data also suggest a trend

to yield fewer and heavier grains when plants were flooded later. However, the

large variability in the number of grains obscured the possible significance of this

trend.

The flooding stress induced a delay in the phenological events associated

with the reproductive phase. Both tasseling and silking were delayed. (Table 3.3)
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Table 3.3: Delay in the time of occurrence of tasseling and silking of plants that

were flooded for four or eight days at six (early) or 12 (late) leaf tip stage as

compared with non-flooded plants. 1991.

 

 

 

  

. Flooding treatment

Event ‘ ‘ Early . Early Late 5 Late

4 days 8 days 4 days 8 days

days

Tasseling 3.9 6.5 0.8 1 .8

Silking 5.2 8.0 1 .1 2.5

 

Table 3.4: Tlme between tasseling and silking in plants that were flooded for zero,

four or eight days at six (early) or 12 (late) leaf tip stage. 1991.

 

 

 

  

 

Flooding treatment

Control Early Early Late Late

4 days 8 days 4 days . 8 days

days

2.8 4.7 5.75 2.4 3.8

Difference with Control

+1.9 +3.0 - 0.4 +1.0

 

with a stronger effect in the earlier and longer flooding. Also the synchronization

between male and female floral structures was affected. Table 3.4 shows the time

interval between tasseling and silking. This interval was extended up to three extra

days as a consequence of the longer and earlier flooding event.

Many times the plant photosynthetic capability is disrupted as a
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Table 3.5: Photosynthetic rate measured at 1400 h after the onset of a flooding

period of zero, four or eight days in plants that were at the 12 leaf tip stage.

Values in parentheses are standard errors. 1991.

 

 

 
 

DAF Control 1 Late, 4 days Late, 8 days

pmol m'2 s"

4 . 32.66 . 27.39 ’ N 26.82

(1 .00) (1 .48) (2.03)

8 26.07 19.06 18.55

(0.87) (0.87) (0.60)

50 29.07 . 25.32 25.94

(1 .80) (2.45) (0.85)
 

consequence of stresses. In this experiment, the assimilation rate was promptly

reduced by flooding which had a long lasting effect. Table 3.5 shows the

photosynthetic rate measured at mid-day. By 50 days after the onset of the

submergence, there was no discernible differences in the variability of the

measurements in the flooded and non-flooded plants. However, by late afternoon

(Figure 3.20) the decline in the assimilation rate as compared with the control was

evident not only in the later flooded plants but also in the earlier flooded plants.

Plant biomass accumulation was expected to decrease since the

photosynthetic . rate was reduced as a consequence of the submergence.

However, as depicted in Figure 3.21 the aboveground dry biomass grew at about

the same rate in flooded and non-flooded plants during the flooding interval. The

effect of impaired photosynthesis was evident only after drainage. Figure 3.2

shows how the total biomass in Figure 3.21 is distributed among different plant

organs. Flooded plants diverted some carbon to build'an early adventitious root
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12 (late) leaf tip stage'during 1991.



 

   

A

I

‘3.”
30. 1.0.—

U)

$ 08—
ea

0
"—1

.0 0.6 —

4;

1V

3
r—* 0.4 —

Q.

E

:3 0.2—
St

(VS
,—q

C” - »- l . . . ..

m 0.0-
&\\‘N‘ kak“ rt

Before After ilking

flood flood

ea: ear 1v: leaves st: stem

rt: aboveground adventitious roots

Figure 3.22: Proportional aboveground biomass distribution among different

organs on 183 (before), 193 (after) and 213 (silking) days of the year. Plants were

flooded for zero, four or eight days at the 12 (late) leaf tip stage during 1991.



84

system during the flooding period. Also non-flooded plants were allocating twice

as much of the aboveground carbon into the ears than the flooded plants by

silking. Part of this difference in carbon allocation is attributed to the different

phenological stage in non-flooded plants.

Figure 3.23 is a summary of the aboveground growth process experienced

by plants in 1990 and 1991 as affected by a late vegetative flooding occurrence.

In both years, despite large differences in planting dates and environmental

conditions, trends showed good agreement. An immediate reduction in foliar

surface was evaluated after the submergence period in flooded plants, whereas

aboveground biomass grew the same in flooded and non-flooded plants. Only

after drainage was the biomass accumulation diminished in flooded plants.

Discussion

Results of soil submergence causing leaf area reduction agrees with Hiler

et al. (1971) who found decreased leaf area in sorghum during the vegetative

4 growth for the shallower water tables they tested (30 and 60 cm). Similar results

reported by Smit et al. (1989) in Populus and Purvis and Williamson (1972) and

Meyer et al. (1987) in maize. None of these reports had a reference to premature

leaf senescence. Major differences were found in the behavior of the foliar surface

when comparing early vs. late vegetative flooding. The results showed that, in the

first 16 days, an early flooding reduced the foliar surface two and four times more

than a late vegetative flooding when the submergence lasted eight or. four days.
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193 (after) and 213 (silking) days of the year. Plants were flooded for zero, four

or eight days at 12 (late) leaf tip stage during 1990 and 1991.
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In the same period, senescence. though insignificant in the early flooding,

accounted for about two thirds of the reductions that a late flooding had on green

leaf area. Several reasons may be responsible for these differences between early

and late vegetative flooding. A six leaf tip plantis a very small, one. It has only

two fully expanded leaves, its apical meristem is still below ground and the root

system is quite superficial and little branched. Schildwacht (1989) reported that

imposing anoxia to the roots of seven leaf tip plants reduced the shoot water

status in the first hours, with an immediate decrease in extension growth. A later

effect due to reduced cell wall extensibility (Zhang and Davies, 1986; Smit et al.

. 1989) is possible, and may be triggered by accumulation of ABA (Zhang and

Davies, 1987), impaired uptake and transport of potassium (Zhang and Davies,

1986), or some unknown mechanism. Root apices of these small plants are close

to the surface and are more likely to survive or to remain viable longer than deeper

roots of older plants. Younger plants also require less nutrients and leaves are

smaller and younger. Under waterlogging, plants can dismantle part of the less

efficient productive machinery. Small plants are less likely to do this.

On the other hand, a 12 leaf tip plant is considerably larger. It has eight

totally expanded leaves plus four or five expanding ones. By this time nutrient

requirements are high and a period of rapid nutrient uptake and plant growth is

about to begin. If the initial unbalance in shoot water relations is caused by a

decreased root hydraulic conductivity as reported by Everard and Drew (1987),

the phenomenon should occur equally in smaller plants as in larger plants.
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However, some regulatory mechanism seems to play a major role in larger plants.

As reviewed by Dale (1988) substantial evidence shows osmotic adjustment as a

major regulatory mechanism in maintaining leaf extension under restricted

hydraulic conditions (Morgan, 1984). Acevedo at al. (1979) showed data of-an

expanding maize leaf 41 days after planting that Was comparable to the age of the

late flooding plants in this experiment. Values of leaf water potential oscillated in

a day period between almost 0 and less than -1.2 MPa, with no evident reduction

on the concurrent leaf elongation. Osmotic adjustment was responsible for

maintaining the high turgor pressure required for continued leaf expansion. The

same mechanism may be expected to act in flooded plants.

If the osmotic adjustment cannot assure the maintenance of leaf expansion

in younger plants during water deficits, or if there is some additional mechanism

involved is still open to speculations. Michelena and Boyer (1982) imposed water ’

deficits to maize plants at the six leaf tip stage, the same as the early flooding

here. They found that inhibition of elongation occurred when solute accumulation

in the expanding region of leaves was sufficient to maintain turgor. They

concluded'that some factor other than photosynthate Supply and turgor also was

responsible for decreased leaf expansion.

Larger plants also have larger resource demands, nitrogen among them,

that an impaired root system may not be able to supply. in 1991, only 53.1 Kg of

N ha’1 was applied at planting. So nitrogen may have been a limiting factor when

a larger demand was met by an impaired uptake and transport system. Under
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these conditions, a major remobilization may be expected within the plant from

older to younger organs, increasing premature senescence in older leaves.

Trought and Drew (1980) flooded 11 day old wheat plants and were able to

associate premature senescence of the first leaf with a net movement of nitrogen

out of that leaf. Sandhu et al. (1986) studied nutrient accumulation in maize

subjected to two periods of 10-11 (days each of intermittent flooding at 20 and at

40 days after planting. Nitrogen was evaluated 'on the two uppermost fully-

developed leaves. They measured major reductions in the foliar nitrogen content

only in the early flooding, but failed to detect significant differences in the late

flooding. One possible explanation is that nitrogen translocation from older leaves

obscured the effect of reduced nitrogen uptake and nitrogen transport. 1

Unfortunately they did not evaluate senescence (Sandhu et al., 1986).

An interesting finding of this research was the consistent association of

flooding with the delay in crop phenology. Hiler et al. (1971) reported a delay of

two weeks in flowering when the maize grew with the water table at 60 cm.

However, when the water table was at 30 cm no delay was detected although the 1

yield was 30% less than with a 60 cm deep water table. Meyer et al. (1987) found

a delay of one or two days in the appearance of silks associated with the flooded

treatments. No effect was found in the occurrence of tasseling or pollen shedding.

An assumption can be made that the thermal regime experienced by the

growing meristem of earlier flooded plants was different than the non-flooded

plants. Beauchamp and Lathwell (1967) found that the soil temperature was
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responsible for the early development of maize, since it affected the meristematic

region of shoots and thereby regulated plant development during the period of leaf .

initiation. Trought and Drew (1982) reported slower development in flooded wheat

plants growing at 6° C than at 14° and 18° C. According to Ritchie and Hanway'

(1984), the growing apex is below the surface upto the total expansion of the sixth

leaf. By the end of the early flooding period, plants had totally expanded five

leaves. Thus the apex was continuously influenced by the lower thermal regime

imposed by submergence. Plants flooded later should have had the meristem

above the level of the ponded water during the entire submergence period.

However, plant lodging experienced during the last three days of the eight day

flooding might have moved the meristematic region down closer or into the

flooded zone. The effect that a limited supply of oxygen due to soil submergence

had on the shoot meristem is unknown. ‘

Yield reductions due to waterlogging have been reported (Hiler et al., 1971;

Chaudhary at al., 1975; Sandhu at al., 1986; Meyer et al., 1987; Mukhtar et al.,

1990). In this experiment, any single flooding treatment reduced final grain

production by about half irrespective of time or duration of the stress. Previous

reports showed consistently that an earlier flooding is more harmful to yields

(Chaudhary et al., 1975; Sandhu et al., 1986; Mukhtar et al., 1990). Although

largely different in the timing and the way of imposing submergence, some

additional factor seemed to reduce the grain harvested in the later stress tested

here. One such factor may have been nitrogen. In the three above mentioned
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reports (Chaudhary at al., 1975; Sandhu et al., 1986; Mukhtar et al., 1990),

nitrogen application exceeded by more than two and three times the amounts

applied in this research. However, while lack of nitrogen probably was a main

factor in lowering the yields of the later flooded plants, it is still unclear if the delay

of two or three extra days in the emergence of silks had a significant impact on the

yields of earlier flooded plants.

The aboveground dry matter measured at the end of the later flooding

period showed that biomass accumulation in the shoots was not reduced during

the stress, despite a depressed photosynthetic rate and probable nitrogen

shortages. Decreased dry weight was evident after drainage. Impaired transport

of assimilates to the root system may explain these results. Saglio and Pradet

(1983) demonstrated the cessation of the phloem transport of sucrose under

anoxia, probably due to impaired unloading at the sink level (Saglio and Pradet,

1983; Saglio, 1985). These repressed carbon compounds might constitute an

important source to build the adventitious root system developed in response to

. flooding (see Figure 3.24).

Conclusions

Complete submergence of the soil for a period of four or eight days during

the vegetative growth phase of maize significantly reduced the plant growth and

yield, and delayed plant development. Long lasting effects in stomatal behavior

and photosynthetic assimilation suggested a slow physiological recovery of the
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plants after drainage. The results always showed a decline in the source of

photosynthates as a consequence of soil waterlogging that extended for at least

four days. Timing of flooding dictated the physiological process disturbed. The

expansion growth was more sensitive to soil submergence early in the season.

Plants developed more efficient mechanisms of adjustment to waterlogging later

in the season including senescence of older leaves.

Yields were halved by every period of submergence independently of timing

or duration. The data implied, however, that the reductions in yield were caused

by two different factors during early and late flooding. Plants flooded early in the

season had smaller leaf area and delayed silk emergence affecting the yields.

Plants flooded later had the root system impaired (see chapter four) during the

period of rapid nutrient accumulation which, associated with low soil nitrogen, may

have led to nitrogen deficient plants for the remainder of the season.

Aboveground biomass accumulation during the submergence remained

unaffected, suggesting a repressed flow of assimilates toward the root system.

These repressed assimilates may have had an acclimative role in the development

of adventitious roots in response to flooding.
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Chapter 4

FLOODING EFFECTS ON FIELD GROWN MAIZE.

11. BELOW GROUND RESPONSES.

Abstract

The purpose of this research was to analyze the dynamics of the maize root

system associated with single flooding periods during the vegetative growth stage.

The water table was raised above the soil surface in small 2.1 m by 1.5 m plots,

at six (early) or at 12 (late) leaf tip stages for four or eight days during the summer

of 1991. Root systems were closely monitored by recording and counting the

number of root segments viewed through the upper side of plastic transparent

pairs of minirhizotron tubes, horizontally located at 15, 40, 60 and 90 cm depth.

Timing of flooding proved to have a major effect on root responses to flooding.

Plants flooded early in the season, when they had small roots, showed a fast

decrease in root number after soil submergence and rapid proliferation after

drainage. Plants flooded for eight days experienced root regrowth only in the

upper soil layers. When flooding occurred later in the vegetative stage, plants

recovered only after a Short flooding (four days). Root number did not increase

after eight days of flooding. The relation of root dynamics with leaf area dynamics

96
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showed that an early flooding increased the sink strength of the roots. A Short,

late flooding maintained the Sink strength of the roots. A late flooding of eight

days reduced the sink strength of the roots.

Introduction

A comprehensive body of information has been produced during the last

15 years about root responses to anoxic and hypoxic environments. Among them

however, just a few reports have addressed the complexities involved with field

grown plants during periods of soil submergence (Wenkert er al., 1981; Meyer et

al., 1985; Mayer et al., 1987). The experimental procedures used artificial

environments in other reports, and were useful to understand the role of individual

factors related to soil subirrigation. Uncertainty always arises however, as to how

individual factors interact in the field with other environmental constraints. Most of

the experimental material used in this type of research was excised roots or

seedlings. Waters et al. (1991) found different responses in excised root tips and

in intact plants. They found that during anoxia, the ability to elongate was retained

longer in intact seedlings than in excised root tips supplied with glucose. Thus,

the effects that plant ontogenesis have in modulating responses to the

environment have remained mostly unexplored.

During periods of limiting aeration, maize and other cereal plants have been

shown to increase the development of nodal roots with increased porosity

compared to the usual root system (Drew et al. .1979; ‘ Drew et al., 1985; Ramirez
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and Rodriguez, 1987; Thomson at al., 1990). Formation of air spaces leading to

enhanced root porosity occurs in maize by cell death and disintegration, also

called lysigeny. (Jackson and Drew, 1984; Drew and Stolzy, 1991) in a process

mediated by ethylene (Drew et al., 1979). Pre-existing seminal roots do not seem

to be able to develop'aerenchyma in maize (Ramirez and Rodriguez,,1987). ln

wheat, however, Thomson et al. (1990) found aerenchyma in nodal and in seminal

roots when they were shorter than 10 to 20 cm. Roots lacking these air channels

had reduced phloem transport (Saglio, 1985; Waters of al.. 1991) apparently

because of impaired phloem unloading (Saglio and Pradet, 1983; Saglio, 1985).

Research has Shown that aerenchymatous roots maintained larger levels of

metabolically active energy as compared to non-aerenchymatous roots associated

with enhanced aerobic respiration (Drew et al., 1985). Aerenchymatous roots,

however, had lower energy than fully aerated roots (Drew et al., 1985).

Reports have shown reduced nutrient uptake of oxygen deficient plants

(Spek, 1981, 1984a, 1984b; Ramirez and Rodriguez, 1987; Veen, 1988). Since

aerenchymatous roots have lost extensive portions of the cortex, researchers

question whether these roots are less efficient in providing adequate mineral

nutrition to the plant. Evidence obtained by Drew and coworkers (Drew et al.,

1980; Drew and Saker, 1986), seems to support the view that, after drainage,

aerenchymatous roots are as efficient (per unit volume) as roots with an intact

cortex. However, maize roots developed aerenchyma under deficient mineral

nutrition without an enhanced biosynthesis or accumulation of ethylene (Drew at
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al., 1989a, 1989b) adding complexity to the problem. The possible significance

of this loss of root cortex for mineral deficient plants remains unknown.

The emission of adventitious roots with lysigenous air space is not the only

acclimative response to soil submergence found in maize plants. Grinieva and

coworkers (Grinieva, 1981, 1991; Grinieva et al. 1987) have unveiled a coordinated

pattern of plant adaptations to flooding involving adventitious roots, stern base and

even leaf sheaths. These authors, working with ten day old maize plants,

described a reorganization in the structure of adventitious roots that, beyond the

aerenchyma preduction, included increased diameter of xylem vessels and their

new formation. Sclerenchyma developed surrounding vascular bundles in the

base of the stem. Conducting bundles of leaf sheaths had larger metaxylem

vessels, and large air-filled lacunae as compared with control plants. These

profound structural modifications, probably built at a large cost in energy and '

carbon, may not be as meaningful for the plant after drainage. No report could

be found however, on the longevity of adventitious roots after soil submergence.

An important adaptive response for field grown plants is the hypoxic

acclimatidn to anoxia (Johnson et al. 1989). Roots that were pre-treated at low

oxygen concentration before a complete oxygen deprivation extended their viability

at least four times that of non-pretreated roots (Saglio et al. 1988; Johnson et al.

1989). Increased viability was associated with an enhanced glycolysis (Hole et al.

1989), higher metabolic energy level and high activity of alcohol dehydrogenase.

Since field grown plants always experience hypoxia before anoxia (Drew, 1990),
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this mechanism Should operate in enhancing crop performance after a transient

waterlogging. .

Additional information is required to improve our ability to integrate. these

pieces of knowledge into a comprehensive predictive tool to forecast crop

responses to flooding. A more careful consideration of the-effect of periods of soil

submergence on plant ontogenesis is especially needed. The short term

dynamics of field grown maize roots is reported in this chapter as related to single

flooding events imposed during the vegetative growth stage. The information

complements the analysis of the aboveground crop responses presented in

Chapter 3.

Materials and Methods

Maize (Zea mays L, cv. GL 420) was. planted on May 25, 1991 in the field

facility described in Chapter 2. The undisturbed Capac loam soil (Aeric

Ochraquaif) had plants growing in 76.2 cm row spacing, with a population of 8.61

plants m'z. Additional information about crop management is provided in Chapter

3.

Each treatment consisted of a single-event flooding that lasted four or eight

days. The flooding was imposed at six (early) or at 12 (late) leaf tip stages. The

control plot had the water table below the rooting depth through the season. Soil

submergence was achieved by raising the water table between 20 and 50 mm

above the soil surface. All plots had the water table at 60 cm depth at the
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beginning of the season. After plants were 35 days old, the water table was

allowed to drop between 80 and 100 cm depth.

Polybuterate transparent tubes 5 cm in diameter were located horizontally,

in pairs, at 15, 40, 60 and 90 cm depth according to the layout depicted in Figure

2.3. The tubes were perpendicular to the maize rows and extended'into the plot,

crossing a concrete wall, for distances from the wall between 96 and 126 cm.

Roots of plants flooded early in the season, and control plants, were

recorded every two days, between day of the year 162 and 178. Roots of plants

flooded late in the season, and control plants, were recorded every two days

between day of the year 182 and 198. All treatments were additionally recorded

later in the season on day of the year 205, 212 and 232. Roots were recorded

and counted up to the maximum observable depth of 60 cm during the early

flooding and 90 cm during the late flooding. A flexible video-imagescope

(Olympus lV12DZ-30 Scope and .lV-2 Camera Control Unit) 12.6 mm in diameter

and 3 m long was used with a 150 W halogen lamp light source (Olympus lLK-5)

to observe the roots. The system was connected to a portable TV-VCR

(Symphonic .13 TVCR MKll) to record the images in standard VHS 120 minute

tapes. A portable minicomputer (Tandy, Model 100), connected to the camera

control unit generated the labels appearing on the recorded images. The video-

imagescope was pushed into the end of the tube and a label identifying data, plot

and tube was generated and recorded for several seconds. After deleting the

label to have complete vision. of the frame being viewed. the scope was pulled
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back at 2.5 cm space intervals until reaching the concrete wall.

- The number of root segments intercepting the upper surface of the tube

was counted on each frame recorded. Each frame was considered independent

of the others and root number was the only attribute registered. Root count was

expressed as the number per unit area. Due to different lengths of tubes and the

possibility of a border effect of the concrete wall, the number of roots reported is

the average count of a 40 cm length of the minirhizotron tube, centered below the

row closest to the wall. Root counts were converted to root length densities

following the assumption proposed by Upchurch and Ritchie (1983). . These

authors proposed that roots intersecting minirhizotron tubes at different angles

have, on the average, a length equal to the tube diameter. The soil volume is

assumed a rectangular prism of Surface equal to the area of the frame and altitude

equal to the tube diameter. Root length densities per layer were later converted

into total root length per plant by accumulating the total length of roots down to

the rooting depth and assuming each plant occupies an average area of 76.2 cm

by 15.24 cm. The average total plant root length and leaf area for each treatment

were used to calculate the ratio of root length to leaf area.

Results

Root responses to early flooding

Figure 4.1 shows the distribution of roots. during the 16 day period

associated with the early submergence treatment and the control. .During this
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Figure 4.1: Root distribution on selected days after planting (DAP). Plants were

flooded for zero, four or eight days at the six (early) leaf. tip stage. Horizontal lines

.are standard errors.
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time, roots exhibited limited growth below 40 cm. Flooding caused an immediate

reduction in the number of observed roots. Non-flooded plants showed a

decreased number of roots at 40 cm depth during this period, but later this trend

was reversed. The estimated total root length. per) plant during the early flooding

is depicted in Figure 4.2. The control exhibited a general trend to extend the total

length of roots an average of 4 m day". Most of this growth occurred in the first

week of the period studied in Figure 4.2, whereas the second week did not exhibit

a net increase in root length. Flooded plants, on the contrary, reduced the length

of their root systems between 50 and 80% in the three days after the onset of the

submergence. However, five days after the initiation of the flooding there was a

consistent trend to increase the number of observed roots in flooded plants. The

increase was slight in the plot being drained and more intense in the plot being

kept below water for eight days. In both flooded plots, the lowest number of roots

was observed three days after the beginning of the drainage. Flooded plants ,

experienced a period of fast root growth after drainage and eventually had

approximately the same length as control plants.

Most of the changes in total plant root length were observed in the

uppermost minirhizotrons located at 15 cm depth, as shown in Figure 4.3. Growth

dynamics in deeper roots (Figure 4.4) were reduced as compared with roots in the

upper soil layers. Root growth in non-flooded plants seemed to be restricted to

the more superficial layers during this period. Plants that were flooded for four

days promptly recovered in root growth at depths of 15 and 40 cm after drainage.
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Figure 4.2: Calculated total root length per plant in maize flooded for zero, four

or eight days at the Six (early) leaf tip stage. Vertical lines are standard errors.

Horizontal arrows indicate the flooding period.
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Figure 4.3: Number of roots observed at 15 cm depth. Plants were flooded for
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errors. Horizontal arrows show the flooding period.
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errors. Horizontal arrows Show the flooding period.



108

Table 4.1: Number of roots at selected days and depths. Maize was flooded for

zero, four or eight days at the six (early) leaf tip stage. Values in parentheses are

standard errors.

 

 

 

  

 

 

 

Day of the . Depth (cm)

year

15 40 . 60 90

Number of roots cm'2

Control

205 2.075 0.265 0.225 0.015

(0.385) (0.025) (0.015) (0.015)

212 2.475 0.445 0.225 0.065

(0.845) (0.055) (0.015) (0.065)

232 1.260 0.120 0.155 0.050

(0.430) (0.040) (0.015) (0.050)

Early, 4 days

205 1 .245 0.81 5 0.335 0.005

(0.445) (0.205) (0.045) (0.005)

212 1.120 0.590 0.355 ' 0 _

(0.1 80) (0.100) (0.025) (0)

232 0.545 0.320 0.21 0 0

- (0.185) (0.060) (0) (0)

Early, 8 days

205 1 .855 1.455 0.065 0

(0.075) (0.205) (0.005) (0)

212 1 .350 1 .310 0.1 15. 0.005

(0.030) (0.060) (0.005) (0)

232 0.590 0.425 0.060 0

(0.030) (0.075) (0.050) (0)

 

Plants that were flooded for eight days had root growth recovery only at the 15 cm

depth. No net increase in root number was observed 'at 40 cm the week following

drainage. The number of roots observed later in the season is depicted in Table
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4.1. Despite the large variability, the data suggested that the recovery after

drainage in number of roots may have not been complete.

Root respOnses to plate flooding

Roots reached 90 cm depth, the maximum observable depth, by the time

the late flooding was imposed. However, results shown in Figure 4.5 indicate that

little root growth occurred at or below a 60 cm depth. A limited increment in root

growth occurred at 60 cm late in the season, when the net number of roots

observed in upper layers was decreasing. High soil water content close to the

drain tube likely prevented root growth at 90 cm depth through the season.

The calculated total root length per plant appears in Figure 4.6. Plants had

accumulated almost 300 m of roots by the time the late flooding was imposed.

Roots of non-flooded plants rapidly increased at a rate of 50 111 day'1 during this

period. Plants that endured late flooding did not Show an immediate reduction in

the number of roots as compared to plants subjected to the early flooding. A

decrease in the trend of root growth was evident only after three days of the

initiation of soil submergence in late floOded plants. The total root length was

reduced by 20 to 50% as a consequence of late flooding. Plants that were flooded

four days exhibited rapid root regrowth after drainage, doubling the length of their

roots in just four days. On the contrary, plants that were flooded eight days had

limited root regrowth after drainage.

Figure 4.7 shows the root growth as observed at 15 cm depth during the
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Figure 4.5: General root distribution on selected days after planting (DAP) in

plants that were flooded for zero, four or eight days at the 12 (late) leaf tip stage.

Horizontal lines are standard errors.
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late flooding period. The correspondence with the trends discussed above for the

whole plant root system is evident. However, deeper roots Showed different

behavior. Roots growing at 40 cm depth (Figure 4.8) did not clearly exhibit

increased root death in response to soil submergence. The number of roots

remained the same during the inundation. After drainage, plants flooded for four

days showed a fast increase in root number at 40 cm. Plants flooded for eight

days had a limited initial root growth at 40 cm depth. Table 4.2 shows that non-

flooded plants reached the maximum root number during the flowering and

pollination stages. Decreasing number of roots were observed during the grain

filling stage. Plants flooded for eight days maintained a reduced number of roots

at 15 cm through the season. Late in the season, however, root growth was

observed at 40 cm, reaching the same root number as plants flooded for four

days.

To explore the relative responses of shoots and roots to the submergence

a ratio was calculated by dividing the treatment averages of total root length by

, total leaf area. Figure 4.9 shows the seasonal changes in the ratio during the early

flooding. All plants produced larger numbers of roots per unit of foliar surface

earlier in the season. Non-flooded plants had a general trend to decrease the

relative proliferation of the roots as compared with the expansion of foliar surface

during this period, going from 70 m of roots per cm2 of leaves down to 10 or 20

2
m cm' and remaining at this level for the remainder of the season. Flooded

plants had a larger reduction in the ratio during the first three days. . Figure 4.9
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Table 4.2: Number of roots at selected days and depths. Maize was flooded for

zero, four or eight days at the 12 (late) leaf tip stage. Values in parentheses are

standard errors.

 

 

 

 

 

 

Day of the Depth (cm)

year ~ . .

' 15 - 40 60 90

Number of roots cm'2

Control

205 2.075 0.265 0.225 0.015

(0.385) (0.025) (0.015) (0.015)

212 2.475 0.445 0.225 0.065

(0.845) (0.055) (0.015) (0.065)

232 1 .260 0.120 0.155 0.050

(0.430) (0.040) (0.015) (0.050)

Late, 4 days

205 1 .654 0.301 0.099 0.012

(0.242) (0.101) (0.017) (0.000)

212 1 .038 0.202 0.096 - 0.021

(0.319) (0.098) (0.049) (0.003)

232 0.416 0.070 0.056 0.035

(0.083) (0.045) (0.031) (0.029)

Late, 8 days

205 0.916 0.109 0.020 0

(0.028) (0.091) (0.009) (0)

212 ' 0.721 0.268 0.012 0

(0.046) (0.004) (0.012) (0)

232 0.389 0.231 0.074 0

(0.123) (0.034) (0.043) (O)
 

shows a consistent increase in the trend of the relation of root to leaf area five

days after the onset of the flooding, with the larger (increase in the eight day

flooded plants. After drainage, flooded plants increased the number of roots per
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Figure 4.9: Ratio total plant root length divided by total plant leaf area, calculated

with the averages per treatment in maize flooded for zero, four or eight days at the

six (early) leaf tip stage. Arrows show the flooding period.
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unit of leaf area to double the number of the non-flooded plants. These changes

were mostly associated with variations in root length.

During the period when the late flooding occurred (Figure 4.10). non-

flooded plants had between 10 and 20 m of roots per cm2 of leaf area. Plants that

were flooded, on the contrary, exhibited a constant decrease in the relation of root

to leaf area due to a larger reduction in root length than in leaf area. After the soil

was drained, plants that were flooded four days extended their root system faster

than their foliar surface, with a net increase in the root-leaf ratio to levels Similar to

those in the non-flooded plants. Plants that were flooded for eight days had a

small increase in the root-leafratio.

The contrasting behavior in the root-leaf ratio between plants that were

flooded earlier as opposed to plants that were flooded later is evident from Figure

4.11. Plants that were flooded earlier seemed to produce more roots per unit leaf

surface after drainage than non-flooded plants for the remaining of the vegetative

growth stage and beginning of grain filling. in this case, root length returned to

levels close to non-flooded plants afterdrainage, while leaf area remained lower

for the remainder cf the season. On the other hand, plants flooded later did not

experience the rapid proliferation of roots relative to the size of the leaf area. After

drainage, plantsflooded for four days exhibited the same proportion of roots and

leaf area as non-flooded plants, due to the same relative reductions in root length

and leaf area. Plants flooded for eight days showed limited recovery in the ratio

through the remainder of the season. Root length in this case was reduced in a
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larger proportion than leaf area.

Discussion .

The growth of roots is a dynamic process that is sensitive to soil

microenvironments. There is always a gap between soil and minirhizotron surface

which is going to provide an abnormw microenvironment for root growth with the

potential to affect the results and to mislead the interpretations. Recent examples

showed how soil conditions caused differential root growth (Nur‘Iez-Barrios, 1991)

and root clustering (Amato, 1991). Meyer and his colleagues (Mayer et al., 1985;

Mayer et al., 1987) reported consistent differences in wheat and maize rootgrowth

between lysimeters filled with undisturbed or repacked soil. Much effort was made

to assure the presence of undisturbed soil in our experimental setting. Steps were

also taken during the installation of minirhizotrons to minimize the-gap between the

soil and the surface of the tube. Results reported here were obtained one year

after positioning the tubes. None of these efforts however, are expected to have

completely eliminated the effect of the soil-tube interface in root growth that,

. although irrelevant for the whole root system, might have biassed the actual

number of roots being counted.

Roots were closely monitored in this experiment during the two weeks

following the onset of the submergence periods. This provided a unique

opportunity to detect and follow Short-term and transient changes in the dynamics

of the rhizosphere in response to inundation. Horizontal minirhizotrons granted

more intense exploration of roots at each depth, but limited the numberof possible
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depths Studied. In this experiment only four depths (15, 40, 60 and 90 cm) were

evaluated.

Recording roots through transparent tubes gave the ability to non-

destructively monitor and repeatedly evaluate specific scenarios as required.

However, the source of information was a visual image that had to be interpreted

before being computed. Our instrumentation yielded images of good quality in

terms of color and resolution. However, the orientation of the light source

sometimes produced misleading reflections. On the other hand, the physical

dimensions of the working area (see Figure 2.2) with concrete walls impeded the

use of a camera handler as the one reported by Ferguson and Smucker (1989).

Thus, frames of a successive data might not be focussed on exactly the same

area as frames of a previous day.

Interpreting minirhizotron images was not a straight forward task. Observed

roots grew in a continuum of superimposed planes parallel to the tube surface.

This yielded a continuum of root images going from the clearly visible root growing

directly against the tube surface to the diffuse image of roots extending several

mm away from the tube surface. This was complicated even more by the highly

variable background field with multiple colors, voids, worm holes, etc.

Deciding if the root was alive or dead was an important difficulty in

interpreting root images. The decision was mainly based on color and

appearance. Darker colors were usually associated with root death. Extensive

work with field grown maize by McCully (1987) and McCully and Canny (1989)
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provided excellent descriptions of morphological changes during root ontogenesis.

When mature maize plants were gently excavated they identified two main groups

of roots. The first group had older, long, bare, highly-branched roots with lost or

undistinguishable tips. The second group had younger, unbranched or poorly-

branched roots with white elongating tips and a persistent soil sheath tightly.

adhered to the rest of the root (McCully, 1987). This dimorphism seemed to be

determined by root age and by the maturation of the late metaxylem (McCully and

Canny, 1989). Therefore the development of a soil sheath as the late metaxylem

matures may be interpreted in a video image as root death.

In this experiment, roots flooded for several days did not always exhibit a

uniform decay. Localized necrotic darker areas usually were surrounded by

healthy-looking clear tissue. In these cases, the root was considered dead only

when more than 50% of the root segment had necrotic tissue.

The early flooding showed a consistent trend of increased roots on the fifth ,

day after the onset of the submergence. This increase was observed only in the

upper soil layer at 15 cm depth. At 40 cm, no rise was detected during the

inundation. This elevated number of roots may reflect the arrival of adventitious

and probably aerenchymatous roots extending from the stem nodes and reaching

this depth. Visually identifying aerenchymatous roots that had lost large portions

of the cortex with the epidermis and the stale intact was not possible in these

images. Aboveground, the emission of adventitious roots from nodes above the

soil surface, either above or below the water level, was. not observed during the
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early flooding. However, adventitious roots may have extended from nodes at or

below the soil surface and remained unnoticed. Klepper (1985) discussed the

regular sequential emergence of nodal roots from successive Whorls in cereals.

Drew et al. (1979) removed oxygen from the culture solution of 10-day-old maize

plants, without pre-acclimation, and followed 'the successive emergence of

adventitious roots from sequential nodes. Each wherl developed four or five nodal

roots. The first whorl roots, which (were 5 cm long at the onset of the anoxic

treatment, extended into the oxygen free solution only one-third the distance that

aerated roots did. The second and third whorl roots extended earlier but at the

same extension rate as the aerated control roots did. The fourth whorl roots

emerged and extended only in the anoxic plants by the end of the investigation

. (Drew et al., 1979). Nodal roots may have developed below ground in this

experiment follawing a similar pattern in response to flooding. During this period,

root activity was observed above the soil surface. Few fine white root tips

extending over the soil surface were evident by the fourth day of submergence.

These roots died immediately following drainage. This diageotropic root growth

in response to floOding was reviewed by Jackson and Drew (1984).

Plants flooded early in the season showed an explosive proliferation of roots

after drainage. Plants flooded for four days increased the number of roots at 15

and 40 cm depth. Plants flooded for eight days increased the number of roots

only in the upper layer. A permanent damage to main axis roots may be the

reason for this difference when the submergence lasted eight days. Renewed root
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growth after drainage may be originated from axis or branches existing prior to the

flooding, from adventitious roots formed during the flooding, or from both. Since

adventitious roots produced during submergence reaching 40 cm depth is unlikely

(Thomson et al., 1990), the growth of roots at 40 cm experienced by the four-days

flooded plants should have occurred through extension and branching of

preexisting roots. The origin of the root growth experienced in upper layers

remains unclear.

Plants flooded late in the season did not show a major reduction in number

of roots during the submergence nor had any increase that might be related to

newly formed adventitious roots. During late flooding however, an active growth

of adventitious roots was observed from above gr0und. Spongy roots grew in an

ordered sequence (Klepper, 1985) from nodes either below or at the water line.

Non-flooded plants showed thicker and firmer adventitious roots only in the node

located at the soil surface during this period. Wenkert et al. (1981) showed a

picture of the excavated upper root system of a 53-day-old maize plant flooded 13

days and a non-flooded plant. Adventitious roots grew from the first and second

nodes above the surface in flooded plants, whereas non-flooded plants had

adventitious roots growing from the first node only. These authors showed the

flooded plants having a shallow and slightly branched adventitious root system

with massive loss of the preflooding roots. In the experiment discussed herein,.a

similar adventitious root system might have developed. The poor branching of the

adventitious root system may have passed unnoticed among the decaying but
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highly branched root system present at the time.

. Limited branching of adventitious roots may be advantageous during the

inundation. The initiation of laterals originates in angiosperms at the pericycle,

inside the‘endodermis (Russell, 1977; Mauseth, 1988; Charlton, 1991). In well ‘

aerated maize. roots, the first noticed changes during the initiation of lateral

primordia were the thinning of the cell wall and the loss of lignin (Bell and McCully,

1970; Karas and McCully, 1973). In comparative anatomy studies, the lignification

of hypodermis, cortical sclerenchyma and endodermls has been associated with

tolerance to drought and to flooding in nodal roots of cereals (Galamay et al.,

1992). Grinieva et al. (1987) found that adventitious roots formed in response to

flooding had increased sclerenchyma. ln rice the thickening of the hypodermis

and adjacent cortical cells was assumed-to reduce radial loss of the oxygen being

transported internally in the root (Armstrong. 1971; Jackson and Drew, 1984). In

hypoxic maize roots, metabolic evidence suggested a strong compartnientalization

in oxygen transport through aerenchymatous roots (Thomson and Greenway,

~1991). Thus limited branching of the newly developed adventitious roots, under

' soil submergence, would reduce oxygen demand from root apices and limit radial

leakage of oxygen associate with mechanical disruption of protective tissues in the

root due to lateral emergence (Charlton, 1991).

After drainage the plants flooded for four days had different responses in

root growth‘than the plants flooded for eight days. Plants flooded for four days

increased their roots to levels close to non-flooded plants, suggesting an active
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process of root elongation and branching post-drainage. Plants flooded for eight

days did not experience any major recovery after drainage, but rather maintained

a constant number of roots through the remainder of the season. The spongy

adventitious roots formed (aboveground during the submergence, shrank and

became hard immediately after drainage. A posSible reason, in accordance with

Wenkert et al. (1981) results, iS that the pre-flooding roots were extensively

damaged after eight days of flooding and the new adventitious root system

continued extending with moderate branching. The small increase in root number

that plants flooded for eight days had late in the season at 40 cm seems

consistent with this suggestion.

The consequences of flooding on Shoot growth was discussed in the

previous chapter. The decrease found in leaf area suggests important reductions

in the source of photosynthates after flooding. The calculation of the totalnumber

of roots produced per unit of leaf area was an attempt to explore the effect that

these reductions had on the relative Sink strength of flooded roots as compared

- with non-flooded roots. Sink strength is the integration of Sink Size and Sink

activity. Root numbers indirectly indicate the size component of the sink. The ratio

total root length to total leaf area provides an approximation to evaluate sink

activity, which is defined as the capacity to use photosynthates (Brown, 1984).

Roots were an active sink early in the season but the activity decreased later in the

season. These data suggest important differences aSsociated with the timing of

the flooding in the post-drainage recovery. Small plants flooded early in the
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season seemed to increase the sink activity of the root system after drainage for

most of the season. Larger plants flooded later had different response. Plants

flooded four days recovered the sink activity to a level similar to non-flooded

plants. Plants flooded eight days never recovered the sink activity exhibited prior

to soil submergence.

Conclusions

Evaluating the dynamics of roots using video images obtained in

minirhizotrons proved to be a successful method for monitoring non-destructively,

Short-term changes in the rhizosphere. A careful consideration of the limitations

of the method however, will assist in an adequate interpretation of theresults.

Soil submergence during the vegetative growth stage affected the growth

of maize roots, their distribution in the soil profile and the relation with above

ground organs. Different responses in early and in late flooding showed the

importance of the timing of waterlogging. Early flooding produced an immediate

and fast decrease in the number of roots and an explosive regrowth after

drainage. A more detailed examination reVealed that when plants were flooded for

eight days regrowth occurred only in the upper layers. Plants flooded later did not

exhibit such dramatic changes. Plants that were under soil submergence four

days recovered the number of roots after drainage whereas plants flooded eight

days did not. These results, together with field observations suggest the presence

of a new, weakly branched, adventitious root system in flooded plants. The
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pattern of adventitious root elongation from successive root whorls in this new root

system follows the same sequence observed in non-flooded plants, but occurred

earlier. Timing and duration of the submergence period, determines ifthe former

pre-flooded roots will regain the ability to elongate and branch or if the later flood-

developed system will be the only? one responsible for root growth. ' A

submergence duration between four and eight days seemed critical to produce a

permanent damage to the pre-flooded main axes.

This data also suggests that the role of maize roots as a sink for

photosynthates may be strengthened as a consequence of an early flooding. A

. late soil submergence is expected to have a minor impact in root slnk strength

after drainage, unless the waterlogging is prolonged sufficiently as to impair the

ability of the roots to recover the Sink strength under aerated conditions.
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Chapter 5

FLOODING EFFECTS ON FIELD GROWN MAIZE.

Ill. MODIFYING THE MAIZE MODEL lN GENERIC CERES.

Abstract

CERES is a dynamic daily-step simulation model that predicts growth and

development of five user-selected cereals: wheat, maize, sorghum, pearl millet and

barley. The model predicts the effects of limited soil water and nitrogen on crop

growth. The maize model in CERES was modified to include the effects of limited

soil aeration on crop growth and development. The modified model includes the

newest routines available to Simulate soil temperature and the water and nitrogen

balances. A new input file is required only if a controlled water table option is

selected. The new input file provides input on the depth of the controlled water

table for each day of simulation. The modified model produced logical and

reasonable results'when'flooding was simulated. Under well aerated conditions,

growth and yield was somewhat underestimated. Predictions of crop phenology

required adjustment. The new model provides an alternative for predicting maize

crop performance when the crop is affected by waterlogging.

133'
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Introduction

Mechanistic models have been proposed to describe oxygen diffusion

through individual roots (Luxmoore et al., 1970; Armstrong and Wright, .1976;

Armstrong, 1979; Armstrong and Beckett 1985 and 1987). These models however,

do not attempt to predict whole root system behavior under conditions-of limited

soil aeration.

Several models have been developed to simulate whole root systems (e.g.

Gerwitz and Page, 1974; Hoogenboom and Huck, 1986). Luxmoore and Stolzy

(1987) recently reviewed several whole root systems models. None of these

. models consider the limitations imposed by deficient soil aeration on root growth.

Jones et al. (1991) proposed a model to predict root growth that includes soil

constraints affecting root growth. This model differentiates between static and

dynamic factors according to the change experienced during the growing season.

Static factors such as the presence of rocks, toxic or cemented horizons Show little

seasonal change. Soil temperature, aeration and strength rapidly change on a

daily scale. The model uses the fraction of water filled porespace as an aeration

index to affect root attributes such as rooting depth, branching, and senescence.

Maize crop responses to soil submergence during the vegetative growth

stage were analyzed in Chapters three and four. In this chapter, a predictive tool

capable of forecasting maize growth and development under adequate and limited

soil water was modified to extend the predictions into environments with excessive

soil water. The CERES model simulates growth and development of wheat, maize,
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sorghum, pearl millet and barley, yet the modifications introduced were

implemented only for the maize model.

Materials and Methods '

The generic version of CERES, a combination of the simulation models of

maize, wheat, sorghum, pearl millet and barley, was used to Simulate the effects

of flooding on maize growth, development, and yields. The CERES family of

models was developed in a multidisciplinary international effort coordinated

through the International Benchmark Sites Network for Agrotechnology Transfer

(lBSNAT) Project. The generic version was developed at the International Fertilizer

Development Center in Muscle Shoals, Alabama, USA (U. Singh, D. Godwin and

A C. Humpries, 1992, personal communication). The maize model in generic CERES

is CERES-Maize described by Jones and Kiniry (1986). Version 2.1 of CERES- '

Maize is used here to comtaare the predictions of the modified generic CERES.

Simulation of infiltration and runoff in CERES-Maize has recently been

modified using a time-to-ponding approach (Chou, 1990). A new water balance

routine, already linked to generic CERES (A. 'Gerakis, 1992, personal

communication), provided the capability to Simulate water table fluctuations within

the soil profile. The new water balance routine was modified to include a different

logic when Simulating the presence of a controlled water table. New routines to

simulate up-flow and down-flow of water and nitrogen were obtained from Godwin

ii-

and Ritchie (1992, personal communication) and linked into CERES. These
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routines consider the effects of the water table and a restricting soil layer in the

drainage. Simulation of nitrogen movement in the soil considers two fractions with

different mobilities. A new soil temperature model (Dadoun, 1993) was also linked

into generic CERES to provide better estimation of the effect of soil water content

on soil temperature.

Soil aeration index

The routine that calculates root growth (ROOTGROW) was modified to

include the calculation of an aeration factor on each soil layer. The aeration factor

is passed to a new routine (OXSTRESS) that computed a soil aeration index.

' Aeration indexes are calculated in terms of soil porosity Since oxygen diffusion

depends on the air-filled pore space. Total porosity (TPORE) and water-filled

porosity (WFPS) are calculated for each layer as:

8D-

TPORE, =1-__' [51] ,
2.65

sw,

WFPS- = __ 5-2
’ TPOREi I l

where BD. is the bulk density of layer i, assuming a soil particle density of 2.65 g

cm‘3 and SWi is the volumetric water content of the layer in cm3 cm'3. The water

filled pore space at saturation is assumed to have a maximum value '(XWFPS) of

0.93 to account for trapped air in the soil profile. Whenever the water filled pore

space in a soil layer is larger than a critical value (CWFPS) a layer aeration factor
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(LAF) was calculated as:

1.-wr-'Ps,

’ 1-CWFPS

where CWFPS is equal to 0.45 (W. Meyer, 1990, personal communication). A soil

[5.3]

layer with low air-filled porosity may limit oxygen diffusion into deeper layers. Thus,

a layer with WFPS of 0.9 or larger limits the aeration of lower layers. In the

OXSTRESS routine, root length density (RLV) of each soil layer is used to weight

the layer aeration factor in the calculation of a whole rhizosphere aeration factor

(WRAF):

231W, x RM!)

2 (RLV))

WRAF g [5.4]
 

Two aeration stress indexes, A50 and A802, were calculated using WRAF to

Simulate the cumulative aeration status experienced by the plant. Both indexes

increased following the same calculation as the soil aeration decreased but they

differed during the recovery period. The model compares yesterday’s and today’s

values of WRAF to decide if the soil aeration improved. ,When the aeration in any

day is more limiting for root growth than the previous day, the aeration indexes are

(A80 and ASD2) increased according to:

ASDDAY = ASDDAY-‘I + (1-WRAF)

[55]

During the recovering period ASD will decrease as:
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ASDDAY = ASDoAy_1-WRAFx(WRAF-WRAFY) 16.655.437.461:2 [5.6].

This formulation implies that the decrease in the stress index ASD will be ‘

modulated by the current status of soil aeration (VVRAF), by the daily increase in

Soilaeration (VVRAF-WRAFY), and by the phenological stage (ISTAGE), assuming

faster recovering later in the season. A802 recovers early in the vegetative growth

stage (XSTAGE less than 2.5) in two steps. When ASD2 is large (larger than 4.0):

A802DAY 3 ASDZDAy_1 -WRAFXASDZmy_1 XO.8 [5.7]

When ASD2 is small (less than 4.0):

Asozmy = Asmmw1 -WRAF>oQSDZDAy_1x0.1 [53]

During the remainder of the season (XSTAGE larger than 2.5) ASD2 will recover

as:

A3020” .. ASDzoAy_1-WRAFXASDZDAy_1XO.5 [59]

Both aeration indexes are maintained in the range between zero and 10. A

cumulative aeration stress index (CASD), similar to the soil water and nitrogen

stress indexes in CERES-Maize, is calculated:

. CASD = z (1 -WRAF) [5-10]

CASD will provide an average aeration stress index per phenological stage to be

printed.
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Predicting plant growth

. CERES-Maize calculates daily dry matter (production by multiplying the .

potential dry matter production (PCARB) by the most limiting of three zero-to-unity

stress factors due to temperature, limited soil water, and nitrogen. A new soil.

aeration deficit factor (SADEF) was computed to affect the actual. dry matter

production under conditions of excessive soil water. The calculation of SADEF

assumes that a maize crop may endure up to two days of complete soil

submergence without a noticeable disruption in the ability of the crop to

accumulate biomass. A period between two and four days is critical in affecting

dry matter production. Beyond four days of complete soil submergence no

additional damage is predicted. A Slow recovery after drainage is assumed to

occur only during the vegetative growth stage. When the maximum. number of

days under complete soil submergence or its equivalent (XASD2) is between two

and four, SADEF is calculated as follows:

SADEF -.- 1.36-0.18xAAFF [5-111

where AAFF is made equal to XASD2 and is updated every time XASDZ increases.

In successive days AAFF is reduced by 0.095 units each day during the vegetative

growth stage. When XASD2 is larger than four SADEF is calculated as:

SADEF g e-AAFx0.15 [5.12]

where AAF has an initial value of four and every day is decreased by 0.095 units

during the vegetative growth stage. Actual dry matter production (CARBO) is then
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calculated as:

CARBO - PCARBxAMlN1(PRFT,SWDF1,NDEF1,SADEF) - [5-1 3]

where PCARB is potential dry matter production and AMIN1 is a FORTRAN

function that selects the most limiting stress factor due to temperature (PRFT), soil

water deficit (SWDFI), nitrogen (NDEF1) and soil aeration (SADEF). ‘

CARBO is partitioned among the different organs growing in any

phenological stage. The CERES-Maize model allocates the biomass in

aboveground growing organs according to several algorithms and the remaining

biomass is assigned to root growth. The model checks, however, if a minimum

proportion of CARBO is going to roots. The transport of photosynthates to the

roots during the vegetative growth stage is impaired under waterlogging. The

program was modified to calculate a labile fraction of the biomass (LABIO) being

allocated into the roots which will be maintained temporarily aboveground until soil

aeration improves. This labile biomass was prevented from increaSing the

calculated plant leaf area (PLA). LABIO was calculated during the vegetative

growth stage as a function of the aeration stress index A802:

g -ASDZx0.6
SADF1 e [5.14]

LABIO = GRORTx(1 SADF1)

where GRORT is the biomass being allocated into the roots. LABIO was

subtracted from GRORT and added to leaf biomass (GROLF) early in the season

(ISTAGE = 1 or ISTAGE = 2). Late in the vegetative growth stage (ISTAGE = 3)
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LABIO will be added to stem biomass (GROSTM) instead of leaf biomass. LABIO

allocated in leaves and stems is accumulated in separated variables which are

used to return the labile biomass to the roots after drainage. When soil aeration

improves, ’ the labile biomass temporarily stored in leaves returns to roots at a

fraction of the biomass allocated that day into leaves according to the following

equations:

LFWTDAY = LFWTDMM -GROLFxPROP

TLABIOLDAY = TLABIOLmY_1 -GFIOLFxPFlOP

The proportion (PROP) was made equal to 0.85 early in the season (XSTAGE less

than 1.75). For the remainder of the season the proportion is equal to one.

Similar equations are used to return labile biomass from stems to the roots:

STMWTDAY = STMWTDAy-1-GROSTMxPROP

GRORTDAY = GRORTDAy-1+GROSTMxPROP [5.16]

TLABIOSDAY = TLABIOSDAy_1-GROSTMxPROP

Predicting leaf growth

The simulation of leaf growth and rate of leaf appearance was changed.

The modifications introduced in the calculation of leaf appearance will be

discussed later in the section on plant development. The CERES-Maize‘model
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simulates separately the effect that environmental stresses have on expansion of

leaves and on leaf senescence. Potential leaf area growth (PLAG) during the

vegetative growth stage is calculated using several equations accordingito the

phenological stage of the crop. In. all the equations, PLAG is calculated as a

function of the number of emerged leaves (XN), the accumulated fraction of

thermal time required for a new leaf to appear (TI), and the most limiting of two

stress factors due to limited soil water and nitrogen (SWDF2 and NDEF2). The

formulation was modified to include the effect of reduced soil aeration (ASD).

During the juvenile stage (ISTAGE = 1):

SADF2 a e-ASDx0.2

[5.17]

PLAG - 2xXN2xTIxAMlN1(SWDF2,SADF2)

From the end of the juvenile stage to tassel initiation (ISTAGE = 2):

PLAG .. 2xXN2xTIxAMIN1(SWDF2,NDEF2,SADF2) [5331

After tassel initiation three equations are used according to the number of

emerged leaves (XN). When XN is less than 12, between 12 and the last three

leaves, or during the expansion of the last three leaves, PLAG is calculated as:

 



143

SADF3 8 e-ASDXO'1 [5.19]

PLAG = 3.5xXN2xTIxAMIN1(SWDF2.NDEF2,SADF3)

SADF3 e‘ASDx‘i1 ‘ [5.20]

PLAG =' 3.5x170xTI>a¢IMIN1(SWDF2.NDEF2,SADF3) . -

SADF3 = 9430*0-05

35’“70"" xAMIN1(SWDF2,NDEF2,SADF3)

,/x~+3-‘T'LN"o

PLAG a [5.21]
 

Two new stress coefficients due to limited nitrogen or soil aeration, were

included in the calculation of leaf senescence. The nitrogen stress coefficient

(SLFN) is used only during the reproductive stages and allows a daily leaf

senescence of'up to 2% if the crop has not endured a severe soil submergence

(XASD2 less than Six):

SLFN .. 0.93+0.02xNDEF2 [5-22]

Otherwise, leaf senescence may increase up to 5%. The aeration stress coefficient

(SLFA) increases daily leaf senescence up to 2% according to:

SLFA = 0.93-(00024104430) [523]

The rate of leaf senescence (PLAS) during the vegetative growth stage is

calculated as: ,

PLAS a (PM-SENLA)x(1-AMIN1(SLFW,SLFC,SI.FT,SLFA)) [524]

where PLA is the total plant leaf area in cm2 and SENLA is daily senescence per

plant in cm2. The formulation uses the most limiting stress factor associated with
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limited soil water (SLFVV), plant competition (SLFC), air temperature (SLFT) and

soil aeration (SLFA). During the reproductive stages, the nitrogen stress factor

(SLFN) is included in the calculations.

Predicting root growth ' p

The routine that calculates root growth was modified to predict the effects

of excessive soil water. Two root attributes received attention: root depth and

number of roots per layer. In CERES-Maize, root depth increases through the

whole season and the maximum daily increase in root depth is calculated as 0.22

cm per unit of thermal time accumulated in that day. This growth may be slowed

down by limited Soil water or stopped when the maximum depth in the soil profile

is reached. In the modified routine, the growth in root depth occurs only up to the

Silking stage unless the rooting depth by that time is less than 50 cm. If the

rooting depth by the beginning of the linear phase of grain filling is still less than

30 cm, additional growth in root depth is allowed. In any case, root depth growth

was stopped when the rooting front arrived at a saturated soil layer or at the water i

. table. If the rooting front stayed in a saturated layer for more than five days, root

death was assumed and the new root depth was set equal to the middle of the

nearest non-saturated upper layer. The modified formulation, however, maintained

a minimum rooting depth to simulate the presence of aerenchymatous roots (Drew

et al. 1985; Thomson et al. 1990). A minimum distance of 20 cm from the rooting

front to the soil surface or to the ponding water surface was maintained. In the



145

new formulation, increases in root depth were slowed down by limited soil aeration

according to:

SADF4 - LAF,x3

xAMIN1((SWDF1 x2).SWDF,SADF4)

[5.25]

SADF4 = 941302153

RTDEPDAY = RTDEPDAy,1+DTTx0.22

xAMIN1((SWDF1x2),SWDF.SADF4)

where DTT is the thermal time accumulated in the day, SWDFI and SWDF are

water deficit coefficients for the whole rhizosphere or for the layer where root depth

is calculated, and SADF4 iS an aeration deficit factor. LAF. represents the aeration

status in the soil layer where the rooting front is growing, and ASD2 estimates the

current status of the plant in terms of root aeration. The first equation-to calculate

SADF4 is used if the plants have not experienced any significant period of soil

submergence (maximum regiStered value of A802 less than two). Otherwise, the

second equation is selected.

To calculate the effect of inadequate soil aeration on the number of roots

in each soil layer, a new variable (RLVLOSS) was introduced. RLVLOSS will

reduce a fraction of the root length density of each soil layer (RLV) according to

the aeration status of that layer (LAF). During the vegetative growth stage two

equations were used to calculate RLVLOSS: the first was used before tassel

initiation (ISTAGE = 2) and the second after (ISTAGE = 3),
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RLVLOSS = (1 4111-7) x0.075ms0anv, [ i

5.26

RLVLOSS = (1 w,)xo.025xAsoanv, , '

These equations imply that during the vegetative growth stage the fraction of roots

lost in each soil layer due to insufficient soil aeration depends upon the aeration

in the soil layer (LAFI) and the current rhizosphere aeration (ASD). During the

reproductive stages the calculation of RLVLOSS differs according to the existence

or non-existence of a previous submergence period (maximum ASD2 recorded

less than two):

RLVLOSS,- - (1 —LAF,)x0.01xTRLWxRLV,

[5.27]

RLVLOSS, - (1 -LAF,)x0.02xTRLWxRLV,

Root loss in this case is a function of the aeration of the soil layer (LAF,) and of the

accumulated root length density of the previous day (TRLVY).

Root length density (RLVi) is updated every day considering, the new

component RLVLOSS and increasing root senescence from 0.5% during the

vegetative growth stage to 5% during the reproductive stage.

Predicting plant development

Plant development is estimated in CERES-Maize in two routines: PHENOL

and PHASEI. PHENOL determines the beginning of a new growth stage and

PHASEI initializes and calculates variables used in the following growth stage.

Several changes were introduced to Simulate the delay of phenological events as
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a consequence of soil submergence. Thermal time, calculated as the

accumulation of degrees centigrade above a base temperature, was calculated

using the mean soil temperature, instead of the mean air temperature, from sowing

to tassel initiation. (During this period, the base temperature was set 0.5 °C above

the values used in CERES-Maize. After tassel initiation, the shoot meristem is

assumed to be above the soil surface (Ritchie and Hanway, 1984). Thus, air

temperature was used to calculate the thermal time. The base temperature was

set to 8.0 °C as in CERES-Maize.

The actual thermal time that the modified model accumulates may be

reduced early in the vegetative growth stage (XSTAGE less than two) as a

consequence of inadequate soil aeration (ASD larger than one):

SADF5 = e-ASDX0.4

TT 2 DTI'xSADF5

[5.26]

where DT'I’ is the thermal time accumulated in the day, ASD is the aeration Stress

index calculated earlier and TT is the actual thermal time used to estimate plant

development.

CERES-Maize estimates that a new leaf emerges every time a certain

amount of thermal time, a phyllochron, is accumulated. A new variable (LFDELAY)

was introduced to account for the delay in leaf emergence associated with limited

soil aeration. LFDELAY is calculated as a function of the soil aeration early

(XSTAGE less than two) or late in the season as:
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SADF6 a 9480.10.15 [529]

LFDELAY =- SADF6

LFDELAY is used later in the calculation: of the phyllochron:

CUMPH = 2 TIxLl-‘DELAY

[5.30]

CUMDELAY - 2 7Tx(1 -LFDELAY)

where CUMPH is the accumulated number of phyllochrons, which corresponds

with the number of emerged leaves, TI is the fraction of the phyllochron

accumulated in the day, and TT is the accumulated thermal time as calculated in

equation 5.26. CUMDELAY is used during the reproductive growth stage to

modify the calculation of the normal plant senescence (SLAN). ln CERES-Maize,

SLAN during the reproductive stage is calculated as a function of the accumulated

thermal time during the phenological stage. The modified version calculates SLAN

as a function of the accumulated thermal time plus CUMDELAY.

Additional inputs

The new additions allowing the simulation of a water table by considering

three possible scenarios: without a water table, with a fluctuating water table

updated daily and with a controlled water table which depth is read from an input

file. In the third option the model calculates the depth of the water table according

to the inputs and outputs of the system, as in the second option, and then
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computes subirrigation or drainage as required to move up or down the simulated

depth of water table to match the read depth.

Each experiment and treatment Simulated using thecontrolled water table

scenario must have an additional input file with two variables per line: day of the

year (RDOY) and Soil layer number Where the water table is (RWTLAYR). Both

variables are integers with four and three fields (l4 and I3 format code in

FORTRAN). The file name has six characters and the extension M20. The six

characters are: WT for water table, two digits for the experiment number and two

digits for treatment number. Thus a file named "WT0201.M20" corresponds to the

water table input file for experiment two, treatment one.

Additional outputs

The modified model prints the aeration stress index together with the water

and nitrogen stress lndices in the summary output file (OUT1.MZ) and on the

computer screen. Two new output files are written and numbered Six and seven

according to the terminology used by CERES-Maize (OUT6.MZ and OUT7.MZ).

The Sixth file‘ is optional and contains a daily water balance of the entire soil profile.

It identifies the day of the year and depth of the water table, as well as main inputs

and outputs to the system associated with the water table fluctuation as

subirrigation, drainage, ponding and runoff. For every soil layer the model prints

the input of ascending water (FLOWUi) and the output of descending water

(FLOWDI), the resulting layer water content (SW,) and the layer saturated water
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content (SATI). The eighth file prints a line each day of simulation where all the

components of the water balance are written. The file was used for checking .

purposes.

Besults.

Field data obtained in 1991 and analyzed in Chapters three and four was

used to compare the predictions of CERES-Maize (Version 2.1) and the modified

version. Figure 5.1 shows the leaf area index predicted for both models and the

measured values in the control plot. CERES-Maize underestimated leaf growth

because it predicted a major nitrogen deficiency after tassel initiation (ISTAGE =

3). The nitrogen stress factor that affected the simulation of leaf growth (CNSD2)

during this period was 0.47 as compared with 0.30 in the modified version of

generic CERES. A value of 0.47 means that the plant had on the average 47% of

the required nitrogen for normal growth during this period. The modified version

underestimated leaf expansion during the last week of leaf growth.

When an early flooding was simulated (Figure 5.2) CERES-Maize predicted

larger leaf area when the crop was flooded for eight days rather than when it was

flooded for four days. No effect was predicted on the time of occurrence of

maximum leaf surface. The modified version predicted a delay of one week in the ,

occurrence of maximum leaf area between the four and eight days flooding that

was similar to the field measured plants, but the peaks of both curves fell below

the measured leaf area.
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Figure 5.1: Leaf area index predicted by CERES-Maize and by a modified version,

and field measured values. Vertical lines are standard errors of the measured

values. '
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Figure 5.2: Leaf area index predicted by CERES-Maize and by a modified version,

and field measured values in plants that were flooded four or eight days at the Six

leaf tip stage. Vertical lines are standard errors of measured values. '
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Figure 5.3: Leaf area index predicted by CERES-Maize and by a modified version,

and field measured values in plants that were flooded four or eight days at the 12

leaf tip stage. Vertical lines are standard errors of measured values.
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Figure 5.3 shows the leaf area predicted when a flooding was simulated late

in the vegetative growth stage. CERESoMaize predicted the same leaf area when

four or eight days of waterlogging were simulated. The modified version on the

other hand, yielded excellent predictions with ,a slight overprediction of the

maximum leaf area when eight days of flooding was simulated. . .

Limited field information on plant biomass and the large variability

associated with the measurements increased the uncertainty about desired

changes to be introduced in the modified model. Figure 5.4 shows that, despite

a better performance, the modified model still seems to underestimate biomass

accumulation in the conditions tested in this experiment. Similar to the trend

observed in leaf area index, CERES-Maize predicted more biomass in plants

flooded for eight days than in plants flooded for four days (Figure 5.5). The

modified model predicted differences in biomass through the season after an early

flooding of four or eight days. However, the total biomass at the end of the

season seemed in excess of that measured in the field. Similar results were

obtained when a late flooding was simulated using the modified model (Figure

5.6). CERES-Maize did not show any effect on the predicted plant biomass of an

increased duration of flooding.

One of the most important reasons to develop simulation models is to

forecast crop yields accurately under a wide range of field conditions. Table 5.1

shows the predicted yields by CERES-Maize and the modified version of generic

CERES together with the measured values. CERES-Maize predicted yields
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Figure 5.4: Aboveground biomass predicted by CERES-Maize and by a modified

version, and field measured values. Vertical lines are standard errors of measured

values.
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Figure 5.5: Aboveground biomass predicted by CERES-Maize and by a modified

version, and field measured values. Maize was flooded four or eight days at the

six leaf tip stage. Vertical lines are standard errors of measured values.
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Table 5.1: Welds predicted by CERES-Maize and by a modified version, and field

measured. Maize was flooded for zero, four or eight days at the six or 12 leaf tip

stage. Values in parentheses are standard errors.

 

 

 

  

Treatment Measured _ Predicted

CERES-Maize Gen. CERES ‘

(V2.1) (Modified) .

Kg ha"

Control . 8605 3310 5594

(687.8)

Early, 4 days 4700 1760 4272

(710.6)

Early, 8 days 4387 2347 4227

(340.1)

Late, 4 days 4417 3415 4399

(477.0)

Late, 8 days 4421 3500 4585

(509.9)
 

between 38% and 80% of the field measured yields. The modified generic CERES

accurately predicted grain yields of the flooded plants. Yields of non-flooded

plants were underestimated by 35%.

The prediction of root growth in CERES-Maize is insensitive to excessive soil

water and also seems to overpredict root growth under well aerated conditions.

Figure 5.7 shows the pattern of root growth as predicted at 15 cm depth by

CERES-Maize and by the modified generic CERES as compared with the field

measured root number. At this depth, CERES-Maize predicted that the maximum

.3

root length density of 5 cm cm was reached in 25 days and the same value was

maintained through the season. The measured values, on the contrary, showed
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Figure 5.7: Root length density at 15 cm depth predicted by CERES-Maize and

by a modified version, and field measured values. Vertical lines are standard

errors of measured values.
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a slower rate of root growth with a mid-season plateau around 4 and 5 cm crn'3

and decreasing root numbers during the grain filling. The modified generic

CERES followed the described trend [although it seemed to overpredict root

growth early in the season. . .

When an early season flooding was simulated (Figure 5.8) CERES-Maize

predicted the same root growth as without soil submergence. The modified model

predicted a delay in root growth, associated with an early soil submergence,

before a fast proliferation of roots. This predicted delay, especially in the longer

inundation, was not observed in the roots measured in the field. When the

flooding period was simulated late during the vegetative growth stage (Figure 5.9),

field data showed a fast but incomplete recovery in root number after drainage in

the short flooding (four days) and no recovery in the long flooding (eight days).

The modified model accurately predicted root growth in the short flooding, but

predicted a recovery after the long flooding that did not occur. A

One of the main features of the CERES family of simulation models is the

emphasis put on simulating crop phenology. Figure 5.10 shows that when

simulating well aerated soil conditions, little difference was observed between the

predictions of CERES-Maize and the modified generic CERES in the predictions

of leaf appearance. Both models predicted a faster emergence of the last two

leaves and one or two leaves more than the observed values in the field.

The simulation of an early flooding in the season is shown in Figure 5.11.

Field measurements showed a delay between the flooding occurrence and the
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Figure 5.8: Root length density at 15 cm depth predicted by CERES-Maize and

by a modified version, and measured values. Maize was flooded four or eight

days at the six leaf tip stage. Vertical lines are standard errors of measured

values.
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Figure 5.9: Root length density at 15 cm depth predicted by CERES-Maize and

by a modified version, and measured values. Maize was flooded four or eight

days at the 12 leaf tip stage. Vertical lines are standard errors of measured

values. - '
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Figure 5.10: Leaf tip appearance predicted by CERES-Maize and by a modified

version, and field measured values.
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Figure 5.11: Leaf tip emergence predicted by CERES-Maize and by a modified

version, and field measured values. Maize was flooded four or eight days at the

six leaf tip stage. Vertical lines are standard errors of measured values.
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time when leaf appearance started to slow down. Few differences were observed

between the shorter and the longer flooding. The modified version of generic

CERES predicted an extra leaf and overpredicted the impact of soil submergence

on the rate of leaf appearance, especially in the eight days flooding. When

simulating waterlogginglate in the vegetative growth stage (Figure 5.12), generic.

CERES predicted a slower rate of leaf appearance and one leaf less between the

four and the eight days flooding. Field data showed that after a delay of ten days,

the shorter flooding had an extra emerged leaf as compared with the longer

flooding. Flooded and non-flooded plants had the same final number of leaves.

Table 5.2: Silking date predicted by CERES-Maize and by a modified version, and

field measured. Maize was flooded zero, four or eight days at the six or at the 12

leaf tip stage.

 

Treatment Measured ‘ Predicted
 

 

CERES-Maize Gen. CERES

(V 2.1) (Modified)

Day of the year

Control 205 202 ‘ 206

Early, 4 days 210 202 206

Early, 8'days ' 213 202 214

‘ Late, 4 days 206 202 206

Late, 8 days 208 202 206
 

The day when floral stigmata first appear (silking date) has received

attention to evaluate crop phenology in simulation models. Table 5.2 shows the

predicted and observed silking dates in the experiment here evaluated. CERES-
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Maize predicted the same silking date for all the treatments. The predicted

appearance of silks was three days earlier than the observed data in the field for

non-flooded plants. The modified version of generic CERES was only sensitive to

the larger delay observed in the early flooding when plants were in saturated soil

for eight days.

Discussion

Three areas in the simulation of maize growth and development were

modified in CERES to simulate soil submergence: aboveground growth, root

growth and plant phenology. Before attempting to introduce any change, the

latest modifications available were linked into the simulation model and modified

' or adjusted as required. Nitrogen cycle simulation required special attention. The

field experiment received only 53.1 kg ha‘1 of. nitrogen. When attempting to

simulate this condition with CERES-Maize or with the original generic version of

CERES the models predicted an early season nitrogen depletion and

consequently, plant growth was underestimated (see Figure 5.1). Attempts to

adjust the calculation of. the nitrogen stress factors. (NFACTO routine) were

unsuccessful and the original equations as derived from Jones (1983) were

maintained. Changes in nitrogen denitrification (NTRANS) and nitrification rate

(NTRANS) were evaluated without success.

Three new routines developed by Ritchie and Godwin (1992, personal

communication) Were important in developing a reasonable simulation system that
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was later modified to include predictions of the effects of poor aerated soils:

DRAINAGE simulates saturated flow through the soil profile, UPFLOW simulates .

water redistribution in the soil profile associated with soil evaporation, NFLUXD

simulates the movement of nitrogen with the flow of water.

' The modified version of generic CERES produced reasonable estimations

of aboveground plant growth in flooded conditions. Under well aerated conditions

however, predictions seemed to be consistently less than field measured values.

Combined underestimates of leaf area and biomass accumulation resulted in

inaccurate crop yield forecasts.

The measured root numbers in minirhizotrons were converted to root length

densities using the relation described by Melhuish‘ and Lang (1968). The model

proposed by Upchurch and Ritchie (1983) provided values of root length density

that were too low. Bland and Dugas (1988) reported better correlations between

root length densities calculated using the relation of Methish and Lang (1968) and

roots washed from soil cores working with cotton. in sorghum however, they

could not find a simple relation (Bland and Dugas, 1988). The modified version

of generic CERES seemed to provided reasonable estimates of root growth,

although the model still forecasts faster root growth than the observed in well

aerated conditions. .

More accurate predictions of crop development will require further model

adjustments. The simulation of the rate of leaf appearance when soil waterlogging

occurs early in the season showed limited agreement between observed and
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predicted values. Leaf emergence rate was estimated using the new variable

LFDELAY calculated as a function of the aeration index (Equation 5.28).

Calculation of LFDELAY may require additional adjustment and the inclusion of a

delay before the reduCtion of the leaf emergence rate.

Conclusions

Significant periods of soil submergence, during the vegetative growth stage

of a maize crop, introduce changes in the soil-plant atmosphere relationships that

extend well beyond the period of limited root aeration, and affect plant growth and

development. Timing of occurrence of soil submergence had a significant effect

on plant responses. To the best of the author’s knowledge, this is the first attempt

to address comprehensively the complex array of factors and interactions involved

in forecasting the whole season performance of a maize crop affected by

waterlogging. ’ Therefore, this effort is a first attempt that requires additional

refinements.

The availability of field data with seasonal information of crop growth and

development associated with periods of limited soil aeration is a major limitation

for future model improvements. Two areas of information are critically required:

phenological changes and root growth. A more accurate register of phenological

adjust the model equations. Information about short term root evolution during

periods of waterlogging is also required. Converting root counts obtained with
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minirhizotrons into root length densities requires additional review before a

standard method can be proposed.
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CONCLUSIONS AND RECOMMENDATIONS ‘

The Objective of the present research was to study the main responses of

field grown maize to soil submergence during the vegetative growth stage and to

develop a forecasting tool to simulate such responses. The effect of timing and

duration Of flooding on above and below ground plant growth and the Changes

in phenology were investigated. CERES-Maize, linked into a generic cereal

simulation model, was modified to simulate the results Of waterlogging on crop

‘ growth and development.

Flooding the maize crop for at least four days during the vegetative growth '

stage produced major reductions in plant growth and yields and delayed plant

development especially when the flooding occurred early in the season.

Evaluations Of photosynthetic assimilation and stomatal conductance suggested

long lasting effects on plant physiology. 6

The foliar surface was consistently reduced by the flooding treatments but

the timing of flooding determined the main physiological process disturbed. The

expansion growth was more sensitive early in the season, whereas later in the

season plants increased leaf senescence in response tO soil submergence. On

173
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the Other hand, aboveground biomass was not affected during the flooding,

suggesting a repressed transport Of assimilates that may be due to impaired

phloem unloading.

Yields were reduced by half regardless of timing or duration of flooding.

Yield reductions early in the season may have been caused by smaller leaf area

and delayed silk emergence. Plants flooded later in the season endured soil

submergence when the period of rapid nutrient accumulation was about to start

which may have impaired plant nitrogen nutrition associated with limited soil

fertilization.

Root growth. root distribution and the relation with aboveground organs

were altered by flooding during the vegetative grOwth stage. Timing Of flooding

determined plant responses. Plants flooded earlier immediately reduced root

numbers and exhibited a fast regrowth after drainage. Root growth responses on

plants flooded later depended on the duration of the submergence. Plants flooded

four days later in the season recovered the root numbers after drainage. Plants

flooded eight days maintained low number of roots for the remainder of the '

. season, suggesting the presence of a new adventitious, little branched, root

system in these plants. The relations of root growth with leaf area growth

suggested that the sink strength of maize root systems may be enhanced after an

early flooding. A late vegetative flooding would have a minor effect on the sink

strength Of roots for photosynthates unless soil submergence lasts long enough

to impair the recovery Of sink strength after drainage.
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The modified model described herein provides an alternative for simulating

maize growth and development as affected by soil submergence, although _

additional adjustments are needed, especially related with the phenology model.

Testing the model under different environmental conditions, including well aerated ‘

and poor aerated soils will provide additional information abOut required Changes

and adjustments. Critically needed are field data on crop phenology and root

growth associated with waterlogging. The conversion of root counts Obtained with

minirhizotron tubes into root length densities seems to require additional attention.

In this study, timing Of flooding consistently had a main effect in modulating

crop responses. However, only soil submergence during the vegetative growth

stage was explored. It remains unclear from literature the impact that flooding

during the reproductive phase may have on crop growth and yields. I

The appropriate assessment Of the level of accuracy aSsociated with the

technique used to evaluate morphological and physiological crop parameters is

important to assist in the interpretation of field results. In this experiment for

instance, leaf area was accurately evaluated whereas root counts provided an

uncertain estimation on total root length. Consequently, the total length of roots

reported have a relative meaning for comparison among treatments. On the other

hand, rates Of leaf expansion or leaf senescence measured provided a Clear

picture Of the physiological process being disturbed by flooding.
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C E R E S 6 E N E R i C N i T R O G E N N O D E L

This is an effort to combine all the aodels into one generic

aodel. All routines are generally the sane except for soae crop

specific ones (nfact,aenu2,grosub).

CERES MAIZE MODEL -

CERES NHEAT MODEL '

CERES SORGNUM MODEL

CERES PEARL MILLET MODEL

CERES BARLEY MODEL _

CERES CEREAL GENERIC MODEL DEVELOPED DY SINGN,GODUIN AND MUMPRIES 'lFDC

NITROGEN ROUTINES DEVELOPED CY CODHIN,JONES, ET AL

include

include

include

include

'gen1.blk'

'gen2.blk'

'gen3.blk'

'gen4.blk'

include

include

include

include

include

include

include

'Ntrc1.8lk'

'Ntrc2.8lk'

'conibs.blk'

'predob.blk'

'lnove.8lk'

'Enviro.8lk'

'soilox.blk'

include 'nuatbal.blk'

logical iechon,FEXiST,er,Lbegin,wTSmEil,Fcaw

Diaension Store(12,50)

character'1 iehvc

character‘z Cropa(6)

character*12 FFile1,Fflec,FilaD

character*12 ORAquiLE, HTFiLE, CALCEVFiLE

CHARACTER*1 RESPZ

iNTECER iSUUT,DECTRT,UNTRT,DECEXP,UNEXP

Data Crops/'NZ','UN','SG','NL','BA','FA'/

OPEfltuuii-77,FILEI'NBAL.OUT',STATUSI'UNKNOUN'i

ioutpt-.true.

Lbegin-.false.

OUTSOPEl-.FALSE.

NSENS I 0

NREP I 0

NOUTO I 40

IOU11 I 41

IOUTZ - 42

NOUT3 I 43

NOUT4 I 44

NoutS I 45

KOUTHA I 1

KOUTGR - 1

Koutnu I 1

POND a 0.0

PONDNAX I 10.0

IAC

IAC

IAG

DRAlNFlLE I 'OUT7.MZ'

CALCEVFILE 8 'OU16.M2'

lNOUlRE(FlLEI'CROP.DAT',EXISTIFCROP)

lF(FCROP)OPEN(UNITIZ,FlLEt'CROP.DAY',STAYUSI'OLD'l

lNOUlRE(FlLEI'DATCN.SSS',EXlSTIFEXlST)

IF(FEXIST) OPEN(5,FILEI'BAICH.SSS',STATUSI'OLD')

OPEN (UNI? - NOUTO,FiLE I 'SiN.DiR',STATUSI'UNKNONN')

Call Clear

Hrite(*,100)

foraat(///,20x,'Uelcoae to the c E R E 3 Model Version 1.99'

1,//,20x,'incorporates new aenu structure, includes

2',/,20x,'soil stresses.(uater, nitrogen and oxygen),

3'.l.20x,'supports aulti-yaar and aulti-treataent'
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4'.l,20x.'sieuletion end slso provides output support

5',l,20x,' for iDSNAT grephics end DSSAY'

6./l//l///.' Press Enter to Continue')

Reed(5,'(e1)')e

iFlFCROP) TIEI

READ(2,*) ICROP

if(ncrop.eq.2.) then

ichoiceIS

Elseif(ncrop.eq.5) then

ichoiceIi

Elseif<ncrop.eq.6) then

ichoiceI4 .

Elseiflncrop.eq.10) then

ichoiceI3

Elseif<ncrop.eq.12) then

ichoiceIZ

Else

ichoiceI7

Endif

EIDiF ~

iF(.IOT.FCROP.OR.iCIOiCE.E0.7) TIEI

110 cell cleer

Urite(*,115)

115 Forlet(Il/,' Uhich of the following eodels do you went to run :

1'./l

2,20x,' 1. Ieize ',/

3,20x,' 2. Uheet ',I

4,20x,‘ 3. Sorghue ',/

5,20x,' 4. Iillet ',I

6,20x,' 5. Berley ',/

7,20x,' 6. Fellow ',l////l,

8' Pleese enter your choice:')

Reedi5,'(12)') ichoice

Cell Selpro(1,6.ichoice,index,ierr)

iFlindex.sq.2) goto 110

EIDiF

Crop-Cropsiichoice)

sieuletion loop

0
0
0

RunellI.felse.

200 inultiI.felse.

RunendI.felse.

inouthi

iphoutI.true.

quyIO

IrepIIrep+1

300 iretI0

Cell Cleer

CALL iPEXP

FilecIFilel ' -

Urite(FileC(12:12),301)

301 _ Foreetl'C')

FileDIFileB

Hritelfilebl12:12).302)

302 Foresti'o')

FFile1IFile1

if(Runend) then

IrepIIrep-1

go to 3500

Endif

Change-.felse.

if(nyr.gt.1)Then

ilultiI.true.

Hrite(*,400)nyr

400 Fornet(' Multiple Yeer Run ', i5,' Yeors')

Endif

ifl.not.inulti)Cell Cleer

if(runell)then
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nsensIO

'go to 1100

endif

file1tIffils1 '

IRITE (*,600) POND, POIDMAX

FORMAT(/,2X,'RUI-T1ME OPTIONS: ',

IIZX,'0) RUI SiMULATiOI ',

IZX,'1) SELECT SIMULATION OUTPUT FREOUEICY'

l/7X. mum .

.' con/7X. mum ) e

ifiieulti)urits(*,700)

For-cti 2X,'3) ROI MULTi-YEAR SiMULATiOI')

write(*,800)

Fonnet(//ZX.'<III CHOICE? I DEFAULT I 0 1')

reed (S,900,ioststIierr) ISEIS

FORMAT(i2)

Cell Selpro(0,3,Isens,index,ierr)

iF(index.eq.2) goto 500

iflIsene.eq.0.end.iuulti)Then

ieultiI.felse.

Uritel';1000)

Forest(' Single seeson siuuletion only')

Endif

iflIsens.eq.3)cell ipmulti

if (ISEIS .E0. 1) then

CALL IPFREO

GO TO 500

Endif

if(.not.Chenge)CALL iPTRT

if(.not.Chenge)CALL iPSIiI

if(isuco2.sq.1) goto 1111

if(.not.Chenge) then

TCHAICEIO.

TchninIO. ,

RchengeIi.

SchengeIi.

Endif

iflIsene.EO.2) Then

Cell MEIUlirst)

ChengeI.true.

Ffile1IFile1

ifiinulti)go to 500

Endif

if(chenge)ffile1Ifile1t

if(iret.EO.1) then

Closeiii)

Co to 300

Endif

CALL iPITI

if(Runell)then

TitlerI' '

Else

IRiTE (*,1200)

FORMAT(/.IZ1,'<88= ENTER UP TO MERE RUN IDENTIFIER, ',

1'<cr> FOR NONE.')

reed (5,1300) TITLER

FORMATCAZO)

Endif

IF (TITLER.EO.' ')

1 TITLERITITLET

ifirstIi

iF(Irep.gt.1) Coto 1500

Open files to direct drein outputs from ustbel

end reed ueter teble depth:

IZX,'2) MODIFY SELECTED MODEL VARIABLES INTERACTIVELY.’

I7X,'POND IS INITIALIZED AT ’,F3.1,' AND PONDMAX AT ',F‘.1,

IAG

1A0
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DECTRT I INT(NTRT/10) * 48

UNTRT I NTRT - INT(NTRTI10)‘10 I 48

DECEXP I INT(NFEXPI10) I 48

UNEXP I NFEXP - INT(NFEXP/10)*10 I ‘8

UTFILE I 'HT'I/CNAR(DECEXP)I/CNAR(UNEXP)//CNAR(DECTRT)I/

1 CNARIUNTRT)II'.M20'

C

OPEN (300, FiLEIDRAINFILE,STATUSI'UNKIOUI')

OPEN (410, FILEIHTFILE,STATUSI'UNKNOUN')

iftNrep.gt.1) Coto 1500

C Select ueter teble switch:

c .

iSIHT I 0

URITE(*.'(A,I,2(ZOX,A.I))')' EITER HATER TABLE SUITCN: 0 I OFF',

1 '1 I UT HID COITROL','2 I CONTROLLED UT'

1A0

READ (*.'(11)' ) iSUUT .

c Initieiize DEPUT to depth of soil profile

CUNDEP I 0.

Do LI1, NLAYR

CUMDEPICUNDEP+DLAYR<L1

ENDDO

DEPNTICUMDEP

HRITE (300.1400) NREP,TITLER

C Ask to write Neter Tebls results to e file.

If (iSUUT.CE.1) TNEN

RESPZ I 'N'

PRiNT*

NRITE(*.'(A \)')' IANT T0 NRITE DAILY HATER TABLE RESULTS TO A

1 FILE? (VII) ' y .

READ (*,'(A1)') RESPZ

IF (RESP2.EO.'Y'.OR.RESP2.EO.'y') THEN

OPEN (370, FILEICALCEVFILE,STATUSI'UNKIOUN')

URITE (370.1400) NREP, TITLER

ENDIF

ENDif

1400 FORMAT (1X,'RUN ',I2,0x,A20) _

OPEN (UNIT-NOUTi,FiLEIOUTi,STATUSI'UNKIOUI')

OPEN (UNITIIOUTZ,FiLEIOUT2,STATUSI'UIKIOII')

OPEN (UNIT-IOUT3,FILEIOUT3,STATUSI'UNKNOUN')

OPEN (UNiTINOUT4,FiLEIOUT4,STATUSI'UNKNOUN')

if(0UTS.NE.' ') then

OPEN (UNITINOUTS,FILEIOUTS,STATUSI'UNKNONN',RECLI270)

OUTSOPENI.TRUE.

ENDIF

HRITE (NOUTO,1600) OUT1,0UTZ,OUT3,0UT4,0UT5

1500 Ifi.NOT.OUTSOPEI.AND.OUT5.NE.' ') OPENIUNITINOUTS,

1 FiLEIOUTS,STATUSI'UNKNONN',RECLIZTD)

inquirelFileIFileC,ExistIFexist)

if(.not.Fexist) Filec-I .

inquirelfileIFile0,ExistIFexist)

If(.not.Fexist) Fileoan u

IRiTE (IOUTO,1700) TiTLER,FiLEB,FiLEC,FiLED

1600 rmu1(1x,4u7,', '),A7) .

1700 FORMATiix,A20,21X,A12,1X,A12,1X,A12)

ischonI.true.

lrunIrunell

ihvonI.felse.

ifiLruniihvonI.true.

if(iuulti)then

if(mny.ne.0)iechonI.felse.

ihvonI.felse.

lrunI.true.

endif

if(.not.lrun)then

c ihvonI.true.

c else

uritel‘,1800)-

1A0

IAG

1A0 -

IAO

IAG

IAG

IAG

1A0

1A0

1A0

IAG
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1800 fornetl' Do you went post harvest comparison with observed de

1te' ,l,‘ displeyod on the screen (VII) 7 ')

resd(S,1900)iehvc

1900 ’ forlotle) -

ifiiehvc.eq.'Y'.or.iehvc.eq.'y')ihvonI.true.

endif ‘

2000 READ (11,4200,ENDI2500) iYR,DOY,SOLRAD,TENPNX,TEMPMN,RAiN

if (solred.le.0.0.or.rain.lt.0.0.or.tenpnx.eq.-99.0.or.tempnn.

1eq.-99.) write (*,2100)FFILE1,IYR,DOY,SOLRAD,TEMPMK,TEMPMN,RAIN

2100 Foreatin,‘ Pleese correct your weather file - ',A12,'.',

2/,2x,'Missing solar redietion, temperature or rainfall data.',

37/.2x,'Yeer Day Solar Rad. Max. Teep. .Min. Temp. Rein',

4/,3x,i2,4x,i3,6x,f5.2,2(8x,f5.1),4x,f5.1, .

5/l,2x,' <Ctrl> <8reek> to change Iissing velues. ')

if(DOY.NE.icin) Soto 2000

LbeginI.true.

TEMPMXITEMPMX+TCIAIGE

TEMPMNITEMPMN+TCIIin

SOLRADISOLRAD'Schenge

RAINIRAIN*Rchange

cum zero out ecclmletors for mlti-yeer rm

ifiiuultiithen

igslI0

yield-0.0

bionesI0.0

ebionsI0.0

gsreinI0.0

trainI0.0

tlchI0.0

tnoxI0.0

if(nt..y.ne.0)then

cell reinit

nrepInrepti

Endif

Endif

CALL PROCRI

ifirstIZ

CALL SOILTII

IF (ISISIB.IE.0) CALL SOILRI

IF (ISHNIT.IE.0) CALL SOILII

c IF (iSUIiT.IE.0) CALL OMIIITICEC)

iF (iSNNIT.NE.0) CALL NEAL(1)

if(Doy.E0.isin) Beckspece 11

if(nuny.eq.0) then

call echo(iechon)

nlineI0

if(iphout) write(*,2001)

Endif

2001 FORMAT (l,15X,'SIMULATIOI MAS BEGUI....PLEASE NAIT.'I

1 10X, 'DON"T TOUCI TIE TERMINAL UNTIL iT PROMPTS YOU.')

ifinuly.eq.0.and..not.iphout)then

Cell Cleer

iF(nline.eq.0) Nritsi',2950)

Nrite(nout1,2950)

Endif

21.00 YTEMPMX I TEMPMX

READ (11,4200,EI0I2500) IYR,DOY,SOLRAD,TEMPNK,TEMPMN,RAII

if (solred.le.0.0.or.rein.lt.0.0.or.tempum.eq.-99.0.or.tempmn.

1eq.-99.) write (*,2100)FFILE1,IYR,DOY,SOLRAD,TEMPMX,TEMPMN,RAII

TEMPNXITEMPMN+TCNANOE

TEMPMIITEMPMN+TCMlin

SOLRADISOLRAD*Schenge

RAINIRAIN*Rchange

Tempo-(Tenpmx+ieupnn)*0.5

c if(iswnit.ne.0)

Cell Solt(YTEMPMX)

iF (DOYX.EO.367) CALL CALDAT .

IF (ISISIB.IE.0) CALL IATBAL (iSIIT, RESPZ)

c. IF (iSNNiT.NE.0) CALL OMCYCLE(TOOZ)
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IF (iSIIIT.IE.0) CALL ITRAIS

iF (iSTACE.LT.6.ANO.CROP.E0. 'MZ') CALL CROSUBiCUMDELAY)

IF (iSTAGE.LT.6.AND.CROP.E0.'NN') CALL IOROSUD

IF (ISTAGE.LT.6.AID.CRCR.OPE0. 'SG') CALL SCROSUB

IF (ISTAGE.LT.6.AND. CRCI’. E0. 'NL') CALL MGROSUO

iF (ISTAGE. LT.6.AND.CROP.EO.'IA') CALL HOROSUB

iFiDOY. E0. iSON.OR. iSTACE.NE.7)CALL PNENOLliret,CUNDELAY)

IF(iIulti) then

Train-TrainIRain

if(istage.lt.6)then

igslIigsl+1 ’

CereinICsrainIRein

Endif

Endif

if(iret.eq.1)go to 2000

iF (iSNNiT.NE.0) CALL NNRiTE

CALL NRITE

GO TO 2400

ReeleFile1I11:12).2600) Kyr

KyrIKyr+1

ifler.gt.99) KyrI10

Forlot(i2.2)

NriteiFFile1(11:12),2600) Kyr

inquire(FileIFFile1,ExistIFexist)

ifiFexist) then

Open(11,FileIFFile1)

READ(11,2700) LAT,XLON0,PARFAC,PARDAT

FORMAT(4X,2(1X,F6.2),2(1X,F5.2))

iFiLBECiI)Goto 2400

GOTO 2000

Endif.

IRITE (nout1,4300)

write(*,4300)

LbeginI.false.

IF (iSNNIT.NE.0) CALL NEAL(3)

if(ieulti)then

W1

nlineInline+1

Cell Phesei(CUMDELAY)

iretIO

Store(1,nmy)Iyield

Store(2,muy)IbioeIee*10.

Storei3,numy)Iabions*10.

Store(4,numy)Itotnup

Store(5,numy)ITlch+Tnox

Store(6,numy)Iigsl

Store(7,numy)Igsrain

STore(8,numy)ISi1(1)

Store(9,numy)ISi1(5)

Store(10,ruuy)I813( 1)

Store(11,numy)ISi3(5)

Store(12, runnInuny

if(nline.ge.22) nlineI0

If(.not.iphout) then

If(nline.eq.0) write(*.2950)

write(*,3000)nulv.(Store(i,nuuy).]I1,12)

End f

if(Floet(Iy115).eq.15.and..not.iphout)Then

Call Clear

Nrite(*,3300)

Reed(5.'(e1)')a

Endif

if(numy.eq.nyr)go to 3100

go to 2000

Call Psort(Store,12,Nuly)

Call Clear

Nrite(*,3200)

Fornet(' Sinuletion Outputs sorted according to.yield')
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Nriteinout1,3200)

Nrite(*.2950)

Nrite(Nout1,2950)

Do 3400 nyI1,numy

Urits(',3000)nv.(store(1.nv).jI1.12)

If(Float(Ny/1S).aq.15)Then

Cell Clear

Nrite(*,2950)

Nrite(*,3300)

For-et(' Press Enter to Continue')

RIId(5,'(e1)')e '

Endif

Nrite(Nout1,3000)nv.(otorail.nvi.jI1,12)

Continue

Hrits(*,3300)

Read(5,'(e1)')e

Endif

If(.Not.Runell)Then

if(.NOT.FCROP) TNEN

Nrite(*,3600)

formet(' Simulation complete for this treatment.',/.

Do you went to :',l,

1 Return to Experiment and Treetunt Menu',/,

2 Display Detailed Outputs on Screen'./,

3 Choose another crop',/,

4 Ouit',//,

input a number (default is 1)')

Else

Nrits(*.3650)

formet(' Simulation complete for this treatment.',/,

Do you went to :',l,

1 Return to Experiment end Treetlont Ienu',/,

2 Display Detailed Outputs on Screen',/.

3 Ouit',//,

input a number (default is 1)')

Endif

raad(5,'(12)',iostatIierr) igo

Call selpro(0,4,igo,index,ierr)

Goto (3700,3800).index

if(iOo.eq.0) igo-1

IF(FCROP.AND.100.EO.3) IUD-4

Goto (3800,3900,4050,4100),igo

Endif

CLOSE(11)

go to 200

if(imulti)Then

Nrite(*,4000)

Format(' Option not available under Nultiple Veer Setting')

Co to 3500

Else

if(Runend) then

Nrite (*,4400)

Go to 3500

Endif

Call dieout

Soto 3500

O
U
I
J
I
U
N
-
I

O
U
I
U
I
N
-
I

ENDFILE(NOUTO)

ENDFILE(NOUT1)

write (nout2,')

ENDFILEINOUTZ)

ENDFILE(NOUT3)

ENDFILE(NOUT4)

IfIOUT5.NE.' ') EIDFILE(NOUT5)

CLOSElNOUTO)

CLOSE(NOUT1)

CLOSE(NOUT2)
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CLOSE(NOUT3)

CLOSE(NOUT4)

IF (OUT5.NE.' ') CLOSEINOUTS)

stop

Foreat(2x,'t',3x,'GRAIN'.ZX,'NATURE'.2X,'ANTNES',5X,'N'

1 ,5X,'I',2X,'E-I',3X,'E-I',2(3X,'IAT'),2(3X,'IIT'),1X,'YR'

2 ,l,6I,'YiELD',2(1X,'BIOMASS'),1X,'UPTAKE',2X,'LOSS',1X,

3 'DAYS', 2X, 'RAiI' ,2(1X, 'STRS1' ,1x,'STRSS'))

Format(1x,i2,3f8.0, 2f6. 0, f5. 0, f6.0,4f6. 1 ,1x,f3.0)

FORMAT (Sx,iZ,1x,i3,fL2,2(1x,f5.1),1x,f5.1,1x,f6.2)

FORNAT (6!, 'END OF HEATHER DATA')

Forlet(' Option not available under Multi--Treatment Setting')

END

C

2950

3000

4200

4300

4400

SUBROUTINE HATBAL (ISUHT,RESP2)

Modified by: J. Lizaso

Septeuber, 1992

8
0
0
0
0

IAG

Include

include

include

include

Include

include

include

Include

Include

iNCLUDE

iNCLUDE

'GEN1.BLK'

'GEN2.BLK'

'GEN3.DLK'

'GEN4.BLK‘

'NMOVE.BLK'

'NTRC1.0LK'

'NTRC2.0LK'

'COMIBS.BLK'

'ENVIRO.DLK'

'NUATBAL.BLK'

'SOILOK.BLK'

REAL FLOUI<21).LEFTNAT.OMERFLOI,PIIF,PONDY,SIOMLT,

&. TRATIO,TSUY,NINF

Iurecen iSNUT, EVFLAO, noov, RNTLAYR

CNARACTER*(‘) 3:392

LOGICAL AIRTEST, NTTEST

C initialize variables

SUBIRRIO.

DRANCEIO.

DEPIRIO.

DRAIN I 0.0

SO I 0.0

EP I 0.0

ES I 0.0

ET I 0.0

EOSI 0.0 '

EOPI 0.0

EVFLAC I 0

ICSDURIICSDUR+1

IOFFIO.

PiNF I 0.0

PONDY I POND

PRECIPIO.

RAIN I RAIN I 10.0

RUNOFF I 0.0

NiNF I 0.0

NTLAYR I NLAYR + 1 ldefault value

NTTEST I .FALSE.

1 for error checking only iAC

I convert to cm.

C Yesterday's water will be used for error checking(in cm )

tswy I 0.0

do 101, L I 1, nleyr

TSNY I TSNY + sw(l)*dlayr(l)

continue

1A0

101



O
0
0
0
0

O
f
.
“
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LEFTNAT I TSNV + POND 1 Total leftover water from yesterday 1A0

00 602 LI1,NLAYR

FLOUUIL)I0.

NFPS(L)I0.

CONTINUE

IF (IIRR.E0.2.0R. IIRR.E0.3) CALL IRRIOE

DEPIR I DEPIR / 10.0 I convert to cm because irrigation is in mm

Precipitation is rain plus irrigation:

PRECIPIRAIN+DEPIR

“EFIO. _

IF (TEMPMX.LE.1..OR .SNON.NE.0.) THEN

CALL SNOUFALL (TEMPMN, PRECIP, RAIN, SNOMLT, SNOU)

ENDIF

TPRECPIPRECIP

CALL CALEO

if there has been any precip or if water romaine in the pond

call the ponding routine

if(Pond.0t.0.0.or.Precip.0t.0.0)Then

CALL PONDINO (KSMACRO,KSMTRX,PiNF,POND,PONDMAx,PRECIP,

1 RUNOFF,SAT,SN)

idrsz.True.

Endif

Error checking in ponding:

ERROR I PONDY + PRECIP - RUNDFF - PINF - POND

IF (ERROR'ERROR . 0T. 0.00001) then

NRITE(',1245) ERROR, DOT

1245 r 1 (I, 15x, 1a,, 50(1N-), 1n. , I, 15x,

C

C

C

n
n
n

204

C

1 ' sauce u HATER BALAI (PONDIIGII'.(F8-‘).' 0°""-'3-'|'
2 /,1sx, 1a , 50(1n-). 1 )

ENDIF

IIIF I PINF '

CALL DRAINAOE(Dlayr,Dul,Sat,Sw,Flowd,!smacro,0verflow,

E Ntlayr,Nlayr,Ninf,idrew,RUTLAYR,NTTEST)

if there has been overflow generated by backup add this to the pond

Pond=Pond+Overflow

if(Pond. gt. PondmexiThen

RunoffIRunoff+Pond--Pondmax

Pond-Pondmax

Endif

DrainIFlowd(Nlayr)

if(iswwt.ge.1)DrainIFlowd(Ntlayr-1)

IF (ISNNIT.NE.0) THEN

CALL NFLUXD(Sat,Dul, Sw,Nlayr,Dlayr, Flowd, chon, SNo3, NNout)

ENDIF

iF (iSNNiT.NE.0.AND.iUON) THEN

CALL NFLUXD<Sat,Dul,Sw,Nlayr,Dlayr,Flowd,chon,Urea,NIout)

ENDIF

Error checking in drainage:

tsw I 0.0

do 204, L I 1, nleyr

TSN I TSN I aw(L)*dlayr(L)

continue

ERROR I LEFTNAT + PRECIP - RUNDFF - ES - EP - POND - TSN - DRAIN

DRAIN is set to 0.0 if NT is on. '

1A0

1A6

1A0

1A0

1A0

IAG

1A6

IAG

1A0

1A0

IAG

1A0

1A0

1A0

IAG

_1Ac
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IF (ERROR‘ERROR . 6T. 0.00001) then 1A0

HRITE(*,1246) ERROR , DOV 1A0

1246 F T (I, 15!, 1hr, 50(1N-), 1N1 , I, 15X, 1A0

1 ' ERROR i! HATER EALAN (DRAINAGE)I',(F7.4),' DOYI',I3,'I' ,

2 1.1511, 111 , 50(1ii-), 1 ) 1A0

ENDIF IAG

C

CALL UPFLOH(Dleyr,Flowu,Sw,LL,SAT,Ad,EOS,Es,Ileyr,DON,DUL)

C

iF (iSHNiT.NE.0) TNEN .

CALL IFLUNU (Ileyr,Sw,Dlayr,SnoB,FlowU,IIOUt)

ENDIF -

IF uswn.ue.o.m.1wu) men

CALL NFLUXU (Nlayr,Sw,Dlayr,Urea,Flowu,NNout)

ENDIF

CESICESOES

C 1A6

C Error checking in UPFLOH: IAO

C , ' 1A0

tsw I 0.0 1A0

do 205, L I 1, nleyr IAC

TSI I TSN + sw(L)*dlayr(L) 1A0

205 continue iAC

iF (ITLAYR.CT.1) TIEI i we dont went ITLAYR°1 to be 0 1A6

ERROR I LEFTHAT I PRECIP - RUNDFF - ES - EP - POND - TSH-DRAII 1A0

ENDIF iAC

iF (ERROR‘ERROR . CT. 0.00001) than IAC

HRITE(*,1247) ERROR , DON 1A0

1247 F T (I, 15x, 1Nr, 50(1N-), 1N1 , I, 15x, IAC

1 ' ERROR I! HATER BALAI (UPFLOI)I ',(F8.4),' DOYI',I3,'|' ,

2 /,1sx, 1N ,_50(1N-), 1 ) . iAC

ENDIF iAC

C

iF (iSHHT.EO.2) TNEN

C

c ,

c I If HT switch is 2, read depth of IT from input :11. I
c ,
C .

READ (410, '(i4,i3)') RDON, RHTLAYR

DO HNILE (.NOT. EOF(410) .AND. (RDOY .LT. DOY))

READ (410, '(I4,I3)') RDOY, RITLAYR

END 00

iF (EOF (410)) TNEN

HRITE(*.*) 'HARNINC: Not found proper HTLYR in HATABLE file'

ENDIF

ENDIF .

iF (iSHHT.OE.1)'TNEN

I 1: IT switch is 1 or 2, call ur routine I

CALL HATABLE (DEPHT,DL1,ILAYR,SAT,SI,ITLAYR,DLAYR,

S SUBIRR,iSHHT)

ENDIF

C

iF (ISHHT.EO.2) TNEN

C

C if HT switch is 2 then:

C * subirrigate when simulated HT is below read HT

C ' drain when simulated HT is above read HT

C 

IF (RUTLAYR.LT.HTLAYR) THEN

C Simulated HT below read HT ----> subirrigate

no 1000 L . RHTLAYR,HTLAYR

SUBIRR I SUBIRR+(SAT(L)-SH(L))*DLAYR(L)
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IF ((SAT(L)-SH(L)) .LT. 0.0) TNEI

HRITE (*,*) 'Problan with HT in HATBAL(266)'

ENDIF

. SH(L)ISAT(L)

1000 CONTINUE

ELSEIF (RHTLAYR.ST.HTLAYR) TNEN

C Simulated HT above read HT ----> drain

CALL DRAINACEIDlayr,Dul,Sat,Sw,Flowd,Ksmecro,Overflow,

S I Hnlayr,Nlayr,Hinf,Idrsw,RHTLAYR,HTTEST)

DRAIN I FLOHD(RHTLAYR-1)

ENDIF

NTLAYR I RHTLAYR

IF (SUDIRR .CE. DRAIN) TNEN

SUBIRR I SUBIRR - DRAIN

DRAIN I 0.0

ELSE

DRAIN I DRAIN - SUBIRR

SUBIRR I 0.0

ENDIF

ENDIF

C

DEPHT I DL1(HTLAYR)

C

C ** Hrite in 'OUT6' output file '*

C

IF ((RESP2.E0.'Y'.OR.RESP2.E0.'Y').AND.(ISUHT.0E.1) ) TIEN

HRITE(370, 1178) DON, DEPNT, SUOIRR, DRAIN, POND, RUNDFF

1178 FORMAT (/,'DOY ',I3,7k,' DEPUT I ',F6.2,/,'SU8IRR I ',F5.2,

1 ' DRAIN I ',F5.2,' POND I ',F5.2,' RUNDFF I ',F5.2)

ENDIF

Print out results for each layer:

O
O
H

1r (nesrz.£o.-v'.oa.nes92.£o.-y') TNEN

iF (1sw01.eo.0) TNEN

HRITE (370, '(/,A, i3,A, F9.4,A, r9.&)- ) - DOY I ', DOV,

1' 05901 I ',DEPUT

ENDIF .

HRITE (37o, 1210)'0EPTI','FLOUD','FLONU','SIlL)','SAT(L)'

00 1150 L I 2, ILAYR

HRITE(370, 1200) 0L1(L), FLOHD(L), FLOHU(L), SH(L), SATlL)

1150 coutnuue

1210 FORMAT (A5,A9,1X,A9,4X,A6,3X,A8)

1200 FORMAT (F4.0, 4(1x, 59.4))

mm

 

G
O
O

_

Calculate water deficit for automatic irrigation ‘ I I

if(iirr.eq.3)Then

CALL NATDEF (ATIETA, CUMDEP, DLAYR, DSOIL, DUL, LL,

NLAYR,SH,SHDEF)

Endif

C Add up PESH throughout the soil profile:

PESH I 0.0

no 300, L I 1,NLAYR

resw I PESH + ((SH(L) - LL(L)) * DLAYR(L))

300 cou11u00

iF (iSTACE.GE.6) THEN I if no plants, that is, no need for roots, uptake

ETIES

CETICET+ET

CRAINICRAIN+PRECIP

ELSE '

1A0

1A0

1A0

1A0

1A0

1A0

IAG



2800

2000

3800

0
0

b
U
N
d

1£I7'

if(iSH002.EO.1) than

CALL ETRATIO (LAI,RLF,RLFC,TempI,UAVC,TRATIO,COZ)

Else

TratioI1.0

Endif

Continue

iF (CRORT.CT.0.0 .OR. (CROP .EO. 'NZ' .AND. ASD .ST. 0.0) .OR.

(CROP .EO. 'NZ' .AND. ASDZ .CT. 0.0)) THEN

CALL MTCRGI (CRIP, CIDEP, DEPMAX, DLAYR, DTT, DUL, ESH,

GRORT, iSHNiT, L1, LL, NLAYR, N03, NN4, PNINT,

‘ PLANTS, RLV, RLDF, RNFAC, RTDEP, SH, SHDF,

SHDFI, SHDF3, HR, 00, DEPHT, iSTACE, LRTDEP,

POND, SAT, wtleyr,'iswwt)

K I 1

CUMDEP I DLAYRIK)

DO HHILE (CUMDEP.LT.RTDEP)

K I K + 1 -

CUMDEP I CUMDEP+ DLAYR(K)

ENDDO

LRTDEP I K

ENDIF

iF (CROP.EO.'N2') THEN

AiRTEST I .FALSE.

DO 2000, L I 1,LRTDEP

iF (HFPS(L).ST.CHFPS) THEN

AiRTEST I .TRUE.

ENDIF

CONTINUE

ENDIF

I . Oxygen Stress Routine J

iF ((AIRTEST.OR.ASD.0T.0..OR.ASDZ.CT.0.).AID.CROP.E0.'IZ') THEN

CALL OXSTRESS (LRTDEP,DEPNT) '

ENDIF

 

 

Continue I

CALL HUPTAKE(Rwucon,Sw,Ll,Rlv,Dleyr,Eop,EP,Nlayr,LAi,EO,ES,

TRATIO, POTRHUT)

CALL we1ass (cso1, csoz, EP, :09, POTRHUT, swor1, SHDFZ)

ET I ES I EP

CEPICEPIEP

CETICETIET

CRAINICRAINIPRECIP

ENDIF I end if plants exist in the field

Calculate net water flow

00 LI1,Nlayr

Flown(L)IFlowd(L)-Flowu(L)

Enddo

1

2

writing headings for output file

iF (MOD(DOY, 21).EO.2) THEN 1A6

HRITE(380,3000) Ioow', 'TSH -,-1swv-, 'es',-er',-Pnec',

'inn1-,-suaxa', 'DRAiI', -pouo-,'nuwor',

('swt',1 , '1', J I 1, ILAYR)

ENDIF

write daily output:

IF (ISNHT.E0.0) THEN

HRITE (380, 3001) DOT, TSI,TSIY,ES,EP,PRECIP, DEPIR,‘ N/A ',

DRAIN, POND, RUNDFF, (SN(J). J I 1, NLAYR)

ELSEIF (ISNUT.E0. 1) THEN

1

HRITE(380, 3002) DOT, TSN, TSHT, ES, EP, PRECIP, DEPIR, ' N/A ',

- . ' N/A ', POND, RUNDFF, (SN(J). J I 1, NLAYR)
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3001
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ELSE

HRITE (380, 3003) DOY, TSN,TSNY,ES,EP,PREC1P, DEPIR, suntan,

1 DRAIN, roan, nuuorr, (39(4), J . 1, NLAYR)

ENDIF

FORMAT (I,AA,10(1X, A7). 20(1X, AA, 12, A2). I )

FORMAT (16, 6(1X, F7.2),1X,A7,3(1X,F7.2).20(1X, F8.‘))

3002 FORMAT (14,'6(1x, r7.2).2(1x,A7),2<1x,$7.2).zocix, F8.‘))

3003

0
0
0

0
0
0
0
0
0

0
0

0
0

0
0
0
0

FORMAT'llb, 1ox1x, r7.2).2o<1x, ra.4)),

RETURN ‘ '

END '

SUBROUTINE DRAINACE(Dlayr,Dul,Sat,8u,Floud,Ksnacro,Overflou

1 ,Htlayr,Nlayr,Uinf,1drsu,RUTLAYR,NTTEST)

This subroutine drains water downward. The routine also

acconodates the effects of a water table and a layer restricting

drainage.

Real Olayr(*),Oul(*),Flcon,Sueq1,SHqu,Floud(0:*),Sat(*).

C Su(*),SHy,Hinf,Excess,Overflou,Ksuacro(*),Nold,Uexcess(21)

integer Nlayr,Utlayr,RUTLAYR,UT

Logical ldrsu,UTTEST

ldrsuI.False.

FLCON I -0.2

EXCESS I 0.0

OMERFLON I 0.0

Zero out Excess array before calculating drainage

1F(.NOT.NTTEST) TNEN

Floule) I Ninf

Do LI1,nlayr

PloudlLiIO.o

Enddo

ENDIF

DO LI1,NLAYR

NEXCESSlL)IO.0

ENDOO

Drainage Loop - down to water table layer HTLAYR (or RHTLAYR), if any:

ISTARTI1

HTIUTLAYR

1F (HTTEST) THEN

ISTARTIUTLAYRf1 I maybe IHTLAYR-1 77????

HTIRUTLAYR ‘

ENDIF

00 L I ISTART,AIin1(UT-1,Nlayr)

Say I SulL)

Only drain Hater above DUL

lflSulL)*FloudlL-1)lDlayr(L).Ct.Dul(L)f0.001)Then

Calculate equilibrium water content for both held uaterlSNEOi)

and drained uater(SNEOZ) and potential flow fro. that layer

Sueq1 I Dul(L) + (SatlL)—Dul(L))*

L (1-Expcrlouch-1)*rlcon))

Suqu I Say - ((Suy - DullL))*0.5)

SulL) I Amax1($ueq1,$ueq2)

1F (SN(L).GT.SAT(L)) THEN

HEXCESSlL)'SH(L)'SAT(L)
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SNlL)ISAT(L)

ENDIF

PloudlL) I (SHY‘UEXCESSCL)*FLOH6(L'1)IDLIYTCL)'SH(L))

C *Dlsyrlli

1F (FLOUDlL).LT.0.) TNEN

80¢L)ISU(L)+FLOND(L)IDLAYR(L)

FLONDlLiIO.

ENDIF

[draw-.True.

Check that KaNacro does not constrict potential flow ~ if so coepute

an excess uhich uill be used to back uater up-

if (.NOT.NTTEST) TNEN

1F (Floud(L).gt.Ksaacro(L+1).or.L.aq.utlayr-1i Then

ExcessIFloudlL)-Ksuacro(L+1)

Floud(L)IKseacro(L+1)

if necessary back ueter up fro: Excess . loop starts where we are at

and runs back to surface - if there is still excess this is put into

the pond. Excess aust be an array since there IIY be sore than one

flou constriction point in the profile

K I L

00 HNTLE ((K.CT.0).ANO.(EXCESS.OT.0.0))

1drsuI.True.

Hold-(Sath)-SN(K))*Dlayr(K)

lf(Excess.lt.Nold)Then

SulK)ISH(K)+ExcessIDlayr(K)

ExcessI0.O

Else

SufK)ISat(K)

Excess-Excess~Nold

Endif

K I K -1

ENDOO

Endif

ENOiF

Hhen a low KsNacro occurs it will redirect flou upward fro.

the layer uhere the restriction occurs - it is correct that

FLOND(L) should be negative then - but it is doubtful these

circumstances would generate lass flow of nitrate - hence

FloudlL) is set to zero

If (Floud(L).lt.0.0) THEN

HRITE (*,') 'FLOUD<0. L, FLOHD', L,FLOUD(L)

FloudlL)I0.0

ENDIF

If water content is less than DUL, no flous:

Else

SNCL)ISN(L)+FLOND(L-1)lDLAYRiL)

FloudlL)I0.0

Endif

Excess water from surface layer is redirected to the pond

Overflow-overflow + Excess

ENDOO 1 End drainage loop for this layer-°nove one deeper

NTTEST I .TRUE.

Return

End
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SUBROUTINE UPFLOUlDlayr,Flowu,Sw,LL,SAT,Ad,EOS,Es,Nlayr,DON,DUL)

Subroutine to si.ulate water redistribution in the profile

following evaporation

Coupute Naxiau. water loss fro. top three layers as a function

of their .oisture contents

INTEGER DOV

Real Ad(3) ,Dlayr(*),Dswl3), FlowulD:20), Swi'). Ll(*),8AT(*).

C EDS,Es,Diff ,DULl‘)

new“) is initialized at the beginim of. warm

Do LI1,3

Adll)IlD.109+D.469'(LL(L)-0.35)‘*2) 'LLlL)

nddo

Dsw(1)I0.5*(0.5+EOS)*($w(1)-Ad(1))**1.4*Dlayr(1)

lFlSU(1). 6T .DUL(1)0.02) DSN(1)'(SU(1)O.02-AD(1))*0.80‘DLAYRl1)

Dsw(2)IO.D75*(Sw(2)-Ad(2))**1.6*Dlayr(2)

1F(SU(2). GT.DUL(2)0.02) DSNCZ)I(SN(2)0.02“AD(2))*0.12*DLAYRCZ)

Dsw(3)I0.06*(Swl3)-Ad(3))**1.5*Dlayrl3)

1F(SH(3).GT.DUL(3)0.02) DSNl3)'(SU(3)0.02AD(3))*0.032*DLAYR(3)

Soil evaporation is the su. of these

EsIDsw(1)+Dsw(2)+Dsw(3)

Ensure Es does not exceed EOS - if so scale back DSN

lf(Es.Ct.EOS)Then

Do LI1,3

DswlL)IDsw(L)*EOSIEs

Enddo

EsIEOS

Endif

Colpute a talporary change in water content of layer 3

Swl3)ISw(3)Dsw(3)/Dlayr(3)

Flowul2)ID.0

Calculate diffusivities and fluxes for layers 6 to Nlayr

1F (30(3).LT.DUL(3)) THEN

Do LI3,Nlayr-1

KIL-1

NIL+1

DiffI0.S*Exp(60.0*((Sw(N)-LL(N))f

& . (Sw(L)-Flowu(K)/Dlayr(L)-LL(L)))/2.0)

if(Diff.Gt.SD.0)DiffI50.0

Flowu(L)I(Sw(H).DUL(N)+FlowulK)/Dlayr(L)-Sw(L)+DUL(L))*

A Diff/((Dlayr(L)+Dlayr(N))/2.0)

if(FLOHU(L).LT.0.) FLONU(L) I 0.

Flowu(k) Novas water fro. L to L-1 , Flowu(L) fro. L+1 to L

Sw(L)ISw(L)-Flowu(K)/Dlayr(L)+FlowulL)/Dlayr(L)

Enddo

Flowu<Nlayr)I0.0

Sw(Nlayr)ISw(Nlayr)‘Flowu(leyr-1)/Dlayr(Nlayr)

ELSE

DO LI3,NLAYR

FLONU(L)I0.

ENDDO

ENDIF

Compute moisture content and Flows in top two layers
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Flowu(2)IDsw(3)

Plowul1iIFlowu(2)+Dsw(2)

FLOUUlO)IFLOUU(1)+DSH(1)

Sw(Z)ISw(2)-Dsw(2)lDlayr(2)

Sw(1)ISw(1)-Dsw(1)/Dlayr(1)

c Some checking

oo LI1,NLAYR-1

iFlFLOUUlL).LT.0.) TNEN

HRITE (*,*) 'FLOUU <0.', DOY,FLOHU(L)

FLOUU(L) I 0.

ENDIF

IF(SN(L).CT.SAT(L)) THEN

HRITE (*,*) '89 > SAT; SH, SAT: ',DOY,SU(L),SAT(L)

SUlL)I$AT(L)

ENDIF

ENDDO

Return

End

SUDROUTINE NFLUXDlSat,Dul,Sw,Nlayr,Dlayr,Plow,8wcon,8pac,NNout)

c

c Downward flow Leaching routine

c

c by: D. Godwin

c Septeuber, 1992

c

c modified by: J. Lizaso

c November, 1992

c .

c Leaching subroutine - depends on Flow fro. water Balance subroutine

c

SDEBUC

c

Real Sat(*),Dul(‘),Sw(*),FLOH(*),Spec(*),NNout(*),chon(*),

R Dlayrl'),Outn,choeff,Nvel,D.ax,Past,SLow,Voleq,Outn1,0utnz

c .

c Spec(*) is soil nitrogen species - can be either Nitrate or urea

c

Integer Nlayr,L

OutnI0.O

choaffIO.05

Do LI1,Nlayr

SpecllIISpec(l)*Outn

c

c If No flow bypass for this layer

c ,

llelowlL).Gt.0.0)Then

c

c Calculate volume of water in layer and .axinu. drainage fro. this layer

‘c

UvolISwCl)*Dlayr(L)

DnexI(Sat(l)-Dul(l))‘chon(l)

c

c If Flow is greater than drainage - partition it into slow and fast

c

Ilelowll).gt.D.ax)Then

Fast-FlowlLi-Duax

Slow-Flow(L)-Fast

Else

FastI0.D

SlowIFlow(L)

Endif
c .

c Leach out nitrate with piston flow for slow drainage

c

OutniISIow/UvolPSpeclL)
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For fast drainage calculate the nulber of volune equivalents

passing through the layer

0
0
0

Voleq I 1.0 ‘

if (fast.gt.0.) VolquFest/Uvel

choeff could be a soil property dater.ining degree of equilibration

of nitrate with fast .oving water

0
0
0
0

OutnzIFast/(FestIUvol)*Voleq*Spec(L)*eqcoeff

0
0

Move leechate fro. L - will be added to L+1 at top loop

OutnIOutn1+Outn2

Spec(I)ISpec(l)-Outn

Else

OutnI0.D

Endif

NNout(l)IOutn

Enddo

Return

End

SUIROUTINE HATABLE (DEPUT,DL1,NLAYR,SAT,SU,UTLAYR,DLAYR,

8 SUDIRR,ISUHT)

Nodified by: J. Lizaso

Septerar, 1992

0
8
0
0
0
”

E

REAL DEPHT, DL1(*). SAT(‘), SUC‘), DLAYR(*)

INTEGER ISHIT, NLAYR,1ITLAYR

(
1

IF ((SWNLAYR) .LT. SATINLAYR” .AND. (ISHIT .E0. 2)) THEN

SUDIRR I SUDIRR + (SAT(NLAYR)-SU(NLAYR)) * DLAYR(NLAYR)

ENDIF

DEPUT I DL1<NLAYR)

SUlNLAYR) I SAT(NLAYR)

K I NLAYR - 1 I a teuporary layer counter

DO UHILE ((ADSCSU(K)-SAT(K)).LT.0.00001).OR.

C (ABS(SUlK-1)-SAT(K-1)).LT.0.00001).AND.(K.GE.1))

DEPUT I DL1(K)

K I K - 1

ENDDO

UTLAYR I K 4' ‘I

DO 755 L I UTLAYR, NLAYR

SU(L) I SAT(L) I saturate all layers below wt layer

755 CONTINUE ,

RETURN

END

SUBROUTINE ROOTGROU(CROP, CUMDEP, DEPNAX, DLAYR, DTT, DUL, ESU,

GRNT, ISUNIT, L1, LL, NLAYR, N03, N114, PIIINT,

PLANTS, RLV, RLDF, RNFAC, RTDEP, SN, SNDF,

SUDF1, SUDF3, UR, DD, DEPHT, ISTAGE, LRTDEP,

POND, SAT, wtlayr, iswwt)

Modified by: J. Lizaso

August, 1992

‘
O
I
N
N
-
I

EBUG

INCLUDE 'SOILOK.8LK'

REAL CUMDEP, DLAYR(*), DEPNAX, DTT, DUL(*), ESU(*), GRORT, LL(*),
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1 ram, PLANTS, iiosm, mum), com, TRLDF, norm, squ,

2 RLNEU, RLV(*), RLVF, RNFAC, RTDEP, sm'). sum. SIDF, SIDFS,

3 im‘)

unseen L1, iswiiii, ISHIT, sum:

CHARACTER sitar-(*3

Critical CUFPS and Nexi.u. KUFPS Uater Filled Pore Space

CUFPS I 0.65

XUFPS I 0.93

TRLDF I 0.

CUMDEP I 0.

SUDF3 I 0.0

RNFAC I 1.0

TRLVY I 0.

TRLVLOSS I 0.

DO L I 1, NLAYR

RLVLOSS(L) I 0.

TRLVY I TRLVY + RLV(L)

END DO

IF (Crop.EO.'IIII' .oa. Crop.EO.'BA') iiLiiEii - mmms-iiuurs

IF (Crop.EO.'SC') RLNEII - snowman-ruins

iF (Crop.EO.'NL') RLNEU - cacar*0.ao*ruuis

IF (Crop.ED.'112') TIIEN

IF ((ISTAGE.LE.3) .AND. (XASD2.GT.2.0)) TIIEN

IF (DAN .GT. 15) quu

RLNEU - mmmrwrs

ELSE

RLNEII - WTIOJIPLANTS

ENDIF

ELsE '

RLNEU - MT'OJDIPLANTS

ENDIF

ENDIF

00 L I 1, NLAYR

L1 I L

Total porosity TPORE and water filled pore space UFPS

TPORE(L) I 1.0 - (80(L)/2.65)

UFPS(L) I SU(L)/TPORE(L)

IF (UFPS(L) .GT. NUFPS) UFPS(L) I XUFPS

Layer aeration factor LAF

LAF(L) I (1. - UFPS(L))/(1. - CHFPS)

IF (UFPS(L) .LE. CUFPS) LAF(L) I 1.

IF (L .CT. 1) THEN

IF (LAF(L - 1) .LE. (0.1/(1. - CUFPS))) LAF(L) I LAF(L - 1)

END IF

CUMDEP I CUMDEP + DLAYR(L)

SUDF I 1.

IF (SU(L) ' LL(L) .LT. 0.25‘ESU(L)) SUDF I 4.‘(SU(L) ' LL(L))

1 IESU(L)

IF (SUDF .LT. 0.) SHDF I 0.

IF (ISUNIT .NE. 0) THEN

RNFAC I 1.0 ° (1.17‘EXP( ‘ 0.15‘(NOB(L) I NN‘(L))))

IF (CROP .EO. 'UH' .OR. CROP .EO. 'DA') TNEN

IF (RNFAC .LT. 0.01) RNFAC I 0.01

ELSE

IF (RNFAC .LT. 0.1) RNFAC I 0.1

END IF

END IF
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RLDF(L) I ANINI(SUDF, RNFAC, LAF(L))*UR(L)

IF (CUMDEP .GE. RTDEP) 0010 10

SUDF3 I SHDF3 I (SU(L) ° LL(L))/(0UL(L) ' LL(L))*DLAYR(L)

TRLDF I TRLDF I RLDF(L)

END DO

COTO 20

IF (CROP .EO. 'UH' .OR. Crop .EO. 'DA') THEN

RTDEP I RTDEP I DTT‘0.22*ANIN1((SUDF1'2.0), SHDF)*95.IPHINT

ELSE

IF (ISTAGE .LE. 3 .OR. (ISTAGE .E0._6 .AND. RTDEP .LT. 50.)

.OR. (ISTAGE .EO.'5 .AND. RTDEP .LT. 30.)) THEN

IF (NDF .E0. 0) THEN

IF (XASDZ .GT. 2.0) THEN

RTDEP I RTDEP I DTT‘0.22*ANIN1((SHDFI'2.0), SUDF, EXP

( ‘ ASDZ‘0.3))

ELSE

RTDEP I RTDEP I DTT‘0.22*AHIN1((SHDFT‘2.0), SUDF, LAF

(L)'3.0)

END IF

END IF

IF (RTDEP .CT. DEPUT .OR. SAT(L) ' SU(L) .LT. 0.0001) THEN

NDF I NDF I 1

ELSE

NDF I 0

END IF

IF (NDF .OT. 5) THEN

IF (ISUHT .LT. 1) THEN

RTDEP I 0.

II I 1

DO UHILE (SAT(II) ' SU(II) .LT. 0.0001 .AND. II .OT.

1)

II I II ° 1

END 00

DO I I 1, II

RTDEP I RTDEP I DLAYR(I)

END 00

RTDEP I RTDEP - DLAYR(II)/2.

ELSE IF (UTLAYR .CE. 2) THEN

RTDEP I DEPUT - DLAYR(IItllyI' - 1)]2.

ELSE

RTDEP I DEPUT

END IF

ndf I 0

See Tholson et al. (1990) and Drew et al. (1985)

for references on depth of aerenchymatous roots

IF (RTDEP .LT. 20. - POND) THEN

RTDEP I 20. - POND

NDF I 1

END IF

N I 1 ,

DEPCUH I DLAYR(N)

DO HHILE (RTDEP .GT. DEPCUH)

N I N I 1

DEPCUH I DEPCUH I DLAYR(N)

END 00

LRTDEP I N

L1 I N

END IF

END IF

IF (ISTAGE .E0. 4 .AND. RTDEP .OT. 50. .AND. NDF .CT. 0) THEN

NDF I 0

RTDEP I DEPUT

END IF

END IF

IF (RTDEP .GT. DEPHAX) RTDEP I DEPHAX

RLDF(L) I RLDF(L)*(1. ' (CUMDEP ' RTDEP)IOLATR(L))

TRLDF I TRLDF I RLDF(L)

SUDF3 I SHDF3/CUHDEP .

IF (TRLDF .GE. RLHEU'0.00001) THEN
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RNLF I RLNEH/TRLDF

IF (CROP .EO. 'UH' .OR. Crop .EO. '8A') CUMDEP I 0.

00 L I 1, L1

IF (CROP .EO. 'UH' .OR. Crop .EO. 'DA') THEN

CUMDEP I CUMDEP I DLATR(L)

RLV(L) I RLV(L) I RLDF(L)*RNLFIDLAYR(L) ' 0.01*RLV(L)

IF (CUMDEP .GE. 115.) THEN

RLVF I 0.377 - 0.0015*CUHDEP

IF (Crop .EO. 'DA') RLVF I 6.‘10E°5*(CUNDEP - 220.)*

*2

IF «mu m. awn RLV(L)‘I RLVF

1" . .

ELSE

IF (ISTAGE .LE. 2) THEN

RLVLOSS(L) I (1. ° LAF(L))*0.075*ASD*RLV(L)

ELSE IF (ISTAGE .E0. 3) THEN

RLVLOSS(L) I (1. ' LAF(L))*0.025‘ASD‘RLV(L)

ELSE IF (XASDZ .LT. 2.0) THEN

RLVLOSS(L) I (1. ° LAF(L))‘0.01*TRLVY*RLV(L)

ELSE ‘

RLVLOSS(L) I (1. - LAF(L))‘0.02*TRLVY*RLV(L)

END IF

IF (RLVLOSS(L) .CT. RLV(L)) RLVLOSS(L) I RLV(L)

TRLVLOSS I TRLVLOSS I RLVLOSS(L)

IF (ISTAGE.LE.3) THEN

RLV(L)IRLV(L)IRLDF(L)‘RNLFIDLAYR(L)'0.005*RLV(L)°

1 RLVLOSS(L)

ELSE

RLV(L)IRLV(L)IRLDF(L)*RNLF/DLAYR(L)'0.05*RLV(L)'

1 RLVLOSS(L)

ENDIF

IF (RLV(L) .CT. 5.0) RLV(L) I 5.0

END IF

IF (RLV(L) .LT. 0) RLV(L) I 0.001

END 00

- DO I I 11 + 1, nleyr

If (RLV(L) .CT. 0.) THEN

RLVLOSSIL) I RLV(L)

TRLVLOSS I TRLVLOSS + RLVLOSSIL)

rlv(l) I 0.

END If 3

END DO

END IF

RETURN

END

SUBROUTINE CROSUC(CUNDELAY)

Modified by: J.Lizaso

' ' Septeebar, 1992

Issue
INCLUDE 'gen1.blk'

INCLUDE 'gen2.blk'

INCLUDE '9en3.8lk'

INCLUDE 'gen6.blk'

INCLUDE 'Ntrc1.81k'

INCLUDE 'Ntcm.8LK'

INCLUDE 'Conib8.8lk'

INCLLDE 'Envi i‘O.BIk'

INCLUDE 'Soilox.8lk'

REAL LABIO, LFDELAY, NSINK, NPOOLT, NPOOLZ, NPOOL, NSDR

IF (ISUNIT .NE. 0 .AND. Istage .LT. 7) CALL NFACTO

PAR I 0.5*SOLRAD

tt I 0.92‘exp( - 0.82356IROUSPC)

y1 I exp( - D.6S*lai)
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Y2 - 007..“ ' tt't.‘)

PCARD I 4.5'psr/plsnts*(1. - s-sx1(y1, y2))

c Adjusts photosynthesis rats for vsrisbls 002

IF (ISNCOE .E0. 1) PCARB I PCARB‘PCDZ

PRFT I 1. - 0.0025*((0.25*TEHPHN + 0.75'TEHPHX) - 26.)'*2

IF (PRFT .LT. 0.) PRFT I 0. '

IF (XASD2 .GT. 6.0) THEN

IF (XASDZ.GT.XXASDZ) THEN .

XXASDZIXASDZ

ELSEIF (ISTAGE .LE.3)-THEN

AAF I AAF - 0.095

IF(AAF.LT.0.) AAF-0.

ENDIF -

SADEF I'EXPc-AAF * 0.15)

ELSE IF(XASDZ.LT.2.) THEN

XXASDZIXASDZ

AAF I 6.0

SADEF-1.0

ELSE

IF (XAS02.CT.XXASDZ) THEN

XXASDZIXASDZ

AAFFIXASDZ

ELSEIF (ISTAGE .LE. 3) THEN

AAFF I AAFF-0.095

IF (AAFF.LT.0.) AAFFIO.

ENDIF

SADEF I 1.36 - 0.18 I AAFF

ENDIF

CARBO I PCARB'ANIN1(PRFT, SUDF1, NDEF1, SADEF)

IF (Dtt .LT. 0.) Dtt I 0.

IF (ISTAGE .LE. 3 .AND. xn .LT. tlno) THEN

LFDELAY I 1.

IF (ASD .GT. 1.) THEN

IF (XSTAGE .LE. 2.0) THEN

LFDELAY I EXP( ' ASD*0.01)

ELSE IF (ASD .GT. 2.0) THEN

LFDELAY I EXP( ' ASD‘0.15)

END IF

END IF

Pc I 1.

IF (CUMPH .LT. 5) PC I .66 + 0.060‘CUNPH

TI I DTT/(38.9'PC)

CUMPH I CUMPH + TIILFDELAY

CUNDELAYICUHDELAY+DTT*(1.-LFDELAY)

XN I CUNPH + 1.

LN I XN

END IF .

IF (ISTAGE .E0. 2) THEN

PLAD I 2.0‘XN*XN*TI'snin1(ndefZ, sude, EXP( - ASD

1 *0.2))

PLA I PLA + PLAG

XLFNT I (FLA/267.)'I1.25

CRDLF I XLFNT - LFNT + TLABIOL

IF (GROLF .CE. CARBO‘0.75) THEN

GROLF I CARBDIO.75

PLA I (LFNT - TLADIOL + GROLF)**0.0*267.

END IF

GRORT I CARBO - GROLF

IF(ASDZ.6T.1.0) THEN

LABIOIGRORT*(1.-EXP(-ASDZ*0.6))

CRORTIGRORT-LABID

CR0LFIGROLF+LABIO

TLABIDLITLADI0L+LABI0

C PLA I (LFNT + GROLF - TLABIOL)**0.8*267.

ENDIF

LFNT I LFHT + CROLF
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SLAN I SUROTTIPLA/TOOOO.

LFNT I LFNT - SLAN/600.

ELSE IF (ISTAGE .EO. 3) THEN

IF (RN .LT. 12.) THEN

PLAG I 3.5IXNIXNITII ANIN1(SNDF2,NDEF2,EXP( - ASD

*0.1))

GRDLF I O.OO116*PLAO*PLAI*O.25

GRDSTN I GRDLF*0.0182*(XN - XNTT)**2

ELSE IF (XN .OE. TLNO - 3.) THEN

PLAG I 170.I3.5/((XN + 3. - TLN0)**0.5)*TII

ANIN1(SUDF2,NDEFZ,EXP( - ASOIO.OS))

CRDLF I 0.00116IPLAGIPLA**0.25

GROSTN I 3.5'3.1*TIIANIN1(SUDF2,NDEF1,EXP(-ASD*0.05))

ELSE

PLAG I 3.5'170.*TI*ANIN1(SNDF2,NDEF2,EXP(-ASD

*0.1))

GRDLF I 0.00116'PLA6*PLA**0.25

GROSTH I GRDLF*0.0182*(XN - XNTI)*I2

ENO IF

GRORT I CARBO - GROLF - GRDSTN

IF (GRORT.LT.0.10*CARBO) THEN

IF (GROLF .SE. 0.0 .OR. GROSTN .OE. 0.) THEN

GRF I CARBO*0.90/(GROSTN I GROLF)

GRORT I OAEOOIO.TO

ELSE

car I 1.0

END IF

GRDLF I 0RDLFIGRF

GRDSTN I GROSTN*GRF

ENO IF

PLA I (LFHT I GROLF)“0.8*267.

IF( A802.GT.1.0) THEN

LABIOIGRDRT*(1.-EXP(-ASDZI0.6))

GRORT-OEORT-LAOTO

GROSTNIGROSTN+LABIO

TLADIDSITLABIOSILABIO

ENDIF

LFNT I LFNT I GROLF

SLAN I FLA/1000.

LFNT I LFNT - SLAN/600.

STRUT I STRUT + GROSTN

ELSE IF (ISTAGE .EO. 6) THEN

GROEAR I 0.22'0TT'uin1mdsf2, sUdf2)

GROSTN I GROEAR*0.6O

GRORT I CARBO - GROEAR - GROSTN

IF (GRORT .LT. 0.08*CARBO) THEN

IF (GROEARL.CT. 0.0 .OR. GROSTH .cE. 0.) THEN

GRF I CAR80I0.92/(GR0EAR I CROSTN)

GRORT I OAROOIO.OO

ELSE

GRF I 1.0

END IF

GROEAR I CROEARIGRF

GROSTN I OROSTRIOET

ENO IF

SLAN-PLA*(0.05+(SOROTT+O0ROELAT)Izoo.*o.05)

LFNT I LTUT - SLAN/600.

EARNT I EARNT + GROEAR

STRUT I STRUT . GROSTN

SUHP I SUNP + canao

IDURP I IDURP + 1

ELSE IF (ISTAGE .E0. 5) THEN

IF (PLANTS .EO. 0.01) OOTO 50

IF (CARBO .EO. O.) OOTO 10

SLAN I PLA*(0.1 + 0.50*((SUHDTT+CUHDELAY)IP5)**3)

LFNT I LFNT*0.9990

REFILL I 0.0

no I I 1, a

TTNP I TEHPNN I THFAC(I)*(TENPNX - TENPHN)
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IF (TTNP .GT. 6.0) RGFILL I RGFILL I (1.0 - 0.0025‘(TTNP -

1 26.)**2)/8.

END 00

GRDGRN I RGFILLIGPP*G3*0.001*(0.65 I 0.55‘sudf1)

IF (RGFILL .ST. 0.1) SOTO 20

ENAT I ENAT I 1

IF (EHAT .ED. 1) SOTO 30

10 SUHDTT I 95 .

IF (IPHDUT) URTTE (I, 5000) our

(IF (IPHDUT) NRITE-(noutI, 5000) DON

m _EMTI0

so MMTIm

GROSTN I moo - GRDGRN

- IF (GROSTN .LT. 0.) THEN

STRUT I STRUT I canoe - GROGRN

IF (STRUT .LE. SURTUIT.OT) THEN

STRUT I STRUT I LFNTI0.0050

IF (STRUT .LT. SURTN) THEN

STNUT I SUNIN

GRDGRN I CARDD

END IF

END IF

ELSE

STNNT I STRUT + GROSTN‘0.50

GRORT I GROSTH'0.50

END IF

IF (ISNNIT .NE. 0) THEN

c********** GRAIN N ALLDNED T0 VARY SETNEEN .01 AND .018.

C*******I** HIGH TEHP., LON SOIL HATER, AND HIGH N INCREASE GRAIN N

SFAc I 1.125 - .125'SUdf2

TFAC I 0.69 + 0.0125‘TENPN

GNP I (0.00‘ I 0.013'NFAC)*ANAX1(SFAC, TFAC)

NSINK I GROGRN‘GNP

IF (NSINK .NE. 0.0) THEN

RNNC I 0.75IRCNP

IF (RAND .LT. RHNC) RANc I RHNc

VANC I STDVN/STDMNT

IF (VANC .LT. VNNC) VANC I VNNC

NPODL1 I STOVNT*(VANC - VHNC)

NPDDLZ I RTNT‘(RANC - RNNC)

xnf I 0.15 + 0.25*nfsc

tnlsb I xnf‘npoolI

rnlOb I xnf'npoolz

npool I tnlab I rnlsb

IF (ICSDUR .ED. 1) GP? I ANIN1(GPP*NDEF3, (NPDDL/(.062

1 *.0095)))

NSDR I NPDDLINSINK

IF (nsdr .LT. 1.0) nsink I nsInRInSdr

IF (nsink .GT. tnlsb) THEN

STDVN I STDVN - tnlab

rnout I nsink - tnlsb

rootn I rootn - rnout

RAND I RODTN/RTUT

ELSE

STOVN I STOMN - NSINK

VANC I STDVN/STOVUT

END IF

END IF

GRAINN I GRAINN + NSINK

END IF

GRNNT I GRNNT + GROGRN

EARNT I EARNT + GROGRN

IF (STRUT .GT. SHHAX) STHUT I SUHAX

ELSE IF (ISTAGE .ED. 6) THEN

GDTD £0

ELSE

c

c IstagoII

c .
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PLAG I 2.0'XNIXNITIIANIN1(SNde, EXP( - ASD*0.2))

IF (XN .LT. I.) PLAG I 1.0‘XN‘TI‘ANIN1(Sde2,

S EXP('ASD*0.2))

A PLA I PLA I PLAG

XLFUT I (FLA/250. )**1.25

IF (XLFUT .LT. LFUT-TLABIDL) XLFUT I LFNTTLABIDL

GRDLF I XLFUT - LFUT I TLABIDL

GRORT I CARDD - GROLF

IF (GRORT .LE. 0.25ICAR00) THEN

GRORT I CARBO'0.25

SEEDRV I SEEDRV I CARBO - GROLF ° GRMT

IF (SEEDRV .LE. 0.) THEN

SEEDRV I 0.

GRDLF I CARBO‘0.75

PLA I (LFUT - TLADIDL I GRDLF)**0.8*267.

END IF

END IF

IF (ASDZ.GT. 1 .0) THEN

LABIOIGRDRT*(1. 'EXP(ASDZ'0.6))

GRORTIGRORT-LADID

GROLFIGROLFILABID

TLADIDLITLABIDLILADID

PLA I (LFNT I GRDLF - TLABIDL)*‘0.0*267.

ENDIF

LFNT I LFUT I GRDLF

IF (0RDLF .GT. 0.) SLAN I SUNDTT‘PLA/10000.

LFNT I LFUT . SLAN/600.

END IF

End Of IF secordlno to ISTAGE

IF (CARDD .EG. 0.0) CARDO I 0.001

PDNI I PCARB*(1.0 - GRORT/CARGO)

PGRORT I PCARB‘GRDRT/CARBO

SLFN I 0.95 I 0.05ISUDF1

SLFN I 0.95 I 0.05‘NOEF2

IF (IST;GE.E0.‘ .AND. XASDZ.LT.6.0) SLFN I 0.90 I 0.02*NDEF2

ISLFA I .90 0.002*(10. ' ASD)

SLFC I 1.0

IF (LAI .GT. I.) SLFC I 1. - 0.008‘(LAI ' b.)

SLFT I 1.

IF (TENPN .LE. 6.0) SLFT I 1. - (6.0 - TENPH)I6.0

IF (TEHPHN .ST. 0.0) THEN

TSOLO I O

ELSE

SLFT I 0.0

TcOLO I ICDLD I 1

END IF

IF (SLFT .LT. 0.) SLFT I 0.

PLAS I (PLA - SENLA)*(T.0 - ANIN1(SLFN, SLFC, SLFT, SLFA))

IF (TSTASE.ST.3) THEN

PLAS I (PLA - SENLA)*(1.0-AHIN1(SLFN, SLFN, SLFC, SLFT, SLFA))

ENDIF

SENLA I SENLA I PLAS

IF (SENLA .LT. SLAN) SENLA I SLAN

IF (SENLA .GE. PLA) SENLA I PLA

NRITE (57,'(I3,7F10.3)') DOY,PLA,PLAS,SLAN,SENLA,SLFA,ASD,ASDZ

I (PLA - SENLA)*PLANTS*0.0001

IF (LN .ST. 6 .AND. LAI .LE. 0. .AND. ISTAGE .LE. A .AND. Icold

1 .ST. 6) THEN

HRITE (I, 5010)

HRITE (NOUTI, 5010)

ISTAGE I 6

ELSE IF (TSOLO .SE. 10) THEN

HRITE (*, 5010)

URTTE (NOOTT, 5010)

ISTAGE I 6

END IF

IF (XSTAGE .LT. 1-75) THEN



m I 0.05

ELSE

m - 1.0

EIDIF

IF (TLADIIN..GT.0. .m. TLADIDS.GT.0. .AND. ASDZ.LT.1.0) THEN

IF (TLABIG..GE.GROLF*W) THEN

LFUTILFUT-GROLFIPRW

GRGTIGRQTIGROLFIPRW

TLADIDLITLADIDL'GROLFIPRW

ELSE .

LFUTILFUTITLABIQ

WTIGRWTITLADICN.

TLADIOLID.

ENDIF

IF (TLABIOS.GE.GROSTN*PRW) THEN

STNUTISTNUT - GROSTN'PRG

WTIGRORTIGROSTN'PRG

TLABIDSITLADIDS-GRDSTW

ELSE

STWTISTNUT-TLADIOS

GRQTIGRMTITLABIDS

TLADIDSIO.

EDIF

ENDIF

IF (TRLW .ED. 0.) TRLVY I 0.00001

RTNT I RTUT I 0.5*GRMT - 0.005*RTUT - TRLVLDSS/TRLVY‘RTNT

DIGIAS I (LFUT I STINIT I EARUT)*PLANTS

DH I BIGIAS'10.0

STOVUT I LFUT I STINIT

PTF I (LFNTISTNTIEARUTHQTUTILFUTISTINITIEARUT)

IF (ISWIT .NE. 0) CALL NIPTAK

40 REMN

C

5000 FMT (2X, 'CRW NATURE GI JD', M,

1 ' BECAUSE OF SLGED GRAIN FILLING')

5010 FMT (2X, 'CRCP FAILIRE GRWTH PRWRAN TERNINATED ')

ED

WINE PHENOL(Irot,CuDELAY)

Includs 'GEN1.0LK'

Incltde 'GEN2.BLK'

Incllde 'GEN3.0LK'

Include 'GENIIJLK'

Incltde 'NTRC1.0LK'

Incllde 'NTRC2.0LK'

Include 'COIIBSJLK'

Include 'PREDGJLK'

Incltdo 'ENVIRO.BLK'

Include 'SOILDX.BLK'

Chsrsctcr*28 Strino(5),Nhstsg(5),flastsg(5)

CharacterIS jlon

Dsta String]

1 'EHERGENCE - EON) JUVENILE',

2 'END JUVENIL - FLmAL INIT',

3 'FLMAL INIT - END LF GRWTH',

I. 'END LF GRTH - DEG GRAIN FILL',

5 'GRAIN FILLING PHASE'I

Dsts Nhstag/

1 'EHERGENCE - TERH SPIKLT',

2 'END VEG - BEG EAR GRDNTH',

3 'BEGIN EAR - END EAR GROUTH',

5 'END EAR GRTH - BEG GRN FILL',

S 'LINEAR GRAIN FILL PHASE'I

Data Bastag/

1 'EHERGENCE - HAN PRIHDRDIA',

2 'HAX PRIH - DEG EAR GRONTH',

3 'DEGINEAR - END EAR GRGITH',-
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4 'END EAR GRTH - REG GRN FILL',

5 'LINEAR GRAIN FILL PHASE'I

XANCITANCI100.0

APTNUPISTDVNI1DIPLANTS

IrOtIO

IF(CROP.EG.'NH'.0R.CRDP.EG.'0A') THEN

TEHPCNITENPHN

TEHPCXITEHPNN

TOTNUPIAPTNUP

XSISNON

IF (XS.GT.1S.) XSIIS. ‘ '1

IF (TENPNN.LT.0.) TENPCNIZ.ITEHPHN*(0.6I0;0010'(XS-15.)*'2)

IF (TEHPHN.LT.0.) TEHPCXIZ.ITENPNX*(0.6I0.0010*(XS-15.)**2)

TENPCRI(TENPCXITENPCN)l2.

c IIIIIIIII CALCULATES THERMAL TINE FDR NHEAT 0R HARLEY IIIIIIIIII

DTTITENPCR-TBASE

tdifITempcx-tcmpcn

IfItdIf.oq.0)tdIfI1.0

IF (TEHPCX.GE.TIASE) GDTD 1001

DTTI0.

GDTD 20

1001 IF (TENPCN.GT.TIASE) GOTO 2001

TCDRI(TEHch-TBASE)/tdif

DTTI(TEHPCX-TBASE)l2.*TC0R

2001 IF (TEHch.LE.26.) GOTD 20

TCDRI(TEHch-26.)/tdif

DTT-13.*(1.ITCOR)ITEHPCN/2.*(1.-TCDR)

IF(TENPCN.LE.26.) GDTD 3001

. DTTI26.

3001 IF ( TENPCX.LT.34.) GOTO 20

TCDRIITENch-34.)Itdif

DTT-(60.-TEHPCX)'TCDRI26.*(1.-TCDR)

IF (TEHPCN.GE.26.) GDTD 20

TCDRI(26.-TENPDH)/tdif

DTT-DTT*(1.-TCDR)I(TEHPCNI26.)IZ.*TCDR

-GD To 20

ENDIF

c

c ***** Using soil tclpsrsturo to cslculsto GDD Uhcn sppropristo

0

IF (ISTAGE.GE.8) THEN

STNPIST(RDLAYR)

ELSE

STNPISTI1)

ENDIF

ATTITENPN-TBASE

STTISTNP-TGASE

If (1stage.lo.2 .or. Istsgo.ne.8) than

dttIStt

If (Stmp .lt. those) dtt I 0.0

If (stnp'.gt. 34.) dtt I 34. - those

else

dttIOtt

IF (TEHPNN .LE. TEASE .OR. TENPNK .GE. 34.0) THEN

IF (TENPNX .LT. TEASE) THEN

DTT I 0.0

ELSE

DTT I 0.0

00 90 I I 1,8 .

TTNP I TENPHN I THFAC(I) I (TEHPNX - TEHPNN)

IF (TTNP .GT. TEASE .AND. TTNP .LE. 34.) THEN

DTT I DTTI(TTHP-TBASE)/8.

ELSE IF (TTHP .GT. 34 .AND. TTHP .LT. 44.) THEN

DTTIDTTII34.°TGASE)*(1.-(TTHP-34.)/10.)/8.

ENDIF

90 CONTINUE

ENDIF

ENDIF

endif



C

12CHZ

IF (ASD.GT.1. .AND. XSTAGE.LE.2) THEN

DTTREEIEXP(°ASD‘0.‘)

DTTIDTT‘DTTRED

ENDIF

20 SUHDTTISUHDTTIDTT

TENPDTTITENPDTTIDTT

IF(ISTAGE.EO.9.0R.ISTAGE.LE.2) THEN

IF(CROP.EO.'DA') YDLIHRLT A

DECI0.4093*SIN(0.0172*(DOY'82.2))

DLVI(('S1*SIN(DEC)'0.1047)](C1*COS(DEC)))

IF(DLV.LT.'0.87)DLVI-0.87

HRLTI7.639*ACOS(DLV)

IF(CROP.EO.'0A') CHGDLIHRLT°YDL

ENDIF

C********** REDIRECT FLOU ACCORDING TO ISTAGE **********************

GO TO (1,2,3,‘,5,6,7,8,9), ISTAGE

cittittttti 05153.1“; SOUING 0‘75 It:ttatagaoftttttttttatatttttttttt

7 CALL CALDAT

500

600

FORNAT(1X,I2,1x,s3,F6.0,' SDNING',1GX,'g/IPZ',7x,'Ra/hs',
1 8x"(|.l)'O-I.S(I.I)'3x'lc.l)

FORNAT(/,' DATE CDTT PHENDLOGICAL STAGE 010R LAI'

1 ,' NUPTK N: . CET RAIN PESN')

TTTTphout)URTTE (*.600)

TE(Tphout)Ur1to (Nout1,600)

IF(IpITout)NRITE (*,SOO) N0,RONTu,cuUtt

Tr(Tphout)UritI(Nout1,500)N0,RONTN,cundtt

NDASIO.

CALL PHASEI(CUNDELAY)

IF (TSUSUS.E0.0) RETURN

CUNDEPIO.

00 100 LI1,NLAYR

CUNDEPICUHDEPIDLAYR(L)

IF (SDEPTH.LT.CUHDEP) SO TO 110

100 CONTINUE

110 LOIL

RETURN

cttttatcata DETERMINE GERHINATION 0‘15 tttittiittttttttifitttttttttfit

8 IF (ISUSUB.E0.0) 00 T0 210

3600

IF (SH(L0).GT.LL(L0)) GO TO 210

SNSDI<SN(L0)-LL(L0))*0.65I(SN(L0+1)-LL(L0+1))*0.35

NDASIHDAS+1

IF (HDAS.LT.40) GO TO 200

IF (NDAS.LT.90.AND.CROP.EG.'NH') GO TO 200

IF (NDAS.LT.90.AND.CROP.ED.'GA') GO TO 200

ISTAGE-6 .

PLANTSI0.00

app-1. .

GRNNTIO.

IF(IphOUt)NRITE(*,3600)

IF(Iphout)Nr1tO(Nout1,3600)

FORHAT(1X,'CROP FAILURE BECAUSE OF LACK OF GERNINATIDN',

1' NITHIN 60 DAYS OF SONING')

RETURN '

200 IF (SUSD.LT.0.02) RETURN

210 CALL CALDAT I

1200

IF(Iphout)NRITE (*,1200) nd,n0nth,Cundtt,Cct,CrsIn,POSU

IF(IphOUt)NRITE (Nout1,1200) nd,n0nth,Cundtt,Cst,CrsIn,PesU

Fornnt(1x,12,1x,s3,f6.0,' GERHINATIDN',39R,f4.0,1x,f5.0,2x,f4.0)

iprintIO

CALL PHASEI(CUHDELAY)

RETURN

c.......... DETERMINE SEEDLING EHERGENCE DATE **********************

9 NDASINDASI1 -

IF (CROP.E0.'NH'.0R.CROP.ED.'BA') THEN

RTDEPIRTDEPIOJ'DTT

XSTAGEISUNDTT/P9 I
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CALL COLD

ELSE

RTDEPIRTDEP+0.15'DTT

IDUR1IIDUR1I1

EDIF

IF (mTT.LT.P9) RETIRN

IF (P9.GT.150.) THEN

ISTAGE-6

PLANTSI0.W

OPP-1-

GRNUTIO.

IF(Iphout)NRITE (*,1399)

' IF(IflTout)NRITE (mut1,1399)

REMN

EDIF

CALL CALDAT

IF(CROP.EO.'GA') THEN

PHINTI77.5-232.6ICH®L

IF(IphOUt)NRITE (*,1401) nd,n0nth,Cundtt,PHINT,CHGDL,Cst,

1 CrsIn,POSU

IFIIphOUt)NRITE (nout1,1401) nd,uonth,CURdtt,PHINT,CHGDL,

1 Cot,CrsIn,PesU

ELSE

IF(Iph0Ut)NRITE (*,1400) nd,n0nth,CURdtt,Cot,Crsin,Pesu

IF(Iph0Ut)URITE (nOUt1,1400) nd,n0nth,Cundtt,Cet,CrsIn,Posu

ENDIF

1399 FORNATI' SEED PROBABLY RAN OUT OF HETABOLITE DUE TO DEEP PLANTING

1.')

1400 Forllt(1x,12,1x,s3,f6.0,' EHERGENCE',41x,f6.0,1x,f5.0,2x,f4.0)

1401 Forllt(1x,12,1x,a3,f6.0,' EHERGENCE, PHINTI',F8.1,' CHGDLI',F6.3,

1 12x,f6.0,1x,f5.0,2x,f4.0) .

CALL PHASEIICUNDELAY)

RETURN

WDETERNINE END OF JUVENILE STAGE WWII“

1 ”ASINDASH

IF (CRW.EO.'UH'.Q.CR¢.EG.'BA') GO TO 1650

NSTAGEIZ‘SLIDTT/M

IF(CROP.EO.'NZ') XSTAGEISUNDTTIPI

IDURIIIDUR1+1

IF (SUNDTT.LT.P1) RETURN

CALL CALDAT

IF(IpHOUt)NRITE (*,1600) nd,uonth,CUIth,BiORss,LsI,Apmnup,

1 XANC,CET,CRAIN,PESN

IF(IpHOUt)URITE (N0Ut1,1600) nd,lonth,Cundtt,BIORss,LOI,Aptnup,

1 NANC,CET,CRAIN,PESN

1600 Fonuat(1x,12,1x,a3,f6.0,' END JUVENILE',12X,f6.0,1x,f5.2,1x,f5.1,

1 2x,f4.2,2x,f4.0,1x,f5.0,2x,f6.0)

GO TO 300 '

C *****DETERNINE DURATION OF VEGETATIVE PHASE FOR NHEAT S BARLEY***

1650 CALL COLD

IF (VF.LT.0.3) GO TO 1660

DFI1.°PID'(20.-HRLT)**2

1660 IF(CRCP.EO.'NH') THEN

TDUITDUIDTTIANIN1(VF,DF)

XSTAGEITDU/400.0+1.0 .

IF (TDU.LE.400.*(PHINT/95.)) RETINlN

CALL CALDAT

If(I|NIout)NRITE (nout1,1750) M,Ionth,ClNDTT,CUND,BIGIAS,

1 LAI,Optnup,xsnc,cct,CRAIN,PESN

If(Iphout)NRITE 0,1750) TTd,IIOhth,CIlI)TT,CIHVD,BIOIAS,LAI,

1 sptnup,xanc,cet,CRAIN,PESN

ELSEIF(CRG’.E0.'BA') THEN

TDUITDUIDTTIANIN1(VF,DF)"LIF2

XSTAGEITDU/300.0+1.0

IF (TDU.LE.300.*(PHINT/75.)) RETURN

CALL CALDAT

If(Iphout)NRITE (mut1,1751) rd,lonth,CLIDTT,CIlIVD,BIGIAS,

1 LAI,sptnup,xsnc,cof,CRAIN,PESU

If(1phout)NRITE-(*,1751) nd,n0nth,CUNDTT,CUNVD,BIONAS,LAI,
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sptnup,xsnc,cot,CRAIN,PESU

ENDIF

FORRAT(1x.12,,1x,a3 F6.0, ' T SPKLT VE DAYSI', r3.0,,5x,F6.0 1x

1 F5.2, 1X, F5.1,2X, F4.2,2X, F4.0, 1X, F5.0,2X,F4.0)

1751 FORMAT(1X, 12,1x,s3, F6.0, ' NAX PRIN VE DAYSI', F3.0, 5x, F6.0, 1X,

1 F5.2, 1L F5. 1,2L F‘.2,2L F4.0, 1X, F5.0,2X, F4.0)

GO TO 300

C*****'**** DETERMINE DATE OF PANICLE INITIATION *‘***********“***

2 NDASINDASI1

IF (CROP.E0.'UH'.OR.CROP.E0.'BA') GO TO 1810

XSTAGEI2.0ISIND

IF(CROP.EO.'NZ') XSTAGEI1.0I0.5*SIND

IDUR1IIDUR1I1

PDTTIDTT

IF(ISNSUB.NE.1) ICSDURIICSDURI1

IF(ICSDUR.E0.1) PDTTISUNDTT°P1

IF(CROP.EO.'HZ') P20I12.5

IF(DLITE.GT.0.) HRLTIDLITE

IF (HRLT.LT.P20) HRLTIPZD

IF(CROP.EO.'SG') THEN

RATEINI1.I92.

IF (HRLT.GT.P20) RATEINII.I(102.IPZR*(HRLT°P20))

ELSEIF (CROP.EO.'NL') THEN

RATEINI1./68.

IF (HRLT.GT.P20) RATEINI1./(68.IP2R*(HRLT°P20))

ELSEIF (CROP.E0.'NZ') THEN

RATEINI1./(‘.IP2*(HRLT'P20))

PDTTI1.

Endif

SINDISINDIRATEINIPDTT

IF (SIND.LT.1.0 .OR. XSTAGE.LT.1.5) RETURN

CALL CALDAT

IF(IphOUt)NRITE (‘,1800) nd,nonth, CUldtt ,BIORIS,LOI ,Aptnup,

1 XANC,CET,CRAIN, PESU

IF(Iphout)NRITE (nOUt1, 1800) nd,nonth,CURdtt,BIOUIS,LsI,AptnUp,

1 XANC,CET,CRAIN, PESU

1800 For-It(1x,12,1x,l3,f6.0, ' FLORAL INITIATION',7L f6.0,1x,fL2,1x,

1 f5.1,2x,f4.2,2x, f4.0,1x,f5.0,2L f4. 0)

C

1810

GO TO 300

'*'********’**‘*END VEGETATIVE AND BEGIN EAR GRONTH**********'I*I

XSTAGEISUNDTT/PZIZ

IF (SUNDTT.LT.P2) RETURN

CALL CALDAT

CLAIILAI

If(Iphout)NRITE (nOUt1, 1910) nd,nonth,CUHDTT,BIONAS, LAI,APTNUP,

1XANC, CET, CRAIN,PESU

If(Iphout)NRITE (*,1910) nd,lonth,CUNDTT, BIONAS, LAI,APTNUP,

1 XANC, CET, CRAIN,PESU

1910

1

FORMAT(1L 12,1x,a3, F6.0, ' END VEG BEGIN EAR GROUTH', F6.0, 1L F5.2

,1L F5. 1,2L F4.L2X,F4.0,1X,F5.0,2L F4.0)

GO TO 300 -

3

1

1

NDASINDASI1

XSTAGEI3.0I2.0'SUHDTT/P3

IF(CROP.EO.'N2') XSTAGEI1.5I3.0*SUHDTT/P3

IF(CROP.EO.'NH'.OR.CROP.EO.'BA') XSTAGEISUNDTT/P3+3.0

IDUR1IIDUR1+1

IF (SUHDTT.LT.P3) RETURN

CALL CALDAT

IfICrOp.eq.'NZ'.Or.CrOp.Oq.'SG') HAXLAIILAI

IF(CROP.EO.'HZ') THEN

ISDATEIDOY

ABIOHSIBIONAS

IF(IphOUt)NRITE (*,2000) nd,n0nth,Cundtt,BiouOS,

LOI ,Aptnup, XANC,CET, CRAIN, PESU

IF(Iphout)URITE (nout1, 2000) nd,month,Cumdtt,

BIOUOS, L01 ,Aptnup,XANc, CET, CRAIN, PESN

ELSEIF(CROP.E0. 'NH'.OR. CROP. EO. 'BA') THEN -

I******DETERNINE END OF PRE-ANTHESIS EAR GROUTH***************
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IfIIphoutIURITE (nout1,2010)nd,nonth,CUNDTT,TPSN,BIOHAS,LAI,

1 APTNUP,XANC,CET,croin,PESN

If(Iphout)NRITE (*,2010)nd,lonth,CUNDTT,TPSH,BIONAS,LAI,

1 APTNUP,XANC,CET,cr|in,PESU

ELSE

IF(IpHOUQINRITE (*,2020) nd,lonth,CUndtt,Dio-Is,

1 Lai,Aptnup, XANC,CET,CRAIN,PESH

IF(Iphout)URITE (nout1,2020) nd,nonth,0undtt,

1 aim-nu.“,Aptmp,mc,c£1,m1u,Pesu

ENDIF

2000 Fornlt(1x,12,1x,a3,f6.0,' 75X SILKING',13X,F6.0,1X,F5.2,1X,F5.1,2X,

1 F4.2,3(1X,f5.0)) ‘ , '

2010 F0RNAT(1X,12,1x,63,F6.0,' END EAR GR. EARSI',F5.0,2x,F6.0,1x,F5.2,

1 1R,F5.1,ZX,F4.2,2X,F4.0,1X,F5.0,2X,F4.0)

2020 Fornnt(1x,12,1x,|3,f6.0,1 END LF GRTH',13x,F6.0,1X,FS.2,1X,F5.1,ZX,

1 F4.2,2x,f4.0,1x,f$.0,2x,f4.0)

GO TO 300 '

C******'*** DETERMINE END OF PANICLE GROUTH '*****'***

4 NDASINDAS+1

IF(CROP.ED.'N2') GDTD 299

IF(CROP.E0.'NH'.OR.CROP.E0.'BA') GOTO 350

If(Crop.oq.'NL') then

pflour-50.0

Else

pflour-2.5*ph1nt+30.0

Endif

XSTAGE=5.0+SUHDTTIpflour

IF (SUNDTT.LE.p§Iour)IDUR1=IDUR1+1

IF (SUHDTT.GE.prour.AND.IPRINT.E0.0)THEN

CALL CALDAT

JANTH-DOY

BIDHSZ-BIOHAS/PLANTS

ISDATE-DOY

Abiomn-Biomus

c***** ANTHESIS IS 150. DEGREE DAYS INTO THIS PHASE FDR SDRGHUN *****

c***** ANTHESIS IS 50. DEGREE DAYS INTO THIS PHASE FDR HILLET ’****

IFIIphoutIHRITE 0,2200) 11d,mnth,¢udtt,01¢ns,l.ai,Aptnp,

1 XANC,CET,CRAIN,PESN

IF(Iphout)URITE (nout1,2200) nd,nonth,¢uldtt,liolns,L61,

1 Aptmp,XANC,CET,CRAIN,PESH

2200 FORNAT(1x,12,1x,a3,f6.0,' ANTHESIS',16X,F6.0,1X,F5.2,1X,

1 F5.1,ZX,F4.2,2x,f4.0,1x,f5.0,2x,f4.0)

IPRINT-1 .

END IF

IF (SUNDTT.LT.P4) RETURN

CALL CALDAT

IF(IphoutWRITE (*,2201) nd,aonth,0udtt,sions,l.oi,Aptmp,

1 XANC,CET,CRAIN,PESN

IF(Iphout)URITE (nout1,2201) nd,nonth,CUIdtt,Biouls,LaI,Aptnup,

1 XANC,CET,CRAIN,PESN

2201 F0RHAT(1x,12,1x,33,f6.0,' END PAN GRTH',12x,F6.0,1X,F5.2,1x,

1 FS.1,Zx,F4.2,2x,f£.0,1x,f5.0,2x,f4.0)

IF (GPP.LE.0.0) OPP-1.0

If (Crop.eq.'HL') HAXLAI-LAI

GO TO 300

C*****DETERNINE BEGINNING OF EFFECTIVE GRAIN FILLING PERIOD FOR HAIZE‘

299 XSTAGE-4.5+5.5*SUNDTT/(PS*.95)

IF (SUHDTT.LT.170.) RETURN

PSKERISUHP*1000/IDURP*3.4/5.0

GPPIGZ*PSKERI7200+50

IF (GPP.GT.GZ) GPPtGZ

IF (GPP.LT.0.0) GPP80.0

EARSIPLANTS

ctiitntm DETEMIus WRENNESS fm M1ZEWWWRRQ

IF (GPP.LE.51.) OPP-51.

IF IGPP.LT.62*0.15) EARSIPLANTS*((GPP-50.)/(GZ-50.))**0.33

IF (EARS.LT.0.0) EARS=0.0

GPSH-GPP*EARS

350 IF(CROP.ED.'NH'.0R.CROP.ED.'8A')'THEN
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C ’*******DETERNINE BEGINNING OF GRAIN FILL FOR NNEAT l DARLEY****

IfICROP.EO.'BA'.AND.suldtt.gt.60)9o to 2370

if(nmdtt.at.80)go to 2370

ISDATE-DOT

Abba-Dion:

CALL CALDAT

JNDBND

MON-MONTH

2370 XSTAGE-SIJDTT/plwlom

IF (SLIDTT. LT.pl.) RETURN

cm anthesis is 80 (VII) and 60 (BA) deg day. into this phase

IF(IPIIGJT.AND.CRCP.EO.'BA')IRITE(*, 2371IJND,Jul, ISDATE

IF(IPNOUT.AND.CROP.E0. '0A')NRITE(NOUT1,2371)JND, JNON, ISDATE

GPPISTNUT*GT

GPSNIGPP’PLANTS

if(npthJDDIthon

If<IphoutIuritoInoutL2380>

If¢lphout)URITE(*,Z380)

plants-0.

EARSsO.

OPP“-

IflimltUIrct-T

huge-6

2380 fomtI' Crop failure growth progr- temimted')

RETURN

endif

ENDIF

CALL CALDAT

IF(IPHwT)IRITE 0,2202) nd.uonth,Cudtt,Bions,LaI,Aptmp.ch,

1 Cot, CRAIN, PESU

IF(IPHOUTWRITE (naut1,2202) ndmonth,Cmdtt,Bim,LII.Aptmp,

1 Nanc,Cet, CRAIN,PESN

2202 FURNAT<1x,12,1x,33,f6.0,' BEGIN GRAIN FILL',8X,F6.0,1X,F5.2,1X,

1 F5.1,2X,Fb.2,3(1X,F5.0))

2371 FORNATU Ear Eat-mo occurod on ',I2,1x,a3,' Day of Your v.14)

GO TO 300

C****’***** DETERMINE END OF EFFECTIVE FILLING PERIOD FOR NAIZE***

5 NDASINDAS+1

IF (CROP.EO.'NZ') TNEN

XSTAGEI6.S+5.5*SUNDTTIP5

IF (SUNDTT.LT.P5*0.95) RETURN

ELSEIF (CROP.EO.'NN'.OR.CROP.E0.'BA') TNEN

C '****DETERNINE END OF GRAIN FILLING FOR UHEAT G BARLEY ***'*****

XSTAGEISUHDTT/P5+5.0

IF (PLANTS.GT.0.) GO TO 2710

yield-0.

GRNUTSO.

amp-0-

stovorao.

totmp-D.

ISTAGE86

GE TO 2720

2710 IF (SUNDTT.LT.P5) RETURN

ELSE

C*******‘**‘DETERNINE END OF GRAIN FILLING FOR NILLET AND SORGNUN*********

XSTAGE-6.5+2.5*SUNDTTIP5

IF (SUNDTT.LT.P5) RETURN

ENDIF

2720 CALL CALDAT

IF(Crop.oq.'NL') than

IF(ISN.GT.0)TNEN

IF(TGROPAN.GT.0.5)RETURN

ENATIENAT+1

IF(ENAT. LT.2)RETURN

IF(IPHOUT) HRITE (NOUTT,1095) ND, NONTN, CUNDTT, BIONAS, LAI,APTNUP,

1 XANC, CET, CRAIN,PESH

IF(IPNOUT) HRITE (‘, 1095) N0,NONTN, CUHDTT, BIONAS,LAI,APTNUP,

1 XANC, CET, CRAIN,PESU .

GO TO 300 ~
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ELSE

ISN-1

IF(IPNOUT) HRITE (NOUT1,1090) ND,NONTN,CUNDTT,DIONAS,LAI,APTNUP,

1 XANC, CET, CRAIN,PESN

IF(IPNOUT) HRITE (*,1090) N0,NCNTN, CUNDTT, BIONAS, LAI ,APTNUP,

1 XANC, CET, CRAIN,PESU

RETURN

END IF

ENDIF

IF(IPNOUT)NRITE C'. 2600) no,Ionth,Cundtt,01ouoo,LoI,

1 Aptmp,,XoncCot,cum,PESN

IF(IPNOUT)HRITE (nout1,2600) nd,month, Cundtt .BIonoo,Loi,

1 Aptnup,Xonc, Cot, CRAIN ,PESN

2400 FORNAT(TX,IZ,1x,o3,F6.0,' END GRAIN FILL',10x,f6.0,1x,f5.2,1x,

1 f5.1,2x,f6.2,3(1x,f5.0))

1090 FORMATC1X,I2,1x,o3,F6.0,' END MAIN GRN FILL',7X,F6.0,

1 1x,rs.2,1x,rs.1,2x,r£.z,2x,r6.o,1x,rs.o,2x,$6.0)

1095 FORMAT(1X,IZ,1X,I3,F6.0,' END TILR GRN FILL',7X,F6.0,

1 1x,F5.2.1x,F5.1,Zx,F6.2,2x,F4.0,1X,F5.0,2X,F6.0)

GO TO 300 _

C********** DETERNINE PHYSIOLOGICAL NATURITY **‘******‘**********'**

6 IF (CROP.EO.'NZ') TNEN

IF (DTT.LT.2.0) SUNDTT-PS

IF (SUNDTT.LT.P5) RETURN

so To 301

ENDIF

IF (CROP.EO.'NN') as To 301

IF (DTT.LT.2.0) RETURN

IF (SUNDTT.LT.2.0) RETURN

301 CALL CALDAT

iprintno

NDATE-DON

IF(Iphout)NRITE (*, 2600) no,month,Cundtt,IIoIoo,Loi,Aptnup,

1 XANC, CET, CRAIN,PESN

IF(Iphout)NRITE (nout12600) no,Ionth,Cundtt,lionoo,Loi,Aptnup,

1 XANC,CET, CRAIN,PESN

2600 For-ot(1x,12,1x,33,f6.0, ' PNYSIOLOGICAL NATURITY',2X,F6.0,1X,

1 F5.2, 1x, F5. 1, 2x, F6. 2.3<1x, F5.0))

IF(CROP. E0. 'SG') TNEN

GRNUTsPANUT'0.8

GRAINNtGRAINN-0.2*PANNT*TANC

STOVN=STOVN+0.2*PANNT'TANC

APTNUPtSTOVN‘10'PLANTS

ENDIF

IF(CROP.EC.'NL') GRNNT-PANUT*0.75

YIELD-CRNUT'10.*PLANTS

IF(CROP.EO.'NZ') YIELD-GRNUT*10.*EARS

If(Plonts.eq.0.)9o to 300

IF(GPP.LE.0.)GPP-1.

SKERNTsCRNUT/GPP

IF(CROP.EO.'NL'.0R.CROP.EO.'SG') GPSNsCPP*PLANTs

IF(CROP.EO.'NZ') GPSNBGPP*EARS

STOVER-BIONAS*10.-YIELD

IF(CROP.E0.'NZ') YIELDsYIELD/0.845

YIELDB-YIELD/62.8

IF(CROP.E0.'NN'.OR.CROP.E0.'DA') TNEN

IF(SKERUT.LT.0.02) TNEN

GPSNOYIELD'S.

SKERNTBO.02

ENDIF

YIELDB-YIELD/67.

CGPE-CPSN/TPSN

ENDIF

parnutsSKERUT*1000.0

IF(Crop.oq.'SC') then

parnutsgrnut/gpp*1000.0

if(pgrnut.gt.28.)pornut-28.

if(pornut.lt.15.)pornut-1S.

if(pornut.EO.15.or.pornut.EO.28.) then
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okorut-pnrnut/TOOD.

opp-ornut/okorut

Wot-nu

ondif

ENDIF

IF(IounIt.oq.0)thon

X .

Xptnn0.0

Chap-0.0

Else '

IF(GRNUT.GT.0.) TNEN

NGNP-(GRAINN/GRNUT)‘100.0

XPTNIXGNP‘6.25

GNUPIGRAINN'PLANTS‘TD.

IF(CROP.E0.'N2') GNUP-CRAINN*EARS*10.

ENDIF

Endif

Totnup-Gnuprptnup

SI1IIotoge)-0.0

812(Iotoge)80.0

SI3(Iotooe)80.0

816(Istooe)80.0

SISIISTAGE)80.0

If(1:usub.eq.0) GDTO 305

SITCISTAGE)ICSDT/ICSDUR

SI2(ISTAGE)'CSDZIICSDUR

SI3(ISTAGE)'CNSD1/ICSDUR

SI6(ISTAGE)8CNSDZIICSDUR

SIS<ISTAGE)8CASDIICSDUR

IF (ISTAGE.EO.6) GO TO 2800

CALL PNASEI(CUNDELAY)

RETURN -

IF(Iphout)Nr1to(*,3800)yiold,yioldb,upon,pornut

IF(Iphout)NrIto(nout1,3800)yiold,yieldb,opon,pornut

If(.not.Runall.ond.Iphout)thon

Nrito(6,3301)

Foruot(' Plooso press ENTER to continuo')

Rood(5,'(o1)')o

Endif

IF(Iphout)NRITE (',3900)

IF(Iphout)Nrito(nout1.3900)

DO 2900 l-1,5

IF (CROP.EO.'UN') TNEN

IF(Iphout)NRITE (‘,6000) I,SI1(I).SI2(I).SI3(I).

1 816(I),Nhstoo(I)

IF(Iphout)NRITE (nout1,6000) I,SI1(I),SIZ(I).

1 SI3(I),816(I).Nhstoo(i)

ELSEIF (CROP.EC.'BA') TNEN -

IF(Iphout)NRITE (*,4000) I,SI1(I).SI2(I).SI3(I).

1 SI‘(I),Bostog(i)

IF(Iphout)NRITE (nout1;4000) I,SI1(I).SIZ(I).

1 SI3II),814(I),Bastoo(i)

ELSE

IF(Iphout)NRITE (*,6000) I,SI1(I).SI2(I),SI3(I).

1 SI£(I).SI5(I),Strino(I)

IF(Iphout)URITE (nout1,6000) I,SI1(I),SIZ(I).

1 813(1),SI6(I),SIS(I),Strino(i) ‘

ENDIF

CONTINUE

IF(Iphout)Nrito(*,5000)

IF(Iphout)Nrito(nout1.5000)

IF(.not.RUNALL.ond.Iphout) then

NrItoI6.')' Pros: “ENTER“ to continue.‘

Reod(5,'(A1)') o

Endif

if(Iirr.eq.2.or.1irr.oq.3)then

Hrito(*,3000)nirr,offIrr

fonnot(/,i6,' IRRIGATION APPLICATIONS AT ',F5.2,' EFFICIENCY'
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LINESINIRR/14

IFLLINES'14.LT.NIRR)LINESILINE$+1

no 3100 I-1,LINES

I1-14*(I-1)+1

I2II1+13

IF(IZ.GT.NIRR)IZ=Nirr

IRITE(NOJT1,3200)(IdeY(MPX),MPXIILI2)

NRITEINOUT1,3300)(AIRR(MPX),MPx-11,I2)

INIITE(*,3200)(Iday(MPX),MPXI-I1,IZ)

NR1TE(*,3300)(AIRR(MPX),NPx-I1,I2)

CONTINUE

FDRMAT(1X,'JUL. DAY ',14(I3,2X))

FORMAT(1X,'AMOUNT II ‘,14(F4.0,1X))

totir-0.0

do 3400 i-1,nirr

totirstotir+sirr(1)

URITE(NOUT1,3500)TOTIR

NRITE(*,3500)TOTIR

FNMATUTL'IRRIGATIGI TNIS SEASOI : ',F5.0,' IIII')

endif

If(.not.Ilult1)coll ophorv

If(UJTS.NE.' ') CALL rams

CALL PNASEIICUMDELAY)

1f(runsll.snd.1phout) thsn

SNDF1-1.

SNDFZIT.

NDEF1-1.

NFACI1.

NDEF2-1.

sndif

first-1 ,

Forest(/,1L'YIELD (KG/NA)-',F6.0,1L'(DU/ACRE)-',FS.1,1L

1 'FINAL GPSMI',F7.0,1X,'KERNEL HT.(n9)8',f5.1)

FORMAT (/,1X,'ISTAGE',4X,'CSDI',6X,'CSDZ',3X,'CMSDT',3X,

'CNSDZ',4X,'CASD',ZX,'S T A G E O F G R O H T N' )

FORMAT (1X,I6,5F8.2,3X,A28)

FORMATI" NOTE: In the obovo tsblo, 0.0 represents uiniuun strsss'

1,/,' and 1.0 rsprsssnts noxious stress for voter (CSD)'

2,/,' nitrogsn (CNSD) and ssrstIon (CASD) rsspectivoly.')

RETURN

END

SUBROUTINE PMASEI(CUMDELAY)

Include 'GEN1.BLK'

Include 'GENZ.BLK'

Include 'GEN3.BLK'

Include ‘GEN4.BLK'

Include 'NTRCT.0LK'

Include 'SOILOX.BLK'I

CNSDTI0.D

CNSDZ-0.0

CSD1-0.

CSDZID.

CASD-0.

ICSDURIO

GO TO(1,2,3,4,5,6,7,8,9),ISTAGE

ISTAGE-2

SIND-D.

DIONSTID.1

BIONSZIO.1

IF(CROP.E0.'UN'.OR.CROP.E0.'DA')TNEN

SUMDTTBO.

IF(Crop.eq.'BA') Sundtt-dtt

P2-PHINT*3.

IF(CROP.E0.'BA') P2-225

IF(TILN*PLANTS.GT.1000.)TILN-1000./PLANTS

ENDIF .1 '
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RETURN

ISTAGE‘3

IF(crop.oq.-uu'.oa.caop.so.'u") then

P3-PNINT‘2. ‘

IF(CROP.EO.'BA') P38150

SUMDTTISUMDTT-PZ

GROLFIO.

GPLAIPLA-SENLA

RETURN

ENDIF -

TLNOI(CUMDTT/35.+6.0)

.BIOMS1IBIOMAS/PLANTS

Xnti=8undttl43.

If(Crop.eq.'SG') then

pp3-275.¢0.19*sundtt

p386.50*ph1nt+0.25*sundtt

p3-7.0*phint+0.25*sundtt

p4s4.0*ph1nt+38.

IDUR1-0

Elseif(Crop.sq.'ML') then

p3-370.*0.135*SUIdtt

94-150.

ElssifCCrop.sq.'M2') thsn

TEASE-8

TLNOIIFIXICUMDTT/(21.-2.)*6.)

P3-(TLNO-2.)'38.9+96.-SUMDTT

XNTI-XN

GOTO 24

Endif

PLAMx-PLA

IDUR-0.0

TOUR-0.0

TCON-0.0

SUMRTR-D.

SUNDTT-O.

RETURN

ISTAGE-4

If(Crop.sq.'NH'.OR.CRCP.EC.'DA') than

P48200. .

SUMIN-STMUT

GPLA-PLA-SENLA

GO To 35

Elseif<Crop.eq.'MZ') than

EARNT=0.167*STMNT

STMHT-STNNT-EARNT

SUMINISTMUT*0.85

SUMP-O.

IDURP-D

PLAMXIPLA

ELSE

' PGCIO.

PAF=0.1

MGROLF-0.0

MPLA-0.0

TSIZEtEXP<-0.15*(PLANTS-2.0))

ENDIF

PTFI1.0

SUMDTT-SUMDTT-P3

RETURN

ISTAGE-5

VANCITANC

VHNCsTNNC

IF(CROP.EO.'UN'.OR.CROP.EO.'0A') TNEN

TBASEST.

GPLAtPLA-SENLA

GRNNT=0.003S*GPP

GO TO 45

ELSEIF (CROP.EO.'M2') THEN

SKERNTsD.
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SUMAXISTMUT

GO TO ‘6

ENDIF

PANUTIO.3*STMHT

IF(CROP.EO.'SG') THEN

AGZSGZ*0.05

PANUTSSTMHT'AGZ

GRAINNSPANUT*TCNP

STOVNSSTOVN-GRAINN

STOVUT88TOVHT-PANUT

ENDIF ‘

STMUTISTMUT'PANUT

MPANUT80.25*MSTMUT

TPANUTBO.3*TSTMUT

MSTMUTIMSTMUT-MPANUT

TSTMUTITSTMUT'TPANUT

IF(CROP.EO.'SG') THEN

SUMINSSTMUT*.8

LNMINILFUT'0.95

SUMAXISTMUT

PGCOPANUT‘AGZ

GPPI1340.*((BIOMSZ-BIOMST)IIDURT)

ELSEIF(CROP.EO.'ML') THEN

SUMINIMSTMUT*.8

LNMIHIMLFUT'0.85

SUMAXBMSTMUT

POClMPANUT*0.11

ISMIO

GPP83T30.*(BIOHSZIIDUR1)

ENDIF

SLUTT'SLIDTT ° P6

66 EMATIO.0

RETURN

ISTAGE-6

IF(CROP.E0.'UH'.OR.CRDP.EO.'BA') LAI'O.

RETURN

ISTAGE-7

CUMDTT80.

CRAIN80.

c5900

CEPC0.

CET-O.

DTT-0.

RATIOIO.

CUMRATIO.

RTNTIO.

RETURN

ISTAGEIB

RTDEP-SDEPTN

IF(CROP.EO.'NH'.OR.CROP.EO.'BA') RETURN

IF(CRDP.E0.'MZ') TGASEITBASE+0.5

SUMDTT l 0.

Y1-0.0

Y2-0.0

ASD-0.

ASDZIO.

RETURN

ISTAGE-9

CETIO.

CE8-0.

CEP80.

CUMDTT80.

NDEF181.0

NDEF281.0

CRAINIO.

SUMDTTIO.

TBASEB10.

IF(CROP.EO.'SG') P9320.+6.*SDEPTH

IF(CROP.EO.'ML'.OR.CROP.EO.'M2') THEN
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TRASEITBASE+0.5

P9I15.+6.*SDEPTH

ENDIF

IF(CROP.EO.'UH'.OR.CROP.EO.'BA') THEN

P9-40.+10.2*SDEPTN

TIASEOZ.

VF-O.

ammo. .

IF(CROP.EO.'IA') P9350.+10.4'SDEPTN

ENDIF ' .

RETURN

ISTAGEiT I

SUMDTT-SUMDTT-P9

GROSTMIO.

GRNUT-D.

SENLA-0.

GRORT-0.

NRAFY-O.

TILN-1.0

oropsnno.

grolf-O.

IF(CROP.E0.'UH'.0R.CROP.EC.'BA') THEN

DTT-SUMDTT

TDU-0.0

DF-0.01

[Lo-1

LN-0

LAI!PLANTS*4.E-6

IF(CROP.EC.'DA') LAIIPLANTS'4.E-4

PLA-0.04

LFUTs0.00034

SEEDRv-0.012

STMNTSO.

STOVUTISEODRV*0.5

RTUTOSEEDRV'0.5

DIOMASOO.

CUMPH-0.

TILSNb0.01

TEASE-0.

TPSMCPLANTS

PLSC(1)-0.

GO TO 29

ENDIF

slsn-O.

TEASE-8.0

REGM-1.

IDUR80.

TLNOI30.

LN=1

PLAY-1.0 A

IF(CROP.EO.'M2') THEN

TBASEITDASE+0.5

CUMPH-0.514

PLA-1.0

SEEDRV80.2

LFUTIO.2

STMNT-0.2

RTU180.2

EARUTIO.

STOVUTSO.4

NDF-0

CUMDELAY-0.

TLABIOLID.

TLABIOSIO.

XASDZSO.

RTNLABID.

ELSE

CUMDTTSCUMDTT-P9

TPSNII.
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Pun-o.

rum-o.

PLAG-0.5

PLA!0.5

MPLA-0.5

rpm-0.5

apnea-0.0

TPLAG-0.0

LFUT80.01

HUNT-0.01

rum-0.005

sw-o.

nun-0.006

s1m:o.ooo

MSTMNT-0.006

rsmnsomm

meow-o.

mun-o.

Imam-o.

"mm-o.

MGROSTNUO.

tonosm-o.

TGROLF-O.

mow-o.

manna-o.

macaw-o.

romeo-o.

mun-o.

mum-o.

mat-0.5

sums

moaopxousc') men

CLIPHISLIDTT/PNINT

STOVUT-0.016

PLAY-0.13+O.DO3*G1

snow-0.02

assmcaomeounu) man

mus-mums.

mum-o

STOWT-LFNT

seem-0.006

sums

ur-rumwu'omom

alouAs-stovm

Rum-0.023

CLNDEP-D.

IF (xswsm.so.0) new»:

no 30 LIILNLAYR

map-memumu

RLV(L)-0.20*_PLANTS/DLAYR(L)

:rccaopxouwu'.oa.caop.eo.'w)

s RLV(L)-0.0024*PLANTS/0LAYR(L)

IF (catamarans?) co to 40

3o counuue

1.0 nwumwurn . - (MEP-RTDEPVDLAYML ))

L1-L+1

IF(L1.GE.NLAYR) GO TO 65

DO 60 L-L1,leyr

RLV(L)80.

60 CONTINUE

65 DO 70 L81,leyr

RHU(L)80.

70 CONTINUE

IF (ISHNIT.E0.0) 60 TO 80

RANCIO.025

TANC30.050

GRAINN=0.0

IF(CROP.E0.'UH'.OR.CROP.EO.'BA') THEN

RANC‘0.045 '
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TANG-0 . 065

ELSEI FCCRW.EO. 'NZ') THEN

RANC‘O .022

TANCIO .0“

tencto .0457

END I F

RMTNIRANC‘RTUT

STOVN-STOVUT'TANC

80 RETIRN

END



Appendix 2: Example of new Input file

 



215

Fi le: “0201 .IIZO

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

0
.



Appondlx 3: Ethplo of modified and new output files



File: OUT1.M2

221£3

THE PROGRAM STARTED ON JULIAN DATE 100

DATE CDTT PHENOLOGICAL STAGE

SOUING

9 Aug

11 Sep

14 Sep

13: ceanqurtou

53. ENERGENCE‘

187. END JUVENILE

281. FLORAL INITIATION

849. 75% SILKING

1021. BEGIN GRAIN FILL

1465. END GRAIN FILL

1493. PHYSIOLOGICAL MATURITY

DION LAI NUPTK N! CET RAIN PESU

91.02

2

1

kglhe ----un----- ca

9. 10. 17.

1. _ 1. 17.

.05 1.1 3.84 4. 3. 17.

.19 3.5 4.10 6. 6. 18.

.13 42.7 1.10 24. 15. 14.

.68 46.1 1.37 31. 25. 18.

.31 9.3 .31 43. 30. 12.

.31 9.3 .31 43. 31. 11.

YIELD (KG/NA)I 4585. (BU/ACRE)I 73.0 FINAL GPSMI 1816. KERNEL UT.(IO)I213.4

ISTAGE

“
t
u
n
a
-

CSD1

.12

C802

.00

.00

.00

.05

.19

CNSD1 CNSDZ CASD

.00 .00 .02

.00 .00 .05

.10 .40 .22

.00 .32 .08

.19 .52 .02

S T A G E O F G R O U T N

ENERGENCE ' END JUVENILE

END JUVENIL ° FLORAL INIT

FLORAL INIT - END LF GROUTH

END LF GRTH ° BEG GRAIN FILL

GRAIN FILLING PHASE

* NOTE: In the shove table, 0.0 represents ninimum stress

end 1.0 represents nexinun stress for aster (CSD)

nitrogen (CNSD) end eerstion (CASD) respectively.

File: OUT6.NZ

RUN 1

DOT 100

SUBIRR I

DEPTH

20‘

7.

15.

26.

40.

57.

77.

100.

DOY 101

SUBIRR I

DEPTH

2.

7.

15.

26.

40.

57.

77.

100.

DOY 102

SUBIRR I

DEPTH

2.

7.

15.

26.

40.

57.

Esrly, 4 days.

DEPUT I 77.00

.96 DRAIN I .00 POND I

FLOND FLOUU SU(L)

.0000 .0703 .1927

' .0000 .0337 .2227

.0000 .1275 .2231

.0630 .2604 .2880

.0573 .0430 .2972

.0525 .0066 .2949

.0474 .0007 .3160

.0000 .0036 .3160

DEPNT I 77.00

.05 DRAIN I .00 POND I

FLOOD FLOUU SN(L)

.0000 .0711 .1858

.0000 .0365 .2346

.0000 .1312 .2249

.0000 .1513 .2807

.0000 .0489 .2951

.0000 .0125 .2968

.2415 .0504 .3160

.0000 .0046 .3160

DEPOT I 77.00

.05 DRAIN I .00 POND I

FLOOD FLONU SNCL)

.0000 .0722 .1792

.0000 .0394 .2397

.0000 .0804 .2263

.0000 .0963 .2771

.0000 .0465 .2937

.0184 .0230 '.2981

.00 RUNOFF I .00

SATLL)

.5280

.4510

.4510

.3440

.3260

.3160

.3160

.3160

00 RUNOFF - A .00

SATCL)

.5280

.4510

.4510

.3440

.3260

.3160

.3160

.3160

00 RUNOFF I .00

SAT(L)

.5280

.4510

.4510

.3440

.3260

_.3160

 



217

77. .2599 .0472 .3160 .3160

100. .0000 .0043 .3160 .3160

File: (”TIMI

RUN 1 Lots, 8 days.

DOY TSU TSNY ES EP PREC IRRI SUBIR DRAIN POND RUNOF SUI 1 I SN( 2

I SU( 3 I SN( 4 I SN( 5 I SU( 6 I SN( 7 I, SN( 8 I SUI 9 I

107 35.82 35.99 .16 .00 .00 .00 . ‘.

.2717 .2508 .2801 ..2906 .2934 .3011 .3160 t '

108 35.71 35.86 .15 .00 .00 .00 .03 .00 .00 .00 .1030 .2155

.2685 .2475 .2818 .2904 .2933 .3017 .3160 -

109 37.67 35.74 .25 .00 2.18 .00 .00 .00 .00 .00 .2715 .3246

.3101 .2855 .3016 .2917 .2933 .3017 .3160

110 37.63 37.67 .24 .00 .20 .00 .00 .00 .00 .00 .1945 .2798

.2917 .2776 .3039 .3018 .2965 .3149 .3160

111 37.49 37.63 .24 .00 .10 .00 .00 .46 .00 .00 .2194 .2573

.2811 .2644 .3002 .2997 .3014 .3055 . .3160

112 36.83 37.13 .30 .00 .00 .00 .01 .00 .00 .00 .1688 .2301

.2789 .2587 .2989 .2997 .2992 .3095 .3160

113 37.95 36.85 .30 .00 1.40 .00 .00 1.03 .00 .00 .3254 .3171

.3138 .2938 .3057 .3027 .2993 .3055 .3160

114 37.89 38.32 .42 .00 .00 .00 .00 ..67 .00 .00 .1542 .2641

.2856 .2685 .3013 .3004 .3055 .3055 .3160

115 36.96 37.23 .26 .00 .00 .00 .01 .00 .00 .00 .1236 .2342

.2810 .2602 .2997 .3004 .3014 .3134 .3160

. 116 36.81 36.97 .16 .00 .00 .00 .00 .00 .00 .00 .1003 .2250

.2777 .2582 .2988 .3001 .3006 .3144 .3160

117 37.32 36.82 .36 .00 .86 .00 .00 .53 .00 .00 .3023 .2913

.2962 .2739 .3013 .3003 .2979 .3055 .3160

118 37.38 37.65 .32 .00 .05 .00 .00 .39 .00 .00 .2027 .2605

.2819 .2644 .3003 .2998 .2975 .3055 .3160

119 36.88 37.05 .30 .00 .13 .00 .02 ' .00 .00 .00 .1704 .2467

.2804 .2600 .2994 .2995 .2976 .3082 .3160

120 36.68 36.90 .27 .00 .05 .00 .02 .00 .00 .00 .1592 .2208

.2774 .2578 .2985 .2994 .2977 .3087 .3160

121 36.63 36.70 .25 .00 .18 .00 .02 .00 .00 .00 .1535 .2162

.2762 .2570 .2979 .2992 -, T .2978 .3092 .3160

122 36.48 36.65 .16 .00 - .00 .00 .01 .00 .00 .00 .1233 .2080

.2740 .2550 .2969 .2989 .2978 .3096 .3160 ‘

123 36.35 36.50 .14 .00 .00 .00 .01 .00 .00 .00 .1018 .2002

.2720 .2534 .2958 .2985 .2978 .3099 .3160

124 36.23 36.37 .13 .00 .00 .00 .01 .00 .00 .00 .0847 .1929

.2703 .2519 .2947 .2980 .2978 .3102 .3160

125 36.13 36.25 .12 .00 .00 .00 .01 .00 .00 .00 .0722 .1860

.2687 .2504 .2937 .2975 .2977 .3104 .3160

126 36.03 36.14 .11 .00 .00 .00 .01 .00 .00 .00 .0630 .1794

.2672 .2491 .2926 .2969 .2976 .3105 .3160

127 35.93 36.04 .11 .00 .00 .00 .01 .00 .00 .00 .0554 .1732

.2659 .2479 .2916 .2964 .2975 .3106 .3160

.00 .00 .00 .1237 .2242
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