
Assignment 19

Water and Nutrient Uptake

When  there  is  ample  water,  the  rate  of  water  uptake  follows  the  transpiration  rate
very  closely.  If  insufficient  water  is  available,  the  plant  lowers  its water  uptake,  the
stomata  close to  a  certain  degree,  and  actual  transpiration becomes  lower  than
potential  transpiration.  Transpiration  then  follows  the rate  of  water  uptake.  Water  in
the  crop  provides  only  a  small  buffer  between uptake  and  loss  and  their daily  totals
can  be  considered  to  be  equal.

Water  uptake  occurs  only  where  there  are  roots.  The  weight  of  roots  at certain  depths
and  even  their  density  do  not  reflect  the  water  extraction  pattern,  for  this  occurs
evenly over  all  rooted  layers.

The  water  use  in the following simulation example, of a grassland,  was well  simulated
when  uniform  uptake  per unit  of rooted  depth  was  assumed;  the  distribution  of root
mass  and  root  density  decreased  exponentially  with  depth  in  this  situation (Penning  de
Vries, 1982). The  total root mass of about 1500 kg ha-1and the rooting density in the upper
layers, exceeding 2 cm cm-1, are common values for annual crops (Figure 1).

Figure 1. The density (a) and weight (b) of the root system of a vegetation of annual grasses
in a Sahelian rangeland.  Symbols represent different treatments (Source:  Penning de Vries,
1982).

Many  models  of  water  uptake  from  the  soil  have  been  published.  Detailed models
exist  of  water  movement  in  soil  layers  and  of  root  uptake  driven  by water  potential
gradients. Some  of  these  have  two- and  three-dimensional  flow patterns  (e.g.,  Lambert
et  al.,  1976).



The  root system is usually in contact with  several  parts of the  soil profile that differ  in
texture,  compaction  and  water  content.  Most  soil  water  balance  processes  are  more
intensive  near  the  surface.  Hence,  the  soil  profile  is  considered to  consist  of  layers,
and the  conditions  in  each  layer  are  treated  separately.  In the  soil  water  balance
modules, the  profile  is  divided  into  a  minimum  of three horizontal  layers, as  in  the
simple  soil  water  balance  module  L2SU  for  free-draining  soils, and  into  a  maximum
of 10 layers in the soil water balance  module L2SS for soils with impeded drainage.  Water
uptake  simulation  applies  to  both  cases.

Uptake per rooted layer

The  potential  rate  of  water  uptake  per  centimetre  of  rooted depth  is  an important
variable.  It  is  calculated  by  dividing  the  potential  transpiration  rate of the  canopy  by
the  total  rooted  depth.  There  is  no  absolute  maximum  to  the  potential  rate  of  uptake
per  unit  of  rooted  depth in  this module  (but  this might  be  a realistic  addition  if the
root system  is heavily  damaged,  such  as  after  mechanical  damage,  insect  attack,  or
advanced  senescence).

The  actual  rate  of water  uptake  is  less  than  the  potential  rate  when  the  soil water
content  is  below  a  certain  threshold.  The  uptake  per  layer is  equal  to  the potential
uptake  rate  per  centimetre  of  rooted  depth,  multiplied  by  a  stress factor  and  by  the
thickness  of the  layer. The  calculation  is  repeated  for  all  soil layers.  The  total  water
uptake  is  the  sum  of water  withdrawn  from  the  individual  soil  layers.

The  effect  on uptake of low availability of soil water in  a layer  is represented by a
multiplication factor, with a value between 0.0 and 1.0.  Figure 2 schematically  shows  its
relation  to  the  relative  soil  water  content.

Figure 2. The relation  between  the  soil  water  content  and  the  stress  multiplication factor
on the rate of water uptake. WCWP, WCFC and WCST represent the soil water content  at
wilting,  field  capacity and  saturation,  respectively.  The  dashed  line  represents  either  a
more  drought  resistant  species  under  the same  field  conditions,  or  the same species
under a lower evaporative demand.



Plants  do  not  suffer from  water  stress  when  the  soil  water  content  is  at  field  capacity.
No  crop  species  absorb  water  from  soils  with  a water  content  at –16  bar  (pF  4.2,
permanent  wilting  point),  but  there  are differences  between  plant  species.  Hardy species
do  not  reduce  the  rate  of uptake  until  the  soil  water  content  is  very  low,  while
species  sensitive  to  water stress  reduce  uptake  at  a water  content  a  little  below field
capacity.  The  lowest soil  water  content  where  water  uptake  is  unrestrained  is  a
threshold  value  that lies  between  field  capacity  and  permanent  wilting  point.  Its  exact
location  depends  on  the  sensitivity  of  the  species  (characterized  by  a  parameter), on
the potential  transpiration  rate  and  on  leaf  area.  The  more  resistant  a  species,  the
lower  the  threshold;  the  higher  the  potential  transpiration,  the  higher  the threshold.  It
is  assumed  that  soil  type  in  itself  has  no  effect  on  this  relation. This  water  stress
effect  is  computed  by  the  FUWS  function,  which  is  similar to that  used  by van
Keulen& Wolf (1986 p.  108). The  roots,  grown  in  anaerobic  conditions, may  differ
from  roots  grown  in  aerobic  soils  and  could  be  more  sensitive  to water  stress.

No a  priori preference  is  attributed  to  uptake  from  the  upper  soil  layers. Yet,
simulations  often  indicate  that,  because of  more  frequent  wetting,  more water  is
withdrawn  from  upper  layers  than  from  the  lower  layers  of  the  same thickness.
Preference  may  be  given  to  water  uptake  from  top  layers,  for  example,  to  simulate
the  hypothesis  that  the  resistance  to  water  flow  within  the  root system is high,  such  as
when the xylem vessels are very narrow. The  potential  rate  of  water  uptake  per
centimetre  of  rooted  depth  is  then  above  average in the  top  and  less than  average in
the lower layers.  Quantifying these effects at the  process  level  requires  further  study  and
experimental  data  for  calibration.

A  direct  effect  of temperature  on  water  uptake  has  not  been  included  here  as it  is
probably  not very  important  in  most  cases.  High  transpiration  rates  coincide  with  high
radiation  levels  and  usually  with  non-limiting  soil  temperatures. A  temperature  effect
must  be  added  when  winter  or  spring  crops  are  simulated (cf.,  van  Keulen,  1975),
because  of  the  dependence  of  root  permeability  on temperature.  Data  for  this  are
unavailable  for  most  species.

Rooted  depth

The  rooted  depth  is  defined  as  the  depth  from  which  the  crop  effectively extracts
water.  A density  of 0.10 cm root  length per cm3 of soil volume may  be adopted as  a lower
density limit.  This is  a low  threshold value  because  water is mobile  and  flows  relatively
easily  to  roots.  Rooted  depth  does  not  refer  to  the extreme  depth  where  a  few  roots
are  still  found.

The  length  of  fibrous  roots  can  vary  enormously  without  much  impact  on root  weight.
Hence,  simulation  of  rooted  depth  occurs  independently  of  the growth  of root  mass.
Rooted depth  can increase  at  a rate  of 3-5  cm d-l, but soil physical, soil chemical and
biological factors can reduce it (Taylor  &Klepper, 1978).  Table 1, presents  a  few  data
concerning  the  maximum  rate  of  increase in  rooted  depth.  Root  growth  generally  stops
around  flowering. Water stress or low soil temperature reduces root growth. Because  of the
lack of specific data, the effect of temperature on root  extension  is  supposed  to equal  that



Table 1.  Rates of increase in rooted depth in moist soil at an optimum temperature and the
maximum effective rooted depth (i.e., root density >0.1 cm cm-3) for different crop species.

of photosynthesis.  The  effect  of water  stress  on  the  rate  of  increase in rooted  depth is
supposed  to equal  that  of water uptake  in the  layer where  the root tips are found.  The
effect of anaerobic  conditions  on  root  extension  downwards  is  handled  by  setting  the
rooted depth  increase  to  zero  at  depths  below  0.2 m  when  there  is less  than  5%  air in
the  soil.

Roots  grow  down  to  a  certain  maximum  depth  if  they  are  not  restricted  by soil
conditions.  The  maximum  depth  depends  on  the  plant  species  and  ranges from 0.5-1.5
m or more.  Table 1 gives some  approximate values for the maximum  rooted  depth.
Significant  differences  between  cultivars  for  this  characteristic are  reported  for upland
rice  (Gupta  &  O’Toole,  1986)  and are also  expected  to  exist  within  other  species.
Maximum  rooted depth  should  be  determined  around  flowering  in  soil  profile  pits,
either  by  using  root  observation  tubes  (Vos  &Groenwold, 1983), or indirectly by
monitoring  (with neutron probes) the depths from which water is drawn when  drainage  is
insignificant.

A  very  dense  soil  offers  mechanical  resistance  which  hampers  the  extension of  roots
downwards  and  reduces  the  maximum  attainable  depth.  An  obvious case is where
shallow soil lies on bedrock.  High soil densities can also be found at  depths  of  0.30-0.80
m  in  deep  soils,  particularly  just  below  the  ploughed layer.  Its  presence  may  be
intentional,  such  as  during  soil  preparation  in  irrigated  rice  where  a  hard  pan  is
needed  to  reduce  percolation  of irrigation water.



A  compact  layer  can  also  develop  unintentionally,  such  as  when  harvesting crops  with
heavy  machinery.  A  physical  limitation  to  rooted  depth  is  approximated  by
specification  of  a  maximum  depth  as  a  soil characteristic;  the  shallowest  of  the  rooted
depths  set  by  the  soil  and  by  the  crop  is  used.  Note  that  cracks,  tunnels  from animals
or  decayed  roots,  and  other irregularities  can  make  dense  layers  more  penetrable  for
roots  than  the  soil density  measurement  of  a  uniform  piece  of  soil  may  indicate. Loss
of rooted depth in a senescing root system may be added to a simulation model, but field
data are needed to calibrate this effect.

Anaerobic  conditions

Plants with  roots  in  fully  saturated  soils  generally  suffer  from  stress.  For  an extensive
review  of physiological  effects  of  excess  water  see  Jackson  &  Drew (1984).  Root
systems  of  agricultural  crops  that  are  developed  in  aerobic soils do  not  have
aerenchym  and  degenerate  within  several  days  when  anaerobic conditions  are  imposed.
Root  permeability  first  decreases  and  uptake  slows down.  Root  cells  disintegrate  and
die  when  their  metabolism  no  longer  provides sufficient energy  (i.e., O2)  for
maintenance.  Hence,  wilting is sometimes, though  not  always,  observed  after  flooding.

Flooding quickly depletes the  O2 in the soil and the supply is then almost nil. Anaerobic
conditions  occur  on  heavy soils  following  intensive  rainfall  and when  the  groundwater
table  is  very  high.  Those  conditions  can  be  simulated with  the module  L2SS.

Rice  in  irrigated  or  rainfed  lowland  soils  has  an  effective  root  system  in anaerobic
conditions,  because  its  roots  develop  aerenchym  tissue  that  provides  air  channels
(Yoshida,  1981).  The  rate  of  diffusion  through  the  narrow channels provides sufficient
O2 to permit  roots to extend to about 0.2  m.  Several  other  crops develop roots with
aerenchym,  but  not  as  extensively  as  rice.

The  effect  of  flooding  on  water  uptake  is  approximated  with  the  FUWS function,  in  a
similar  manner  to  the  effect  of  water  shortage.  The  effect  is  assumed  to  be
proportional  to  the  soil water  content  between  field  capacity  and  saturation,  and
independent  of  the transpiration  rate.  To  mimick  the  non-water  stress  effect  of
flooding  which occurs  after  a  root  system  is  established,  a  FINISH  condition  similar
to CELVN can  be  added  to  the  program,  stating  that  crop death  occurs  if flooding lasts
a  certain  number of days.  This  maximum  flooding period  is  dependent  on  the  species
and  its  development  stage.  Some  species grow  a  new  root  system  with  aerenchym  in
anaerobic  conditions.  Rice  does  so extensively,  but  other  crops,  including  soybean,
wheat  and  sunflower,  also have  this  capacity.  The  regrowth  rate  of an  effective  root
system  after  flooding also  effects  the  degree  of  crop  survival.  This  is  not  considered
here.

Diseases are common  after soils are flooded and cause  much damage.  This is due  to  the
crop’s  physiological  condition  and  the  high  humidity  accompanying flooding.  This  is
not  considered  here.



Assignment 20 &21

SOIL WATER PLANT RELATIONSHIPS

Plant growth depends on two important natural resources — soil and water. Soil provides
the mechanical support and nutrient reservoir necessary for plant growth. Water is essential
for plant life processes. Effective management of these resources for crop production requires
the producer to understand relationships between soil, water, and plants.

1. Soil’s Physical Characteristics
Factors that determine the physical characteristics of soil include soil texture, soil structure,
bulk density, and soil porosity. They all affect the interaction between soil, water, and air.

1.1 Soil Composition

A unit of soil is a combination of solid material, composed of mineral and organic matter, and
open space, called pores. By volume, most soils are roughly 50 percent solids and 50 percent
pore space.

Figure 1 shows the approximate relationship between the components in the soil composition,
with the pore space shown split between air and water. The amount of water and air present
in the pore spaces varies over time in an inverse relationship. This means that for more water
to be contained in the soil, there has to be less air. The amount of water in soil pore space is
essential to crop production.

Fig.1 Typical soil composition by volume

1.2 Soil Texture

The size of the particles that make up the soil determine soil texture. The traditional method
of determining soil particle size consists of separating the particles into three convenient size
ranges. These soil fractions or separates are sand, silt, and clay as shown in the table below.

Soil group Diameter limits (mm)

Sand 2.00 – 0.02

Silt 0.02 – 0.002

Clay Below 0.02

Only particles smaller than 2 mm (1/12 inch) in size are categorized as soil particles. Particles
larger than this are categorized as gravel, stones, cobbles, or boulders.



Clay is an important soil fraction because it has the most influence on soil behaviour such as
water-holding capacity.

Soil texture is determined by the mass ratios, or the percent by weight, of the three soil
fractions. The soil textural triangle, Figure 2, shows the different textural classes and the
percentage by weight of each soil fraction. For example, a soil containing 30 percent sand, 30
percent clay, and 40 percent silt by weight is classified as a clay loam.

Figure 2. A soil textural classification triangle, showing a clay loam soil composed of 30
percent sand, 30 percent clay, and 40 percent silt.

Open or light textured soils: Because of the large size of sand particles, the spaces in
between the particles are larger, which facilitate free movement of air and water. So the
sandy soils facilitate good drainage but have very low water holding capacity. Sandy soils are
loose, friable and easy to handle in tillage operations. Hence they are known as light soils.

Tight or heavy textured soils: Small size of clay particles form micropores and so they have
poor drainage and aeration, but have a high capacity to absorb and retain nutrients and
moisture. Clay soils have high water holding capacity. They are very difficult to handle in
tillage operations and hence they are called heavy soils.

Medium textured soils: Loamy soils, having sand, silt and clay fractions in sizeable
proportion, exhibit properties intermediate between sandy and clay soils. They are considered
best for agricultural production, because they retain more water and nutrients than sandy soils
and have better drainage, aeration and tillage properties than clay soils.

1.3 Soil Structure

Soil structure is the shape and arrangement of soil particles into aggregates. Soil structure is
an important characteristic used to classify soils and heavily influences agricultural
productivity and other uses, such as load-bearing capacity for structures.

The principal forms of soil structure are platy, prismatic, columnar, blocky, and granular.
These soil structure descriptions indicate how the particles arrange themselves into
aggregates.



Aggregated soil types are generally the most desirable for plant growth. Soil structure terms
also are used in conjunction with descriptive words to indicate the class and grade of soil.
Class refers to the size of the aggregates, while grade describes how strongly the aggregates
hold together. Structureless soils can be either single-grained (individual unattached particles,
such as a sand dune) or massive (individual particles adhered together without regular
cleavage, such as claypans or hardpans.) Soil structure is unstable and can change with
weather conditions, biological activity, and soil management practices.

1.4 Soil Bulk Density and Porosity

Soil bulk density expresses the ratio of the mass weight of dry soil to its total volume. It is
important because it is an indicator of the soil’s porosity. The porosity of a soil is the volume
of pores in a soil. A compacted soil has low porosity and thus a greater bulk density. A loose
soil has a greater porosity and a lower bulk density. Like soil structure, a soil’s bulk density
and porosity can be affected by weather-related factors, biological activities, and soil
management practices.

2. Soil and Water Interactions

2.1 Soil water

Soil acts like a reservoir that holds water and nutrients plants need to grow. Some soils are
large reservoirs with more holding capacity that release water and nutrients easily to plants,
while other soils have limited reservoirs.

Gravitational water: A soil sample saturated with water and left to drain the excess out by
gravity holds on to a certain amount of water. The volume of water that could easily drain off
is termed as the gravitational water. Since percolation takes time, some of this extra water
could be used by plants or lost to evaporation.

Capillary water: The water content retained in the soil after the gravitational water has
drained off from the soil is known as the capillary water. This water is held in the soil by
surface tension. Plant roots gradually absorb the capillary water and thus constitute the
principle source of water for plant growth.

Hygroscopic water: The water that an oven dry sample of soil absorbs when exposed to
moist air is termed as hygroscopic water. It is held as a very thin film over the surface of the
soil particles and is under tremendous negative (gauge) pressure. This water is not available
to plants.

2.2 Soil water constants

Soil Water Content: Soil water content is the amount of water stored in the soil at a given
time. The most commonly defined soil water content values are saturation, field capacity,
wilting point, and oven dried.

Saturation capacity: This is the total water content of the soil when all the pores of the soil
are filled with water. It is also termed as the maximum water holding capacity of the soil. At
saturation capacity, the soil moisture tension  is almost equal to zero.

Field capacity: This is defined as the amount of water remaining in the soil after rapid
percolation has occurred. This is not a definite soil water point; therefore, field capacity often
is defined as approximately one-third atmosphere tension.



Wilting point:This is the soil water content at which the potential or ability of the plant root
to absorb water is balanced by the water potential of the soil. Most crops show significant
signs of stress, such as wilting to the extent of dying, if soil water reaches the wilting point,
especially for extended periods of time. Two stages of wilting points are recognized and they
are:

•Temporary wilting point: this denotes the soil water content at which the plant wilts
at day time, but recovers during right or when water is added to the soil.

• Ultimate/Permanent wilting point: at such a soil water content, the plant wilts and
fails to regain life even after addition of water to soil.

NB: The above water contents are expressed as percentage of water held in the soil pores,
compared to a fully saturated soil.

Soil that has been oven dried is used as a reference point for determining soil water content.
Figure 3 illustrates typical amounts of water held at the defined soil water content for sand,
loam, and silty clay loam soils.

Fig 3. Typical soil water content within three soil textures

2.3 How Soil Holds Water.

Soil holds water in two ways:

(1) as a thin film on individual soil particles and

(2) as water stored in the pores of the soil.

Water stored as a thin film on individual soil particles is held in place by adsorption forces.
Adsorption involves complex chemical and physical reactions, i.e. a thin film of water
adheres to the outside layers of soil particle molecules. Water stored in the pores of the soil is
stored by capillary forces. This phenomenon can act in any direction and is the key to water
being stored in soil pores.

Soil Water Tension. The ease with which water can be extracted from the soil depends on
the soil water tension or soil water potential.



Water being held in pores by the capillary storage is held in the soil at a certain tension. The
same is true for water held with the adsorption phenomenon. As the soil dries, these tensions
become larger. It is easier for a plant to extract water being held at lower tensions.

The tensions that correspond to the soil-water equilibrium points is a good example of water
tensions affecting plant water use. At saturation, the soil water tension is approximately 0.001
bar. One bar tension is equivalent to 1 atmosphere of pressure (14.7 psi). Thus, from the
above discussion, it would be easy for a plant to extract water from a saturated soil.
Saturation only lasts a short time, so plants extract only a small portion of the water above
field capacity. Field capacity is defined to be at approximately one-third atmosphere pressure
or approximately 0.3 bar. At this content, it is still easy for the plant to extract water from the
soil.

The wilting point occurs when the potential of the plant root is balanced by the soil water
potential; thus, plants are unable to absorb water beyond this tension (approximately 15 bars).
As soil water approaches the wilting point, plants will exhibit increasing symptoms of water
stress, such as wilting and leaf senescence. Prolonged exposure will result in plant death. As a
reference, the soil water tension in an oven dried soil sample is approximately 10,000 bars.

A soil water retention or soil water characteristic curve illustrates the tension relationship
(Figure 4).

Figure 4.The relationship between soil water content and soil water tension for a loam
soil type

These curves are slightly different for different types of soils due to different soil textures and
structures. Water between the field capacity and the wilting point is water available to the
plant. Best plant growth and yield for most field crops occur when the soil water content
remains in the upper half of the plant available soil water range, which is sometimes referred
to as readily available soil water.

The dividing point between available soil water content and readily available soil water
content is named the maximum allowable depletion, or MAD soil water content. For most
field crops, the MAD level is usually defined as about 50 percent available water. In some
water-sensitive crops, such as vegetables and flowers, the MAD level may be less, such as 30
percent available water. The relationship between the soil water content value, percent
available soil water, and soil tension for a silty clay loam soil is illustrated in Figure 7.



Soil water potential is a measure of the energy status of the soil water. Water flows from a
greater potential area to an area of less potential. The units of measurement are normally
either bars or atmospheres.

Figure 5.Illustration of the relationship of soil water content terms, values, percent
available soil water, and soil tension for a silty clay loam soil type.

What can be confusing is that soil water potentials are negative pressures that are also
expressed as tension or suction. In this case, water flows from greater (less negative) potential
to a lesser (more negative) potential. Plants develop the tension, or potential, to move water
from the soil into the roots and distribute the water through the plant by adjusting the water
potential, or tension, within their plant cells. Water potential is made up of several
components, but one of particular importance is the osmotic or solute potential. Solute
potential is due to the presence of dissolved solutes, such as sugars and amino acids, in the
plant cell.

3. Use of Water by Plants

Plant Root Depth. A plant’s root depth determines the depth to which soil water can be
extracted. A young plant with only shallow roots will not have access to soil water deeper
than its rooting depth. Plants typically extract about 40 percent of their water needs from the
top quarter of their root zone, then 30 percent from the next quarter, 20 percent from the third
quarter, and taking only 10 percent from the deepest quarter, as illustrated in Figure 7.



Figure 7.Generalized crop water extraction by depth of root zone for a non-layered and
unrestricted soil profile

Therefore, plants will extract about 70 percent of their water from the top half of their total
root penetration. Deeper portions of the root zone can supply a higher percentage of the
crop’s water needs if the upper portion is largely depleted. However, reliance on use of
deeper water reduces optimum plant growth.



Assignment no. 1

Principle processes of the Production

1) This systematic analysis of crop production can be taken a step further to formulate simple

systems and models at the four levels of plant production. At Production Level 1 the intensity

of radiation, the interception of light and the efficiency of energy use in the plant are key

factors for understanding the growth rate.  In figure, a relational diagram, indicates the

essence of models at Production Level 1. Light is a driving variable. Assimilated

carbohydrates are stored, usually briefly, in an easily accessible form, such as starch

(‘reserves’), and are later used for maintenance or growth. Temperature is an external

variable that can modify growth rates and photosynthesis. In growth processes, reserves are

converted into ‘structural biomass’ with a specific efficiency. Structural biomass consists of

those components that are not mobilized again for maintenance or growth processes

elsewhere in the plant. The partitioning of biomass between roots, leaves, stems and storage

organs is strongly related to the physiological age of the crop, which itself is a function of

temperature.

Figure . A relational diagram of a system at Production Level 1. Light and temperature are

driving variables; the photosynthetic efficiency is a constant.



2) At Production Level 2, key factors are the degree of exploitation of soil of its use by the

crop. Water shortage leads to a simultaneous reduction of CO 2 assimilation and

transpiration. Water use efficiency is the ratio of photosynthesis and transpiration rates. The

ratio of the actual transpiration rate and the potential rate provides the link between the

carbon and water balance. The extent to which the potential transpiration, and consequently

the potential photosynthesis rate, is realized, depends on the availability of water. The amount

of water stored in the soil is a buffer between rainfall and capillary rise and the processes by

which water is lost. This buffering capacity and the simultaneous water loss through

transpiration and non-productive processes cause the growth rate to depend only indirectly on

rainfall. The relation of plant growth to the principal driving variable of this system is indirect

(rather than direct, as at Production Level 1).

Figure . A relational diagram of a system at Production Level 2. Water shortage is the main

limiting factor. Rectangles represent quantities (state variables); valve symbols, flows (rate

variables); circles, auxiliary variables; underlined variables, driving and other external

variables; full lines, flows of material; dashed lines, information flow (symbols according to

Forrester, 1961).



3) At Production Level 3, nitrogen in plant tissues is distinguished by two fractions:

mobilizable and immobilizable nitrogen. The amount of nitrogen that can be mobilized for

growth of new organs is often considerable.

Figure 7. A relational diagram of a system at Production Level 3. Nitrogen shortage is the

main limiting factor. Rectangles represent quantities (state variables); valve symbols, flows

(rate variables); underlined variables, driving and other external variables; full lines, flows of

material; dashed lines, information flow (symbols according to Forrester,1961).



Assignment no 2

Photosynthesis – C3 & C4 plant

1. Photosynthesis comprises very complex processes by which plants reduce CO2 and

form organic molecules using absorbed radiation energy. These molecules are

conveniently represented by the molecule glucose (C6H12O6). Glucose molecules

either serve as the building blocks for virtually all organic constituents in plants, or

are respired to provide energy for metabolic processes.

2. Light has long been recognized as a source of energy to convert atmospheric CO2 into

energetic chemical bands which finally appear as sucrose, starch and many other

energy containing substances.

3. C3 and C4 plants both use the process of photosynthesis to convert light to energy and

atmospheric CO2 into plant food energy (carbohydrates). The plants differ in the leaf

anatomy and enzymes used to carry out photosynthesis.

4. C4 plants such as maize, sorghum and sugarcane, approximately have 50% higher

photosynthesis efficiency than C3 plant such as rice, wheat and potato. C3 species

represent approximately 85% of all higher plant species, C4 species account for about

5%.

5. C3 plants are called temperate or cool-season plants. C3 plants can be annual or

perennial. They reduce (fix) CO2 directly by the enzyme ribulose bisphosphate

carboxylase (RUBPcase) in the chloroplast.

6. C3 plants have an optimum temperate range of 65-75 0F. Growth begins when the soil

temperature reaches 40-45 0F. C3 plants become less efficient as the temperature

increases.

7. C4 plants are often called tropical or warm season plants. They reduce carbon dioxide

captured during photosynthesis to useable components by first converting carbon

dioxide to oxaloatcetate, a 4-carbon acid. This is the reason these plants are referred to

as C4 plants.  They also use less water to make dry matter.

8. C4 plants grow best at 90-950F. They begin to grow when the soil temperature is 60-

65 0F. C4 plants are thought to have originated in relatively arid region, where high

temperature occur in combination with water stress.

9. Photosynthesis is used here for gross photosynthesis and includes photorespiration,an

intensive process in C3 plants that is intimately coupled with photosynthesis itself.



Photorespiration does not lead to any product and is almost completely suppressed in

C4 plants.

10. In C3 plants, CO2 diffuses through the stomata and the intercellular air spaces, and

eventually arrives in the chloroplast. Carbonic anhydrase catalyses the reversible

hydration of CO2 to HCO3 – in the aqueous phase (i.e., chloroplast, cytosol and

plasma membrane) and is though to maintain the supply of CO2 to Rubisco by

speeding up the dehydration of HCO3, although the importance of carbonic anhydrase

may not be high in C3 plant.

Figure: C3 and C4 photosynthesis

Three groups of plants are often distinguished on the basis of their

biochemical mechanism of photosynthesis

1) Leaf photosynthesis: The photosynthesis light response curve

The response of leaf photosynthesis to absorbed light can be described as a curve that relates

the rate of gross photosynthesis.



The response curve of gross photosynthesis of a single leaf versus the intensity of absorbed

radiation (PAR). PLEA, the tangent of angle alpha, is the initial efficiency of light use,

PLMX the maximum level to which the exponential curve rises.

2) Light absorption by leave

Only radiation from a part of the light spectrum (400-700 nm) is effective for photosynthesis.

This photosynthetically active radiation (PAR) is about 50% of solar radiation. reflectivity

and transmissivity are numerically often about equal and have a value of 0.1 each

(Goudriaan, 1977). The fraction of PAR absorbed by leaves is assumed here to always be

0.80.

3) Initial light use efficiency

The theoretical minimum energy requirement for reduction of a CO 2 molecule is about 9.5

quanta (PAR) for light of wavelengths 540-670 nm, but the lowest values observed in C 3

plants in sunlight in the absence of photorespiration are about 13 quanta per molecule

(Farquhar & von Caemmerer, 1982). The difference is caused by light absorption by non-

photosynthetic pigments and by the lower (on average 10%) light use efficiency at other

wavelengths (McCree, 1982). Photorespiration, induced in C 3 plants by O 2 , increases the

energy requirement to at least 15 quanta per CO 2 molecule.



Light use efficiency(PLEI) such as this can be converted into the more practical

measure of a rate of 0.48 kg CO 2 per hectare of leaf surface and per hour per J m -2 s -1 of

PAR (de Wit et al., 1978). This is typical for all C 3 species at relatively low temperatures

(around 10 °C). For C 4 plants the initial light use efficiency is about 0.40. It is lower than

that of C 3 plants at low temperatures because suppression of photorespiration is a costly

process.

Comparision chart

Plant Characteristic C3 Pathway C4 Pathway CAM Pathway

Photorespiration Rate High Low / Negligible

Very Low /

Negligible

Leaf Anatomy Typical Kranz Xeromorphic

Typical Environments All

Tropical, elevated

daytime

temperatures,

drought Dry, arid

Stoma Open During the

Day? Yes Yes No

Number of Steps in

Pathway 1 2 2

First Molecule Produced

in Pathway

3-phophoglyceric

acid

Malic acid or

aspartic acid Malate

Uses the Calvin Cycle? Yes Yes Yes



Assignment no. 3

Canopy Photosynthesis:-

The principle of canopy photosynthesis

If the photosynthesis rate was proportional to the light intensity and if all leaves had identical
properties, then canopy photosynthesis would simply be equal to the multiple of the quantity
of light absorbed and the light use efficiency. However, leaves become saturated at high light
intensities and they are all exposed differently to radiation. Hence, the relation of canopy
photosynthesis to light intensity is curved and varies greatly for different situations (Figure-
1).

Table 5. The effect of leaf temperature on the maximum rate of leaf photosynthesis of
several crop species. (See original publication for the cultivar used.)

Barley (Joliffe & Tregunna, 1968)
FUNCTION PLMTT = -20.,0.001, 0.,0.01, 5.,0.4, 10.,0.7, 15.,0.9 ,...

20.,1., 25.,1., 30.,0.9, 35.,0.8, 40.,0.5

Cotton (El-Sharkawy & Hesketh, 1964a; Ludwig et al., 1965)
FUNCTION PLMTT = 0.,0.001, 10.,0.3, 20.,0.6, 25.,1., 30 ., l.,...

35.,0.8, 40.,0.5, 50.,0.001

Phaseolus vulgaris (Jones, 1971)
FUNCTION PLMTT = –10.,0.01, 0.,0.01, 10.,0.59, 15.,0.76 ,...

20.,0.93, 25.,1., 30.,0.92, 35.,0.84, 40.,0.75

Groundnut (Bhagsari & Brown, 1976; Pallas & Samish, 1974)
FUNCTION PLMTT = 0.,0.001, 10.,0.3, 20.,0.6, 25.,1.,...

30.,1., 35.,0.8, 40.,0.5, 50.,0.001

Maize (Hofstra & Hesketh, 1969)
FUNCTION PLMTT = 0.,0.01, 5.,0.01, 10.,0.1, 15.,0.5, 20.,0.8 ,...

25.,1., 35.,1., 40.,0.9, 45.,0.75, 50.,0.07

Millet (Jansen & Gosseye, 1986)
FUNCTION PLMTT = 0.,0., 10.,0., 20.,1., 40.,1., 50.,0.

Potato (van Heemst, CABO, personal communication)
FUNCTION PLMTT = –20.,0., –5.,0.01, 5.,0.02, 15.,0.8, 20.,1.,...

25.,1., 30.,0.8, 37.,0.0

Rice (van Keulen, 1976)
FUNCTION PLMTT = 0.,0.01, 10.,0.01, 20.,1., 35.,1., 42.,0.01

Sorghum (El-Sharkawy & Hesketh, 1964a)
FUNCTION PLMTT = 0.,0.001, 10.,0.01, 15.,0.3, 20.,0.6, 25.,0.9 ,...



30.,1., 40.,1., 45.,0.9, 50.,0.8, 55.,0.4, 60.,0.001

Soya bean (Hofstra & Hesketh, 1969)
FUNCTION PLMTT = 0.,0.001, 10.,0.3, 20.,0.6, 25.,0.8, 30 ., l.,...

35.,1., 40.,0.8, 45.,0.4, 50.,0.001

Sugar-beet (Hofstra & Hesketh, 1969; Hall & Loomis, 1972)
FUNCTION PLMTT = 0.,0.01, 5.,0.01, 10.,0.75, 20.,1., 35.,1.,...

40.,0.9, 45.,0.01

Sunflower (El-Sharkawy & Hesketh, 1964a)
FUNCTION PLMTT = 5.,0.1, 10.,0.5, 15.,0.7, 20.,0.9, 25.,0.95 ,...

30.,1., 35.,1., 40.,0.7, 45.,0.3, 50.,0.01

Sweet potato (van Heemst, CABO, personal communication.)
FUNCTION PLMTT = –5.,0.01, 5.,0.02, 15.,0.8, 20.,0.9 ,...

25.,1., 30.,1., 35.,0.9, 40.,0.5, 45.,0.001

Wheat (van Keulen & Seligman, 1987)
FUNCTION PLMTT = 0.,0.0001, 10.,1., 25.,1., 35.,0.01, 50.,0.01

Canopy photosynthesis is the sum of the rates of photosynthesis of all leaves. It is
expressed in kg CO2 per hectare of ground surface and per day. To compute its value,
canopies are thought to be divided into relatively thin ‘layers’ of leaves containing 0.1-1 m 2
of leaf surface per square meter of ground surface. Light intensity in the top layers is highest
and decreases towards the base of the canopy. Light must be distinguished as a fraction of
direct light coming from a point source (the sun) and a fraction of diffuse light coming from
all directions. Extinction of light (PAR) occurs with different coefficients: 0.50 for direct and
0.72 for diffuse radiation when the leaf angle distribution is spherical (i.e., leaf surfaces
distributed like the surface on a globe) (Figure 2). Its average extinction coefficient is about
0.6 for a canopy with erect leaves and 0.8 for one with horizontal leaves.

Leaves grow at varying angles from the horizontal. This can be represented by a
cumulative leaf angle distribution curve (Figure 3). The intensity of radiation on individual
leaves is anywhere between the intensity of diffuse light only (shaded leaves) and that of
diffuse plus direct light (sunlit areas perpendicular to solar rays). The actual leaf angle
distribution within a normal range has little effect on canopy photosynthesis (de Wit, 1965).
Clustering of leaves, relatively important for young plants and row crops, reduces canopy
photosynthesis less than may be expected.



Figure 1. Photosynthesis light response curve of canopies with different characteristics
and at different latitudes at June 15:

Figure 2. The approximate reduction of the intensity of the total global radiation from the top
of the canopy downwards (full line), and the diffuse radiation fraction of the total global

radiation (dashed lined) at each level of the canopy. The direct and diffuse component are
equal above the canopy. The curves are computed with an extinction coefficient of 0.5 for

total radiation and 0.7155 for diffuse radiation.



Figure 3. Cumulative leaf angle distribution of a maize crop



Assignment no. 4

Respiration

“Plant respiration is the chemical reaction by which plants cells stay alive.” The process of

respiration is expressed as:

Glucose + Oxygen → Carbon Dioxide + Water (+ Energy)

plants have proper system to ensure the availability of oxygen. Unlike animals, plants do not

possess any specialized organs for exchange of gases but they have lenticels and stomata

(present in stems and leaves respectively) that carry out the function of gaseous exchange.

Plants do not have any specialized organ to respire and exchange gases because each part of

the plant takes care of the need of gases themselves. The parts of the plant do not display any

great demand for exchange of gases. Added to this, stems, leaves and roots respire at very

lower rate as compared to animals. But during the process of photosynthesis, large exchange

of gases takes place and each part of the plant is well adapted to fulfill its need of gases.

Availability of oxygen is not a problem during photosynthesis because the cells release

oxygen within cells. It is important to note that each living cell in a plant is located quite

close to the surface of the plant and in case of stems, the living cells are arranged in the form

of thin layers beneath and inside the bark and have openings which are referred as lenticels.

Thereby, the respiration and translocation takes place at every part of the plant.

The complete combustion of glucose produces H2O and CO2 as end products and

release energy in the form of heat. In case, this energy is required by the cell, it will utilize

accordingly. Following reaction explains the entire process:

C6H12O6 + 6O2 → 6CO2 + 6H2O + Energy

During the process of respiration, O2 is utilized and carbon dioxide, energy and

water are released as products. There is also a situation when then the oxygen is not available.

For instance, the first cell on this planet must have carried out reaction in the absence of

oxygen and even in the current living world we are aware of several living organisms adapted

to anaerobic conditions. Some of these organisms are facultative and some are obligate. In

any of these cases, all living organisms retain enzymatic machinery to partially oxidize

glucose in the absence of oxygen. This process is also called as Glycolysis which includes

breaking down of glucose to Pyruvic Acid.



Respiration In Roots

The process of respiration in roots is carried out in the following manner:

 Air occurs in several interspaces of soil. The hairs of the roots are in direct contact

with them.

 Oxygen of the soil gets diffused via root hairs and reaches all internal cells of the root

for respiration.

 Carbon dioxide produced during the diffusion is released in the opposite direction.

 In the condition of water logging, air gets deficient in soil and in this case, metabolic

activity of the roots declines.

Respiration In Stems

 The stems of herbaceous plants possess stomata and the air gets diffused via it and

reaches the cells for respiration.

 The carbon dioxide produced during the process gets diffused in the air via stomata.

 When the stems are woody, this gaseous exchange is carried out by lenticels.

Respiration In Leaves

Leaves of the plants have tiny pores which are referred as stomata. The exchange of

gases takes place by the process of diffusion via stomata. The stomata are present in large

number on lower surface of  leaves of plant. Each stoma is surrounded and controlled by

Guard Cells (two kidney shaped cells). Then the stoma, open gaseous exchange takes place

between Atmosphere and Interior of Leaves.

Types of Respiration

Respiration is of two types

Aerobic Respiration: In this type of respiration, the food substances are completely oxidized

into H2O and CO2 with the release of energy. It requires atmospheric oxygen and all higher

organisms respire aerobically. Following figure shows the steps included in Aerobic

Respiration.



Anaerobic Respiration: In this type of respiration, partial oxidation of food takes place and

energy is released in the absence of oxygen. This type of respiration occurs in prokaryotic

organisms like bacteria and yeast. Ethyl alcohol and carbon dioxide are formed in this

process.

Glycolysis

The term glycolysis is derived from two Greek words, i.e. Glycos which means

sugar and lysis means splitting. The scheme of glycolysis was given by Otto Meyerhof, J.

Parnas and Gustav. In case of anaerobic respiration, respiration is carried out via glycolysis

which occurs in cytoplasm of the cells. In it, partial oxidation of glucose is carried out

resulting in two molecules of pyruvic acid. Glucose and fructose are phosphorylated to give

rise to glucose-6-phosphate via enzyme hexokinase. This phosphorylated glucose is

isomerized to produce fructose-6-phosphate.

The several steps of Glycolysis are depicted in the figure below. In this process,

chain of ten reactions takes place under the control of various enzymes and the outcome is

pyruvate. ATP is utilized at two steps:

 During the conversion of glucose into glucose-6-phosphate.

 During the conversion of fructose-6-phosphate in fructose 1 and 6-diphosphate.The

fructose 1, 6 diphosphate is broken into



(i). Dihydroxyacetone Phosphate and

(ii). 3-Phosphoglyceraldehyde (PGAL).

(ii). 3-Phosphoglyceraldehyde (PGAL).

Fermentation

In this process, the incomplete oxidation of glucose is carried out under anaerobic

conditions via set of reactions where pyruvic acid is converted into ethanol and carbon

dioxide. These reactions are catalyzed by two enzymes, i.e. achohol dehydrogenase and acid-

decarboxylase. Other organisms such as bacteria produce lactic acid from pyruvic acid. The

detailed steps are depicted in the figure below. In animal cells as well, during muscle

exercise, in case of inadequacy of oxygen for cellular respiration, pyruvic acid is reduced to

lactic acid by lactate dehydrogenase. NADH+H+ are the reducing agent which is oxidized to

NAD+ in the process.In both alcohol and lactic acid fermentation, very less energy is

released. Both these process are hazardous because alcohol or acid is produced during the

process. Fermentation process is used in our daily life such as in the formation of curd,

vinegar, bread and alcoholic drinks.

Aerobic Respiration

For aerobic respiration to take place in mitochondria, pyruvate is transported into

mitochondria from cytoplasm. The most important events in this respiration are:

 The hydrogen atoms, that leaves 3 molecules of CO2.

 Passing on of electrons removed as a part of hydrogen atoms to molecular oxygen

with simultaneous synthesis of Adenosine Triphosphate (ATP).

Pyruvate, formed during glycolytic catabolism of carbohydrates in  cytosol, enters

the matrix of mitochondria and it undergoes oxidative decarboxylation by the complex set of



reaction. This entire process is catalyzed by pyruvic dehydrogenase and this reaction requires

involvement of several coenzymes such as Coenzyme A and NAD+.

During this entire process, 2 molecules of NADH are produced from the

metabolism of 2 molecules of pyruvic acid. The acetyl CoA enters into a cyclic pathway

called as Kreb’s cycle or tricarboxylic acid. The name Krebs Cycle is mentioned after the

name of scientist Hans Kreb who first elucidated this cycle.

Factors affecting Respiration in Plants: There are eight environmental factors that has

significant impact on respiration in plants –

 Oxygen content of the atmosphere

 Effect of water content

 Effect of temperature

 Effect of availability of light

 Impact of respirable material

 Effect of concentration of carbon dioxide in atmosphere

 Protoplasmic conditions, i.e. younger tissues have greater protoplasm as compared to

older tissues.

 Other factors, i.e. fluorides, cyanides, azides, etc

 Respiration takes place in all living cells, including green (Chlorophylls) and non –

green.

 It occurs both in night and day and includes Glycolysis – in cytoplasm, Krebs cycle/

Citric acid cycle – in mitochondrial matrix and Electron transport chain and oxidative

phosphorylation in inner mitochondrial membrane.

 O2 is utilized and CO2 and H2O is formed

 It is a catabolic process which includes destruction of food.

 Oxygen is absorbed and carbohydrate is oxidized.

 It is an exothermic process and energy is released during respiration.

 Dry weight of plant decreases and potential energy is transformed into kinetic energy.



Assignment no. 5

Maintenance

Respiration, like photosynthesis, has been studied for almost 200 years (Steward &

Bidwell, 1983). However, the regulatory mechanisms of the processes at the whole plant

level are still fairly new territory. Traditionally, but inappropriately, respiration has been

regarded as complex, but basically a single process. However, maintenance respiration and

growth respiration are processes that occur at different rates and with their own regulation,

but they have CO 2 production in common .Quantifying the intensity of maintenance

processes suffers considerably from a lack of understanding its basis, yet this process alone

consumes 15-30% of the assimilates of a whole growing season. Therefore, the processes and

assumptions underlying simulation of maintenance respiration are discussed here more

extensively than those of other carbon balance processes.



Figure. A relational diagram of respiration processes in crop growth. Valve symbols indicate

fluxes, the circle an intermediate variable, the rectangle a state variable and the underlined

variables are input variables or constants.

Living organisms continuously use energy to maintain their current biochemical and

physiological states. Respiration provides this energy. Though CO 2 is only a byproduct,

measuring the CO 2 production rate is, nevertheless the best way to quantify maintenance

respiration. Maintenance can be considered at different levels of biological organization.

Maintenance is only considered at the cellular level in crop growth modelling.

Maintaining the biomass of leaves and root system is regarded as a balance of

separate growth and loss processes.

Biochemistry and regulation of maintenance

Three components of maintenance at the cellular level are distinguished: maintenance

of concentration differences across membranes, maintenance of proteins and a component

related to the intensity of metabolism (Penning deVries , 1975).

Concentration differences

This maintenance process is made up of activities which maintain the concentration

differences of organic and inorganic ions and of neutral molecules across cell membranes.

These processes keep up electrical and pH gradients and counteract spontaneous leakage. The

membranes involved are those of cell organelles (mitochondria, chloroplasts) and of tonoplast

and plasmalemma (enveloping the vacuole and cytoplasma, respectively). This process

requires considerable energy, because though membranes only measure 8-25 nm across, the

difference between both sides of the membranes can be appreciable (90 mV, 1 pH unit) and

because the total membrane surface is large (typically 2-20 m 2 per g dry matter). Active

transport of one molecule through one membrane probably requires, on average, the energy

of one ATP (irrespective of the gradient), while two molecules follow passively.

Protein turnover

Decomposition of some proteins and synthesis of others is continuous. Respiratory

processes provide energy for this turnover. The rate of enzyme turnover varies: from almost

none for the bulk of the proteins, to several times per day for some enzymes in key metabolic

positions. Their overall average turnover rate has been estimated to be about 0.10 d -1 in

active leaf, stem and root tissue, but is probably much smaller (deducted from data by



Huffaker & Miller, 1978; Wittenbach et al., 1982; Bidwell, personal communication). Protein

degradation uses an insignificant amount of energy; the cost of protein resynthesis resembles

that of synthesis.

Metabolic activity

The biochemical basis of metabolic activity, the third component of maintenance

respiration, is poorly understood. The component is thought to be related directly to the

overall metabolic activity of the crop (Penning de Vries,1975; McCree & Kresovich, 1978;

Amthor, 1984). The few data available indicate that its value is low in phytotron plants grown

at low light. However, in field crops with high growth rates it is roughly equal to the sum of

the other components and is therefore significant. Gross photosynthesis may be used as a

measure of the overall metabolic activity in a crop. The third maintenance respiration

component is then equal to 10-20% of daily photosynthesis (an estimate, based, as yet, on

few observations). The course of CO 2 production in a crop suggests that this maintenance

component follows gross photosynthesis with a time coefficient of 1-2 days. The process

takes place mainly in the leaves. the maintenance respiration component is that a high

photosynthetic activity leads to a high glucose level in leaves, which in turn can partially

uncouple ATP production from glucose oxidation, i.e., lower the efficiency of energy

production (Azcon-Bieto et al., 1983). Up to three times as much glucose can then be

combusted to provide the same amount of energy. CO 2 production increases

correspondingly. This promising hypothesis awaits direct experimental support.

Growth efficiency of plant

Respiration significantly influences the carbon balance of a crop since often about half the
carbon assimilated during photosynthesis is eventually lost to respiration. The relationship
between crop respiration (or photosynthesis) rate and crop yield is not always
straightforward, however, since it is only a fraction of the plant that is of interest, i.e., the
harvested portion. Changes in specific respiration rate during crop development, as well as
differences in the rate of respiration among plant parts, are important considerations when
evaluating the role of respiration in the carbon economy of a crop throughout a growing
season. The first half of this chapter covers some important aspects of the respiration of
crops, particularly under field conditions, and some relationships between respiration rate
and productivity, including the growth efficiency of major crops.

There are significant differences in both physiology and harvested portion of major
crops. Because of this, it is unlikely that many generalizations can be made about the
quantitative role of respiration in the productivity of crops in general. The second half of this
chapter is therefore devoted to case studies; both rates of respiration and growth efficiencies



are described for major crop species. In many cases, however, little can be said about the
quantitative significance of respiration to productivity of specific crops. although the
magnitude of cause and effect relationships may vary among different environments, crops,
and their interactions.

Whole-crop respiration rate is often expressed per ground area, e.g., mg CO2 m-2 ground h-
1. This makes comparisons among crops difficult since the amount of phytomass per ground
area can be quite variable. This is also the case for a given crop at different times during the
growing season. Photosynthetic rate on a ground-area basis may also differ significantly
among crops and times of the year. Since it is the balance of photosynthesis and respiration
that is often of most interest, it is necessary to know concomitant rates of respiration and
growth, or respiration and photosynthesis, to make sense out of respiration rates within the
context of a crop's carbon balance. Respiration rate by crops growing in the field is more
variable than individual plants growing under controlled or semi-controlled conditions. This
is in large part due to the variability in factors such as light (photosynthesis and substrate
levels), temperature, soil water and nutrient levels, etc., in the field, while these are just the
factors held constant, or at least controlled to some degree, in most controlled environment
research. Such controlled environment research is, of course, designed to make quantitative
and qualitative observations at levels of organization lower than a whole crop, and often
lower than a whole plant. Because the variability of respiration rate is so high in the field, and
so few measurements are made of field-grown crop plants, our knowledge of and ability to
predict in situ crop respiration is quite limited. Nonetheless, the extent of crop respiration
under field conditions is of vital significance to crop growth and productivity, although its
precise role in crop production is still unknown.



Assignment no. 6

Transpiration:-

‘Transpiration’ is the loss of water vapour by plants. ‘Evaporation’ is the loss of water vapour
from the soil or from a free water surface. ‘Evapotranspiration’ is a broader term that covers
both transpiration and evaporation.

Evaporation of a 1 mm layer of water requires as much as 2.4 MJ m -2 of energy.
Transpiration by plants and evaporation from the soil or free water surfaces can therefore be
considered as energy balance processes. The driving force for transpiration at any time is the
gradient of water vapour pressure. Resistance to the transpiration and evaporation process is
strongly related to wind speed. These two environmental variables, air humidity and wind
speed, are sometimes, in combination, referred to as the ‘evaporative demand’ or ‘drying
power’ of the air. Transpiration cools the evaporating surface so that a power source is
required to maintain the surface temperature and hence the vapour pressure gradient. Solar
radiation supplies the bulk of this power. Radiation is therefore the main environmental factor
and driving force determining
the transpiration rate. Net thermal (long wave) radiation is mostly a negative term in the heat
balance. Heat carried by moving air is another power source, but this is usually a smaller
source than radiation. Photosynthesis traps less than 5-8% of solar radiation and is
disregarded here. Respiration yields an insignificant amount of energy. To simplify the
treatment of transpiration, it is considered as resulting from two factors: radiation and
evaporative demand.

When the crop has sufficient water the transpiration rate is the potential transpiration
rate of the canopy. The term refers to the current weather and crop situation. Reduced
photosynthesis due to sink size limitation, ageing, or even low air humidity increases
stomatal resistance and lowers the potential transpiration rate. The actual transpiration rate is
below the potential rate when stomatal resistance increases in response to water shortage.

When there is sufficient soil water the photosynthesis rate largely determines the
transpiration rate. When water is in short supply, the inverse is true, for the rate of water
uptake from the soil is then of crucial importance. where with ample soil water, transpiration
equals potential transpiration and photosynthesis equals potential photosynthesis; when there
is water shortage, uptake is less than potential transpiration, and due to this stress,
photosynthesis is below potential photosynthesis.

In many cases it is important to consider crop water use. First, because it can be an
important topic in itself in field or regional water balance studies, whether water is plentiful
or not. Second, because water shortage is a very common phenomenon and water stress, brief
or long, reduces the rate of crop growth and can affect dry matter distribution and hence the
economic yield.

The time period for simulating transpiration is 24 hours. The instantaneous effects of
the driving forces of transpiration, irradiance and air-drying, are almost proportional to
transpiration without water stress. Therefore, it is assumed that the daily total radiation and
the average daytime drying power are proportional to daily transpiration. Amounts of
transpiration per day are quite large in comparison to crop water content. Time periods even
smaller than those for simulating transient carbohydrate levels (i.e., <6 h) would be required
for a dynamic simulation of the plant water content.



Canopy transpiration, leaf area and environmental conditions

Leaf area is used in calculating both parts of transpiration: the drying power of the air
is proportional to the area of the upper leaf layers, and absorption of solar radiation is
exponentially related to leaf area (the average extinction coefficient for visible and near
infrared radiation is about 0.5: Listing 7 Line 16). Figure show provides an example of the
relation of leaf area and transpiration rate: canopy transpiration in this case increases rapidly
till about 4 mm d-1 at a leaf area of about 3 m 2 m -2, and only a little beyond. The potential
rate of transpiration can be twice as high in a dry tropical climate, whereas in overcast
conditions transpiration is always much less.

Figure. A diagram to locate the three principal resistances (arrows) to gas exchange of crops.
1 refers to the leaf resistance,

2 to the boundary layer resistance and
3 to the canopy resistance.



ASSIGNMENT – 1

SIMULATION TECHNIQUES

SIMULATION –

Simulation is a method of solving decision making problem by designing,
constructing and manipulating the model of the real world system. Simulation
can be used to show the eventual real effects of alternative conditions and
courses of action. Simulation is also used when the real system cannot be
engaged, because it may not be accessible, or it may be dangerous or
unacceptable to engage, or it is being designed but not yet built, or it may
simply not exist. A simulation technique uses a probability experiment to
mimic a real-life situation. Instead of studying the actual situation, which might
be too costly, too dangerous, or too time-consuming, scientists and
researchers create a similar situation but one that is less expensive, less
dangerous, or less time-consuming. Many real-life problems can be solved by
employing simulation techniques.

SIMULATION TECHNIQUES –

The Monte Carlo Method -

The Monte Carlo method is a simulation technique using random numbers.
Monte Carlo simulation techniques are used in business and industry to solve
problems that are extremely difficult or involve a large number of variables.
The steps for simulating real life experiments in the Monte Carlo method are
as follows:

1. List all possible outcomes of the experiment.

2. Determine the probability of each outcome.

3. Set up a correspondence between the outcomes of the experiment and the
random numbers.



4. Select random numbers from a table and conduct the experiment.

5. Repeat the experiment and tally the outcomes.

6. Compute any statistics and state the conclusions.

Techniques in Simulation Model Design -

Process of model design may be divided into the next stages:

• Conceptual model design or pre-model formulation accompanied by pre-
formation of a knowledge base,

• Declarative model design or description in form of mathematical equations
that cast aside the nonessential factors,

• Functional model design or formulation of mathematical laws that the object
obeys,

• Calibration of the model, formation of knowledge base and purpose of study,
• investigation of the problem in particular by computer experiment,

• Comparison of results of model investigations with practice results and
results obtained from another mode .

Steps in Simulation Study –



ASSIGNMENT -2

SIMULATION USED FOR PLANT GROWTH

The simulated growth of plants is a significant task in of systems biology and
mathematical biology, which seeks to reproduce plant morphology with
computer software. Electronic trees (e-trees) usually use L-systems to simulate
growth. L-systems are very important in the field of complexity science and A-
life. A universally accepted system for describing changes in plant morphology
at the cellular or modular level has yet to be devised.

The simulation program is the same whatever the tree species is and is based
on the reference axis and age data of the plant. It is divided into two parts: the
topological part describes bud activity and the geometric part defines the
spatial characteristics of bud activity.

Bud activity is simulated by the Monte-Carlo process in which random
numbers are combined with stochastic laws of mortality, pause, and
branching.

Modelling plant growth allows us to test hypotheses and carry out virtual
experiments concerning plant growth processes that could otherwise take
years in field conditions. The visualization of growth simulations allows us to
see directly and vividly the outcome of a given model and provides us with an
instructive tool useful for agronomists and foresters, as well as for teaching.
Functional-structural (FS) plant growth models are nowadays particularly
important for integrating biological processes with environmental conditions in
3-D virtual plants, and provide the basis for more advanced research in plant
sciences.

The crop growth models are being developed to meet the demands under the

following situations in agricultural meteorology.

1. When the farmers have the difficult task of managing their crops on poor

soils in harsh and risky climates.



2. When scientists and research managers need tools that can assist them in

taking an integrated approach to finding solutions in the complex problem of

weather, soil and crop management.

3. When policy makers and administrators need simple tools that can assist

them in policy management in agricultural meteorology.

The potential uses of crop growth models for practical applications are as

follows (Sivakumar and Glinni, 2000).

On farm decision-making and agronomic management

The models allow evaluation of one or more options that are available

with respect to one or more agronomic management decisions like:

�Determine optimum planting date.

�Determine best choice of cultivars.

�Evaluate weather risk.

�Investment decisions.

The crop growth models are being developed to meet the demands under the
following situations in agricultural meteorology.

1. When the farmers have the difficult task of managing their crops on poor
soils in harsh and risky climates.

2. When scientists and research managers need tools that can assist them in
taking an integrated approach to finding solutions in the complex problem of
weather, soil and crop management.

3. When policy makers and administrators need simple tools that can assist
them in policy management in agricultural meteorology.

The potential uses of crop growth models for practical applications are as
follows (Sivakumar and Glinni, 2000).

On farm decision-making and agronomic management



The models allow evaluation of one or more options that are available with
respect to one or more agronomic management decisions like:

�Determine optimum planting date.

�Determine best choice of cultivars.

�Evaluate weather risk.

�Investment decisions.

A model can calculate probabilities of grain yield levels for a given soil type
based on rainfall (Kiniry and Bockhot, 1998). Investment decisions like
purchase of irrigation systems (Boggess and Amerling, 1983) can be taken with
an eye on long term usage of the equipment thus acquired. Kiniry et al. (1991)
showed that for maize, both simulated and measured mean yields with weeds
are 86% of the weed-free yields.The crop growth models can be used to
predict crop performance in regions where the crop has not been grown
before or not grown under optimal conditions. Such applications are of value
for regional development and agricultural planning in developing countries
(Van Keulen and Wolf, 1986).

In agro-meteorological research the crop models basically helps in:

�Testing scientific hypothesis.

�Highlight where information is missing.

�Organizing data.

�Integrating across disciplines.

�Assist in genetic improvement;

�Evaluate optimum genetic traits for specific environments.

�Evaluate cultivar stability under long term weather.

The policy management is one very useful application of crop simulation

models. The issues range from global (impacts of climate change on crops) to

field level (effect of crop rotation on soil quality) issues. Thornton et al. (1997)



showed that in Burkina Faso, crop simulation modeling using satellite and

ground-based data could be used to estimate millet production for famine

early warning which can allow policy makers the time they need to take

appropriate steps to ameliorate the effects of global food shortages on

vulnerable urban and rural populations. In Australia Meinke and Hammer

(1997) found that when November-December SOI (Southern Oscillation Index)

phase is positive, there is an 80% chance of exceeding average district yields.

Conversely, in years when the November-December SOI phase is either

negative or rapidly falling, there is only a 5% chance of exceeding average

district yields, but a 95% chance of below average yields. This information

allows the industry to adjust strategically for the expected volume of

production.

Crop models can be used to understand the effects of climate change such as :

a) Consequences of elevated carbon-dioxide, and

b) Changes in temperature and rainfall on crop development, growth and yield.

Ultimately, the breeders can anticipate future requirements based on the

climate change.



ASSIGNMENT -3

MODELLING APPROACHES

Mathematical models in the field of soil and water engineering have become
essential tools for the planning, development, and management of land and
water resources. They are increasingly used to analyze quantity and quality of
stream flow, groundwater and soil water, and different water resources
management activities. Their application in the fields of soil and water
engineering has expanded the horizon of innovative research.Engineering
research and development contributes to the advance of sustainable
agriculture both through innovative methods to manage and control
processes, and through quantitative understanding of the operation of
practical agricultural systems using decision models.

Agricultural systems and processes do not produce single outputs. Though the
primary goal is production of grain, meat or eggs, there are many by-products
and outputs which provide inputs to other enterprises. There are also wastes
and emissions to water and air, modifications to the soil and the rural
community, and by-products that could be used in other markets to reduce
fossil fuel demands. Farming is under pressure to reduce emissions in a
competitive market place, which focuses attention on justifying the use of
inputs—maximum food for minimum inputs. Sustainability sets economic
arguments in the context of environmental concerns and the social
implications of technology change. Simple rules to optimize inputs or justify a
new machine cannot take account of the effects of complex changes in local
environmental conditions or the secondary effects of the process on the
environment through emissions or demands for processed inputs.The advent
of hardware that can process data rapidly allows complex descriptions to be
analysed or optimizations undertaken in time spans that match the needs of
customers/users. The advent of the associated mathematics and software
allows the conclusions to be expressed in ways that meet concerns about
uncertainty and the concept of supporting rather than making decisions. New
engineering methods to collect difficult data permit control of complex real
processes.



Engineering provides at least three important contributions as follows :

 Quantitative approaches to defining the whole system, so that the
interacting effects of component production methods are assessed as a
whole and future solutions considered in the light of economic, social
and environmental impacts and policy goals.

 New tools and techniques, including machines, sensors and
management methods, which enhance agricultural sustainability.

 Modelling methods and decision support tools at the level of specific
processes, giving increased precision in process control.

Engineering is therefore a necessary partner with biological and other sciences
in the improvement of agricultural systems and development of sustainability,
providing the route to draw technologies together to achieve specific goals.

Modelling provides a logical procedure for predicting process outcomes in
circumstances other than those that have been observed. Decision modelling
aims to determine the optimal decision, define the trade-offs between
different outcomes that are inherent in a range of decisions or predict the
probable decisions that will be taken by farmers in a range of practical
circumstances. Such models encapsulate knowledge of how a system is
constructed of interacting processes and how each process works. They often
combine experimental observations, expert knowledge and logic. In the
physical world, models are frequently very precise and allow us, for example,
to send probes to the moons of Jupiter. In the biological world not only are
processes less well understood, often because they are made up of many sub-
processes, but also the systems themselves are stochastic. Weed plants not
only spread their seeds by various mechanisms—using wind, animals and birds
so that their destination could be a long way from the plant—but seeds are
also designed to lie dormant for times ranging from months to years so that
the species can survive attacks by weather or man. Fungal spores operate in a
similar fashion. Millions are launched into the air, some of these land on a leaf,
some of these germinate and some of these survive the defences of plant and
man to produce yet more spores. Domesticated seeds have been bred by man
to germinate when planted, but this reliability is confounded by the action of



wildlife such as a browsing slug finding the seed in the soil. Overlaying all is the
weather and its variability and unpredictability—even with the very latest and
largest computer.

Modelling to aid decision making in sustainable agriculture does not require
description of all elements in fine detail—the approach needs to be tailored for
the purpose. Relatively simple descriptions of specific processes are sufficient
if the processes are known to respond to a limited subset of external
conditions, or if other unmodelled effects can be dealt with through
appropriate adjustments to accommodate drift or errors. Early attempts at
decision support systems in agriculture, such as ProPlant (Frahm et al. 1991),
relied purely on expert knowledge to instruct the user in what to do. ProPlant
Expert (www.proplantexpert.com) continues to function as an expert advisory
system and covers a range of crops, pests and diseases. PC-Plant Protection,
developed in Denmark (Murali et al. 1999), also uses expert scoring rules and
covers control of weeds, pests and diseases in wheat, with an emphasis on
reducing chemical use. EPIPRE in The Netherlands (Zadoks 1981; Rijsdijk 1983)
used empirical models to relate observed disease levels to probable losses, but
use of the system has now declined as farmers have become educated about
the meaning of observations. None of these approaches allows the users
themselves to consider the dynamics of the diseases, interact with current
weather conditions, make sequential decisions, maximize profit and compare
alternatives. However, they do attempt to estimate the magnitude of losses,
without which no decision is possible.

Predictive modelling of the outcomes resulting from actions enables a person
to make a better decision. The methods to achieve this range from
education/training so that operators better understand the consequences of
their actions, through analytical studies and reports which provide the decision
maker with measures of the effect of various options, to computer-based
decision support systems that use the models interactively to suggest the best
decisions to the operator. Modelling decisions for these systems needs to
combine a probabilistic approach to the range of possible outcomes with a
deterministic description. The probabilistic approach could use stochastic
modelling techniques (Sells 1996), but, for systems studies, direct application
of probability modelling techniques to repeated simulations is more likely, for



example, using many years of weather data. The deterministic approach will
generally describe component processes as logical relations or will use the fact
that the overall system, the sum of the parts, often behaves in a fairly
predictable way. Optimization is a powerful adjunct to predictive modelling for
both the user and the modeller. In principle, its aim is to provide the farmer
with the best decision. In this process, it is a very powerful test of the accuracy
and completeness of a system model and, by association, of the expert
knowledge.

These approaches are exemplified by a range of studies. Farming system
models provide the means to assess the implications for optimal profitability
and optimal environmental performance. Model outputs increase
understanding of how strategic decisions, by farmer or regulator, affect system
performance. Process modelling and optimization lead to decision support and
optimized advice to the farmer on input management. Total system studies, in
the form of life cycle assessments (LCAs), address cradle-to-grave issues in the
context of global sustainability.

Karl Terzaghi’s (1925, 1926, 1931) pioneering modeling and experimental
studies showed that clay swelling and shrinkage are essentially elastic
deformations caused by the clay’s affinity for water. Terzaghi (1926)
investigated the mechanics of the swelling of a gelatin gel, as model for clay,
using the thermodynamic principles. Empirical relationships were proposed
considering many parameters that influence the swelling behavior of gel such
as the concentration of gel, the size of gel micropores and the temperature. In
addition, from this study, the swelling pressure. was found to be merely due to
the elastic expansion of the solid phase, previously held under compression by
the surface tension of the water. The swelling pressure of the gel represents
the “free energy” of the system and can be entirely converted into mechanical
work. The heat developed in connection with a change in free energy with
unrestricted expansion is exclusively due to liquid friction as the gel expands.

Quantitative system approaches, provided by process‐based models of
agricultural systems, are essential for optimizing the use of increasingly limited
water and soil resources, guiding tactical management, and addressing the
environmental concerns and global issues of the 21st century. Agricultural
engineers have made significant contributions in the past to model



development and applications in soil and water research, irrigation design, and
water management, and they are uniquely capable of making the
much‐needed and exciting further model enhancements. In this brief review,
we present: (1) the current status of system model development and
applications in soil and water research and management, with examples from
the USDA‐ARS Root Zone Water Quality Model (RZWQM); (2) lessons learned
from RZWQM development and applications; and (3) future needs and
directions in system model enhancements and applications to make them
more effective. We make a strong case for international collaborations among
modelers and experimentalists and for a common development/applications
protocol and platform for the future.

Agricultural engineers made tremens- dous advances in soil and water
research and applied the research results to manage soil and water resources
around the global, which created major breakthroughs in management and
technology for agricultural systems. Typical examples are efficient irrigation,
subsurface tile drainage, soil erosion control, and water quality management
technologies. However, as we enter the 21st century, agricultural research has
more difficult and complex problems to solve. The quantity of fresh water
available for agriculture is diminishing due to increased urban uses, and it is
further af‐ fected by more frequent droughts and uneven rainfall dis‐ tribution
in recent years (Vörösmarty et al., 2000). The environmental concerns of the
general public are challenging producers to modify farm management
practices to protect water, soil, and air quality, while staying economically
profit‐ able in the new global market. The solution or mitigation of these
problems requires more quantitative whole‐system ap‐ proaches to optimize
the use of soil and water resources and assess the impacts of management
practices on soil and water quality. Process‐based agricultural system models
provide this approach. Agricultural engineers need to work with scientists from
other disciplines to further.

Crop/soil simulation models basically applied in three sections (1) tools for
research, (2) tools for decision-making, and (3) tools for education, training
and technology-transfer. The greatest use of crop/soil models so far has been
by the research community, as models are primarily tools for organizing
knowledge gained in experimentation. However, there is an urgent need to



make the use of models in research more relevant to problems in the real
world, and find effective means of dissemination of results from work using
models to potential beneficiaries. Nevertheless, crop models can be used for a
wide range of applications. As research tools, model development and
application can contribute to identify gaps in our knowledge, thus enabling
more efficient and targeted research planning. Models that are based on
sound physiological data are capable of supporting extrapolation to alternative
cropping cycles and locations, thus permitting the quantification of temporal
and spatial variability. Over a relatively short time span and at comparatively
low costs, the modeler can investigate a large number of management
strategies that would not be possible using traditional methodologies. Despite
some limitations, the modelling approach remains the best means of assessing
the effects of future global climate change, thus helping in the formulation of
national policies for mitigation purposes. Other policy issues, like yield
forecasting, industry planning, operations management, consequences of
management decisions on environmental issues, are also well supported by
modelling. Models are not simple mechanisms to archive and synthesize
information for producing forecasts. Modelling represents a better way of
synthesizing knowledge about different components of a system, summarizing
data, and transferring research results to users.



ASSIGNMENT – 4

DATA REQUIRED AND THEIR MANAGEMENT IN PLANT GROWTH MODELLING

Weather as an Input in Models –

In crop modeling weather is used as an input. The available data rangesfrom
one second to one month at different sites where crop-modeling workin the
world is going on. Different curve fitting techniques,
interpolation,extrapolation functions etc., are being followed to use weather
data in the modeloperation. Agrometeorological variables are especially
subject to variations inspace. It is reported that, as of now, anything beyond
daily data provedunworthy as they are either over-estimating or under-
estimating the yield insimulation. Stochastic weather models can be used as
random numbergenerators whose input resembles the weather data to which
they have beenfit. These models are convenient and computationally fast, and
are useful in anumber of applications where the observed climate record is
inadequate withrespect to length, completeness, or spatial coverage. These
applications includesimulation of crop growth, development and impacts of
climate change. In1995 JW Jones and Thornton described a procedure to link a
third-orderMarkov Rainfall model to interpolated monthly mean climate
surfaces. Theconstructed surfaces were used to generate daily weather data
(rainfall and solarradiation). These are being used for purposes of system
characterization andto drive a wide variety of crop and live stock production
and ecosystem models.The present generation of crop simulation models
particularly DSSAT suit ofmodels have proved their superiority over analytical,
statistical, empirical,combination of two or all etc., models so far available. In
the earliest cropsimulation models only photosynthesis and carbon balance



were simulated.Other processes such as vegetative and reproductive
development, plant waterbalance, micronutrients, pest and disease, etc., are
not accounted for as thestatistical models use correlative approach and make
large area yield predictionand only final yield data are correlated with the
regional mean weather variables.This approach has slowly been replaced by
the present simulation models bythese DSSAT models. When many inputs are
added in future the modelsbecome more complex. The modelers who attempt
to obtain input parametersrequired to add these inputs look at weather as
their primary concern. Theymay have to adjust to the situation where they
develop capsules with the scalelevel at which the input data on weather are
available.

APPLICATIONS AND USES OF CROP GROWTH MODELS INAGRICULTURAL
METEOROLOGY -

The crop growth models are being developed to meet the demands underthe
following situations in agricultural meteorology.

1. When the farmers have the difficult task of managing their crops on poor

soils in harsh and risky climates.

2. When scientists and research managers need tools that can assist them in

taking an integrated approach to finding solutions in the complex problem

of weather, soil and crop management.

3. When policy makers and administrators need simple tools that can assist

them in policy management in agricultural meteorology.

The potential uses of crop growth models for practical applications are
asfollows (Sivakumar and Glinni, 2000).On farm decision-making and
agronomic managementThe models allow evaluation of one or more options
that are available withrespect to one or more agronomic management
decisions like:

 Determine optimum planting date.
 Determine best choice of cultivars.



 Evaluate weather risk.
 Investment decisions.

The crop growth models can be used to predict crop performance inregions
where the crop has not been grown before or not grown under
optimalconditions. Such applications are of value for regional development
andagricultural planning in developing countries (Van Keulen and Wolf,
1986).A model can calculate probabilities of grain yield levels for a given soil
typebased on rainfall (Kiniry and Bockhot, 1998). Investment decisions
likepurchase of irrigation systems (Boggess and Amerling, 1983) can be
takenwith an eye on long term usage of the equipment thus acquired. Kiniry et
al.(1991) showed that for maize, both simulated and measured mean yields
withweeds are 86% of the weed-free yields.

Data needed to Run Crop Simulation model -

All crop simulation models requires as input, data on the management of the
crop, as well as the macro and micro environmental factors associated with the
weather and the soil. Management data consist of the latitude of the site, row
spacing, plant population, amount and timing of fertilizer applications, and
similar information. However, when modelers ask experimentalists to collect
detailed data about the weather and soil, the significance of the request is not
always understood.

a. Meteorological Data

➢Tmax and Tmin

➢ Total solar radiation

➢ Precipitation

➢ Humidity

➢Wind speed

b. Soil Data

➢ Depths of the major soil horizons



➢ For each horizon, the particle size analysis, BD, water release curve and
saturated HC

➢ Residual fertilizer content at the start of the season

➢ Organic matter content at planting

➢ Soil temperature

c. Crop Management Data.

d. Crop Coefficients.

Model Calibration/ Verification -

After constructing the model one must ask three questions,

➢ To what extent does the mathematical model represent reality

➢ Is the model exactly represented by the computer program

➢ Are the experimental data correct

In many instances, simulated values do not exactly comply with the observed
data and minor adjustments have to be made for some parameters. To make
the model work correctly, some of the parameters in the equations and even
some of the relationships have to be adjusted. This process is called as
calibration.

Tools for Model Calibration -

➢ Using the SI system throughout the program and checking of the units of all
equations,

➢ developing the mass balances for the state variables,

➢ comparison of numerical and analytical solutions, usually for portions of the
model,

➢ performing a robustness test using extreme, but realistic, parameter values
to investigate whether the program fails or shows strange behavior, and

➢ Performing a sensitivity analysis (how strongly does model output change
compared to a change in the input), both with respect to parameters and
structure of the model.



Sometimes it is necessary to recalibrate a model when a different soil type,
cultivar, etc., is to be simulated. For example, in soybeans, much of the
variation between cultivars can be explained by maturity group number. The
existence of parameters that have to be altered alerts us to the fact that our
model is not as universally applicable as we might have supposed. Either there
is a problem with some mechanism or we need additional input data. Even
when simulation models have to be recalibrated for different situations, they
can still be useful so long as the recalibration procedure is simple.

The parameters examined in the statistical evaluation were -

1. Anthesis date

2. Maturity date

3. Leaf area index (LAI) at maximum

4. Total above ground dry matter at maturity

5. Grain yield

6. Individual grain weight at maturity

7. Number of grains per m2 at maturity

8. Dry matter at anthesis

9. N uptake by the crop at anthesis

10. N uptake in the above ground plant parts at maturity

11. N content of the grain

12. Grain protein percentages

Crop  data:  leaf  area  index,  dates  of  the  main phenological stages, genetic
coefficients etc.

Management data: starting date of ponding, last date of ponding, maximum
depth of  ponding, starting  date of irrigation

Weather  data:  rainfall,  maximum  and  minimum temperatures, sunshine
hours



Soil  data:  pH,  organic  matter,  bulk  density,  texture, moisture content

ASSIGNMENT – 5

USE OF COMPUTERS IN PLANT GROWTH MODELLING

Computer modelling consists of writing a computer program version of a
mathematical model for a physical or biological system. Computer simulations
that are run according to such programs can produce knowledge out of reach
of mathematical analysis or natural experimentation.Computer models are
being highly used in agriculture sector to increase efficiency of decision
making, and  to find out  the best  cropping and  management options.
However, to  get  good output  from those models, need to select best models
for particular crops and good data source for calibration and validation
process. Otherwise outputs of the model do not address the real situation in
the field.Over the last decade, a growing number of scientists around the
world have invested in research on plant growth and architectural modelling
and applications (often abbreviated to plant modelling and applications, PMA).
By combining physical and biological processes, spatially explicit models have
shown their ability to help in understanding plant–environment
interactions.Computer simulation modeling is a discipline gaining popularity in
both government and industry.  Computer simulation modeling can assist in
the design, creation, and evaluation of complex systems. Designers, program
managers, analysts, and engineers use computer simulation modeling to
understand and evaluate ‘what if’ case scenarios. It can model a real or
proposed system using computer software and is useful when changes to the
actual system are difficult to implement, involve high costs, or  are impractical.



Some examples of computer simulation modeling familiar to most of us
include:  weather forecasting, flight simulators used for training pilots, and car
crash modeling.

Benefits:

 Gain greater understanding of a process
 Identify problem areas or bottlenecks in processes
 Evaluate effect of systems or process changes such as demand,

resources, supply, and constraints.
 Identify actions needed upstream or downstream relative to a given

operation, organization, or activity to either improve or mitigate
processes or events

 Evaluate impact of changes in policy prior to implementation

The use of computer technology has affected every field of life. People are
using computers to perform different tasks quickly and easily. The use of
computers makes different task easier. It also saves time and effort and
reduces the overall cost to complete a particular task.Modelling plant growth
allows us to test hypotheses and carry out virtual experiments concerning
plant growth processes that could otherwise take years in field conditions. The
visualization of growth simulations allows us to see directly and vividly the
outcome of a given model and provides us with an instructive tool useful for
agronomists and foresters, as well as for teaching. Functional–structural (FS)
plant growth models are nowadays particularly important for integrating
biological processes with environmental conditions in 3-D virtual plants, and
provide the basis for more advanced research in plant sciences.

A computer-based model is a computer program that is designed to simulate what
might or what did happen in a situation. They are used in many ways including in
astronomy, economics and sciences such as physics and biology. Computer models
are used in fields such as earthquake performance simulation and making models of
buildings.

Well known areas which use computer models:

A) Models of the atmosphere for weather forecasts and to predict climate change
B) Aerodynamics via fluid dynamics simulation
C) Agent-based modelling is used to simulate social interactions in artificial

intelligence.

Modeling the weather and climate aren't the only things you can do with computer
modeling. Models are used in all kinds of fields from science and engineering to
medicine and economics. A model of a newly designed airplane might be used to
predict the stresses and strains on different parts of the fuselage at different flying



speeds or under different flying conditions (in strong winds, with ice on the wings, or
whatever the conditions might be). Military planners often run computer simulations
("wargames") to consider how potential battles might play out with different numbers
of tanks, troops, and airplanes. Traffic planners can make models of the highway
network (or the streets in a busy city) to test whether new signals or road layouts will
make cars run more smoothly. When dramatic accidents occur in space, scientists
run models to test the best ways of making repairs or to figure out whetherastronauts
can return home safely. In all these cases, the modelers can try out many different
possibilities and find what works best—without ever leaving their desk.
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1. Model Concept in crop and plant growth

1.1. Modelling crop growth

Growing a crop is complex. Some activities, such as planting or seeding, are always

needed; others, such as irrigation, fertilization and spraying fungicides are optional. A

farmer combines activities effectively because he has a concept or model of how the crop

will react to its environment and to husbandry practices. In this sense farmers use

multidisciplinary models. However, these mental models are somewhat crude and are

difficult to improve or to explain to others.

Modelling is the use of equations or sets of equations to represent the behaviour of

a system. In effect crop models are computer programmes that mimic the growth and

development of crops (USDA, 2007). Model simulates or imitates the behaviour of a real

crop by predicting the growth of its components, such as leaves, roots, stems and grains.

Thus, a crop growth simulation model not only predicts the final state of crop production or

harvestable yield, but also contains quantitative information about major processes

involved in the growth and development of the crop. Reactions and interactions at the level

of tissues and organs are combined to form a picture of the crop’s growth processes.

1.2. Model

A model is a schematic representation of the conception of a system or an act of

mimicry or a set of equations which represent the behavior of a system, with the purpose of

aiding, understanding and improving performance of the system.

Or

Model is a word that admits several connotations, among which the following can be

mentioned: (i) the representation of some entity, usually in smaller size than the original; (ii)

a simple description of a system, used to explain it or to perform calculations (Crowther,

1995; Procter, 1995).
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It can be noticed, based on the above definitions, that models can be a prototype, a

simplified representation, as well as an abstraction of a reality (system).

A crop model is a simple representation of a crop. It is used to study crop growth and

to compute growth responses to the environment.

Crop models can be used to understand the effects of climate change such as

elevated carbon-dioxide, changes in temperature and rainfall on crop development, growth

and yield. For example, a change in weather to warm and humid may lead to more rapid

development of a plant disease, a loss in yield of a crop, and consequent financial adversity

for individual farmers and for the people of the region. Most natural systems are complex

and many do not have boundaries. It is a difficult task to produce a comprehensible,

operational representation of a part of reality, which grasps the essential elements and

mechanisms of that real world system and even more demanding, when the complex

systems encountered in environmental management

1.2.1. Types of models

Depending upon the purpose for which it is designed the models are classified into different

groups or types. A few of them are:

1) Empirical models

These are direct descriptions of observed data and are generally expressed as

regression equations (with one or a few factors) and are used to estimate the final yield.

This approach is primarily one of examining the data, deciding on an equation or set of

equations and fitting them to data. These models give no information on the mechanisms

that give rise to the response. Examples of such models include those used for such

experiments as the response of crop yield t fertilizer application, the relationship between

leaf area and leaf size in a given plant species and the relationship between stalk height

alone or coupled with stalk number and/or diameter and final yield.

2) Mechanistic models

A mechanistic model is one that describes the behaviour of the system in terms of

lower level attributes. Hence, there is some mechanism, understanding or explanation at
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the lower levels (eg. Cell division). These models have the ability to mimic relevant physical,

chemical or biological processes and to describe how and why a particular response occurs.

The modeler usually starts with some empirism and as knowledge is gained additional

parameters and variables are introduced to explain crop yield. The system is therefore

broken down into components and assigned processes.

3) Static and dynamic models

A static model is one that does not contain time as a variable even if the end

products of cropping systems are accumulated over time. In contrast dynamic models

explicitly incorporate time as a variable and most dynamic models are first expressed as

differential equations

4) Deterministic models

A deterministic model is one that makes definite predictions for quantities (e.g. crop

yield or rainfall) without any associated probability distribution, variance, or random

element. However, variations due to inaccuracies in recorded data and to heterogeneity in

the material being dealt with are inherent to biological and agricultural systems

(Brockington, 1979). In certain cases, deterministic models may be adequate despite these

inherent variations but in others they might prove to be unsatisfactory e.g. in rainfall

prediction. The greater the uncertainties in the system, the more inadequate deterministic

models become.

5) Stochastic models

When variation and uncertainty reaches a high level, it becomes advisable to

develop a stochastic model that gives an expected mean value as well as the associated

variance. However, stochastic models tend to be technically difficult to handle and can

quickly become complex. Hence, it is advisable to attempt to solve the problem with a

deterministic approach initially and to attempt the stochastic approach only if the results

are not adequate and satisfactory.

6) Simulation models
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These form a group of models that is designed for the purpose of imitating the behaviour of

a system. Since they are designed to mimic the system at short time intervals (daily time-

step), the aspect of variability related to daily change in weather and soil conditions is

integrated. The short simulation time-step demands that a large amount of input data

(climate parameters, soil characteristics and crop parameters) be Oteng-Darko et al., 003

available for the model to run. These models usually offer the possibility of specifying

management options and they can be used to investigate a wide range of management

strategies at low costs.

7) Optimizing models

These models have the specific objective of devising the best option in terms of

management inputs for practical operation of the system. For deriving solutions, they use

decision rules that are consistent with some optimizing algorithm. This forces some rigidity

into their structure resulting in restrictions in representing stochastic and dynamic aspects

of agricultural systems.

1.2.2. Crop model limitations

Crop models are not able to give accurate projections because of inadequate

understanding of natural processes and computer power limitation. As a result, the

assessments of possible effects of climate changes, in particular, are based on estimations.

Crop models are not universal; the user has to choose the most appropriate model

according to his objectives.

Crop models are therefore not able to give accurate projections because of

inadequate understanding of natural processes and computer power limitation. Again,

methodology of model validation is still rudimentary.

Model performance is limited to the quality of input data. It is common in cropping

systems to have large volumes of data relating to the above-ground crop growth and

development, but data relating to root growth and soil characteristics are generally not as

extensive. Most simulation models require that meteorological data be reliable and

complete. Finally, sampling errors also contribute to inaccuracies in the observed data.
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2. Descriptive and explanatory models

A crop model is a simple representation of a crop. It is used to study crop growth and

to compute growth responses to the environment. Crop models in common use can be

distinguished as descriptive and explanatory models.

2.1 Descriptive models

A descriptive model defines the behavior of a system in a simple manner. The model reflects

little or none of the mechanisms that are the cause of the behavior. Creating and using this

type of model is relatively straightforward (Figure 1).

Figure 1. A scheme to indicate how real world observations are brought into a descriptive
model.

Descriptive models often consist of one or more mathematical equations. An

example of such an equation is derived from successively measured weights of a crop

(Figure 2). This equation is helpful to determine quickly the weight of the crop when no

observation was made. However, the growth rate of the crop will not be the same when

soil, crop husbandry practices or weather is different. Large deviations can result from

differences in weather patterns between years (Figure 3). Adapting the starting point of the

regression equation and of the maximum value are possible in hindsight, but predicting

these parameters for other fields and in other years is usually too inexact for specific

production studies. In theory, it is possible to derive the required constants and equations
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from many experiments with acceptable accuracy. In practice, however, many variables

influence growth patterns. Some, such as soil texture, are constant; others, such as the

properties of new cultivars and crop husbandry practices, constantly evolve. Thus, it is

impossible to quantify adequately all variables through extensive field experiments.

Descriptive models are therefore of value only for situations where interpolation

between observations is sought and there is no attempt to quantify the background of the

shape of the biomass curve.

Figure 2. The course of the dry weight of a maize crop in the Netherlands in 1972.

Crosses represent observations, the line the regression equation BM = 12.0 / (1.0 + 23.0 · e -
0.08 · T ), where BM is the biomass in t ha -1 , 12.0 is the maximum value of BM, T is the
time in days since emergence and 1.0, 23.0 and 0.08 are constants.
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Figure 3. The dry weight of maize crops under optimal conditions in different years in the
Netherlands. (Source: Sibma, 1987).

2.2. Explanatory models

An explanatory model consists of a quantitative description of the mechanisms and

processes that cause the behaviour of a system. These descriptions are explicit statements

of the scientific theory and hypotheses. To create an explanatory model, the system is

analyzed and its processes and mechanisms are quantified separately. The model is built by

integrating these descriptions for the entire system. An explanatory crop growth model

contains descriptions of distinct processes such as photosynthesis, leaf area expansion and

tiller induction.

Crop growth is a consequence of these underlying processes (Figure 4). Each process

must be quantified in relation to environmental factors, such as radiation and temperature;

and in relation to the crop status, including leaf area, development stage and nitrogen

content. Growth rates can then be computed for any stage of the growing season,

depending on the actual crop status, the soil and current weather. All important factors can

be accounted for in this way, provided there is sufficient theory and data to quantify them.
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The ‘behaviour’ of the model, i.e., the growth rate for any stage, can be explained by

the basic physiological, physical and chemical processes and by the effects of environmental

factors on them. De Wit (1970) noted that the hierarchical levels of explanatory processes

and of explained behaviour are characterized by time coefficients of different orders of

magnitude, and that they are usually the subject of study in different scientific disciplines.

Figure 4. A scheme to indicate how real world observations are analyzed and integrated
into an explanatory model to simulate behaviour of the system.

The explanatory approach to modelling goes deeper by at least one hierarchical

level, and sometimes two or more, than the descriptive approach.

Types of Explanatory model: Explanatory model are three types are as follow:

1. Preliminary models: Preliminary models have a simple structure because insights at the

explanatory level are still vague.

2. Comprehensive models: Comprehensive models represent a system in which essential

elements are thoroughly understood and incorporate much of this knowledge.

3. Summary models: Summary models are abstracts of comprehensive models. Summary and

comprehensive models are currently used where weather or soil water limit crop

production.
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2.3. Simulation with explanatory models

Simulation models are relatively simple representations of systems in the world

around us. A system is defined here as any well delineated part of the real world. The user

identifies a system on the basis of objectives and on the intrinsic structure of the world as

measured and observed. For an agronomist, a system may be a rice crop; its elements, plant

organs (such as leaf, stem and root) and processes (such as growth and transpiration)

interact strongly. Weather is a driving variable because it exerts an important driving, or

regulating effect on the crop. The crop, on the other hand, has virtually no impact on the

weather. In general, driving variables influence the system and its behaviour, but the

reverse is not true. Behaviour is the sum of all processes in a system.

In explanatory simulation models of dynamic systems, such as those of crops, it is

assumed that the rate of change can be closely approximated by considering the rates of

processes to be constant during short time periods. This is the state variable approach. In

crop simulation time periods must be short compared to the duration of the growing

season; often one-day periods are chosen. The biomass formed in such a short time period

equals the multiple of growth rate and time period. This is added to the quantity of biomass

already present. The growth rate is then recalculated. The new rate is slightly different

because environmental conditions or the internal status of the plant will have changed a

little. Calculations of rate variables and updating state variables are repeated in sequence

until the entire growing season has been covered.
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3. Mechanistic and Teleonomic Models

3.1. Mechanistic Models

The main concern of this book is with dynamic deterministic models that are

concerned with mechanism and can lead to an understanding of the ith level that is based

on component processes at the (i-1)th, level and possibly at lower levels. The mechanistic

modeler attempts to construct a description of level I behavior which has some extra

content of mechanism understanding or explanation at lower levels. Mechanistic modeling

is “hard science”, and it follows the traditional reductionist method that has been so very

successful in the physical science, molecular biology and biochemistry. In contrast with the

empirical modeler who proceeds directly to the whole-plant variables that are of interest

and may connect these in   whatever way seems best to fit the data, the mechanistic

modeler goes round a relatively circuitous route: under analysis and reduction he breaks the

system down into components and assigns processes and properties to these components;

this introduces extra variables at the (i- 1)th level; and additional observational data are

generally also available at the (i-1)th level; finally, it is by the integration of the set of

equations that define the system that the responses at the whole plant level are

synthesized.

A mechanistic model of responses at a certain hierarchical level is always far more

complex than a empirical model. It will generally fit the data at the ith level less well

because it has many constraints built into its structure by means of the assumption of the

model. However, its content far richer in  that it applies to a greater range of phenomena,

relating them to each other. Because of this a mechanistic model always offers more

possibilities for manipulating and improving the system.

Let us assume we have a model (empirical or mechanistic) with n parameters. The

model makes predictions for the m values of some observable quantity Y,  Yn i= 1, 2,…, m.

these prediction can be compared with the corresponding observational data yi, i= 1, 2,

…,m. regarding the n parameters as all adjustable and as having been adjusted to give the
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best fit to the observational data, the estimated mean square prediction error (MSPE) can

be written as

MSPE=

Eventually the data are being over-fitted and the MSPE after initially decreasing increases

again. MM will always give a wrose fit because it is constrained by the structure and

assumptions of the model, whereas EM is free. Thus, the MSPE of MM can decrease with

increasing complexity.

3.2. Teleonomic Model

Teleonomic models are applicable to goal- directed behavirour, and are formulated

explicitly in terms of goals. These models may refer to a single level, say the ith level; they

may provide a teleonomic interpretation of  an otherwise empirical model;  they may also

refer responses at the ith level to the constraints provided by the (i+ 1)th level. The goals of

level I can be viewed as the requirements imposed by level  i+1.

Dry- matter partitioning is an aspect of most plant and crop growth models, and it

can be approached by the modeler in various ways. For root: shoot partitioning all three

kinds of model exist: empirical, teleonomic and mechanistic. The empirical approach is to

measure root shoot partitioning for a variety of situations of both environment and plant.

These observational data provide the basis for an empirical model of root: shoot

partitioning. However, there have been various attempts to interpret these measured

responses in terms of goal directed behaviour of the plant. An early suggestion was that the

root: shoot ratio adjust so as to maintain a constant carbon; nitrogen ratio in the plant.

Another suggestion is that the root shoot ratio and the carbon : nitrogen ratio both adjust

so that they are proportional to each other. The observational data are not sufficient quality

to discriminate unambiguously between these alternative teleonomic interpretations, but

nevertheless such goal- directed models have been incorporated, with a degree of success,

into some crop growth models.

The teleonomic model can be written directly in terms of the lower level mechanisms, giving

a mechanistic model which is more complicated than the teleonomic representation but is

objective in its operation.
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4. Empirical model

Empirical models are essentially direct descriptions of observational data. But they

can none the less be exceedingly useful. The well known saying red sky at night shepherd’s

delight has helped in the planning of many harvesting activities and family picnics. The

tables that describe the tides around our coastlines are constructed by totally empirical

methods. In an empirical model, any mathematical relationships that are return down are

usually unconstrained by physical laws such as that of energy conservation or the laws of

thermodynamics by biological information or by any knowledge of the structure of the

system. The empirical modeler attempt to describe level behavior (observation data) in

term of level I attributes along without regard to any biological theory. The approach is

primarily one of the examine the data, deciding of an equation or the set of equations, and

fitting this to the data. Essentially, an empirical modeler-represents the data perhaps more

conveniently and no new information is acquired.

The important point to recognize is that the fitted curve ( or empirical model)

contains no information beyond the original data. It says nothing about the mechanism that

gives rise to response (for which a mechanistic model of the system would be needed), or

why the response is at it is in terms of possible goal- orientated behavior of the plant. For

the latter a teleonomic model would be appropriate. Empirical models can provide a

powerful means of summarizing data and interpolation and may provide a practical tool for

the farmer and farm adviser traditionally much agricultural research has been descriptive

nature, and a great deal of essential  ground work has been done using empirical model.

However our thesis is that the needs of the subject are changing and is now timely to seek

mechanistic explanations and understanding of these responses by means of models that

integrate the underlying mechanisms.
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5. Application of crop growth models

Application refers here to using a model outside the scientific discipline in which it

was constructed. In the near future, opportunities for applying simulation models for crop

production lie particularly in the domains of potential crop production and crop production

with temporary water shortage but ample nutrients (i.e., Production Levels 1 and 2). These

domains include predicting short term yield, extrapolating and interpolating crop

performance over large regions and simplifying and combining with other models to create

links with other sciences. Applying models can lead to more effective use of existing

knowledge for extension, agronomic and cropping systems research and breeding, to more

efficient experimentation and for further integrating the scientific disciplines involved in

crop production.

1. A survey of the consequences of different crop husbandry measures, such as

different    planting densities, can be pursued with a model and alternatives can

easily be compared.

2. Results of different timings and dosages of fertilizer applications can be simulated.

This opens the door for improving the efficiency of fertilizers and biocides for specific

cases, and for reducing the loss of excess inputs to the environment.

3. Crop modelling is also used in irrigation scheduling in the USA.

4. Crop yields can be predicted some time before harvest by using expected weather

data. This is important for crops where trade or planning post-harvest operations

starts early. Because long-range weather forecasts are not yet reliable, predicting

weather is not yet very exact.

5. Crop performance can be predicted for climates where the crop has not been grown

before, or not grown under optimal conditions.

6. A particular form of extrapolation is that in which the physiological or morphological

characteristics used in the model are modified. Some crop characteristics are known
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or expected to vary between cultivars. With simulation techniques, a breeder can

survey the impact that breeding for specific characteristics may have.

7. An almost infinite number of combinations of soil type, weather and agricultural

practices exist. Experimenting in all desirable situations is impossible, but using

models increases the human capacity.

8. Combining a crop growth model with a model for a related biological or physical

system, but with a similar time coefficient, can yield an extremely powerful means to

investigate interactions between both. Good examples are combinations with pest,

disease and weed models.

9. Simulation models can probably also be used to derive simple decision rules for

farmers and extension services.

10. Collecting crop, soil and weather data suitable for simulation is not easy. The amount

of data needed is always large and too much to collect first-hand. Hence, existing

data sets and literature must be consulted.
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6. Production Levels of crop

De Wit proposed a classification of systems of crop production based on growth-

limiting factors (de Wit & Penning de Vries, 1982; Penning de Vries & van Laar, 1982) and

distinguishes four levels of plant production. The crop production systems at any of these

levels can be considered as members of a broad class of systems. In order of decreasing

yield, these levels are:

Production Level 1

The crop has ample water and nutrients and produces a higher yield than at any

other Production Level. Its growth rate depends only on the current state of the crop and on

current weather, particularly radiation and temperature. With a full canopy, the growth rate

of field crops is typically between 150 and 350 kg ha -1 d -l of dry matter. This is the

‘potential growth rate’ and the crop yield ‘the potential yield’. These growth conditions are

realized on very intensive arable and grassland farms in Western Europe and often in

glasshouses.

Production Level 2

The growth rate is limited only by the availability of water for at least part of the

growing season. This situation seldom occurs spontaneously, but in semiarid regions

applying fertilizers can result in crop growth at this Production Level. This may also occur in

other climates under intensive cropping on light soils.

Production Level 3

The growth rate of the crop is restricted by nitrogen shortage for at least part of the

growing season and by water shortage or poor weather for the remainder. This situation
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occurs frequently in agricultural systems all over the world. Nitrogen shortage occurs

particularly in crops when fertilizer is not intensively applied. In the natural environment,

even nitrogen-efficient plants cannot always absorb sufficient nitrogen.

Production Level 4

Crop growth is restricted by low phosphorus and other mineral nutrients in the soil

for at least part of the growing season. The growth rates are 10-50 kg ha -1 d-1 and the

growing season often lasts less than 100 days. This situation usually occurs in heavily

exploited areas where no fertilizers are used. Rarely do cases fit exactly into one of these

Production Levels, but it is practical to reduce specific cases to one of these four categories.

This focuses attention on the dynamics of the main environmental factor and on the

response of the crop to it. Environmental factors that have no regulatory effect can then be

disregarded, because they do not determine the growth rate. The growth rate then sets the

absorption rate or efficiency of use of non-limiting factors. If, for example, plant growth is

limited by nitrogen, there is little use in studying CO2 assimilation or transpiration to

understand the current growth rate. All emphasis should be placed on nitrogen availability,

the nitrogen balance and the plants response to nitrogen.

This analysis of plant production systems allows for considerable narrowing of the

subject of study and permits more rapid research progress. Growth reducing factors, such as

diseases, insect pests and weeds, can occur at each of these Production Levels and give

them, in a sense, an extra dimension. The fact that actual situations are often more complex

does not contradict the general usefulness of this scheme of Production Levels as a basis for

distinction between causes and consequences of plant growth. Note that this use of

Production Levels has a crop physiological basis and is not related to descriptions of

production systems based on agronomic practice or crop ecology, such as the irrigated,

rainfed lowland, deep water and upland production systems in rice growing (IRRI, 1984).
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Assignment 
PLANT GROWTH MODELLING AND SIMULATION: 

SWE 606 (3+0) 
Submitted By:  AVINASH KUMAR 

Enrl. No.:  180638001 
Topics for Assignment: 

1. Basic module to simulate crop growth  

2. Input yield models 

3. Generalized agriculture simulator 

4. Introduction to quantitative analysis of plant processes 

5. Hierarchical system. 

 

1- BASIC MODULE TO SIMULATE CROP GROWTH 
 

1- INTRODUCTION  
The major components are combined in two modules (L1D, listing 3 and L1Q, 

listing 4) which can be used to simulate the growth of annual crops. The first module 

is basically the sum of the simplest approaches. The time period for this module is one 

day (24 hours) and since it simulates at Production Level 1, it is called L1D. The 

second module (L1Q) includes some of the more detailed approaches and its time 

period is a quarter of a day.  

L1D and L1Q must be supplemented with data sets for a crop and weather. Not 

all crop characteristics in this data set are required for all modules, but including more 

data than is required causes no problems. The simulation program is to be completed 

with module T12, which contains several special functions. The modules contain a 

number of constants. They are not combined as each represents a single process: 

1.467 stands for g CO2 produced per g of glucose, 0.682 is its inverse; 0.053 refers to 

the fraction of glucose sacrificed during intercellular transport to provide energy for 

this process, 0.947 is its complement; 1.111 represents the yield in glucose from 

starch hydrolysis, 0.900 is its inverse; 0.2727, 0.400, and 0.444 are the carbon 

fractions in CO2, glucose and starch respectively. The small value 1.E-10 is added in 

some cases to avoid division by 0.0, which would halt the simulation. The function 

AINT is used to truncate values; the output of the function AMOD is equal to its first 
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input except when it exceeds the second input; the second input is then subtracted a 

number of times until a value between zero and the second input remains.  

Data in CSMP AFGEN functions should cover a range of values that is wider 

than the range in which inputs are expected. This ensures that extrapolation outside 

the data, causing unexpected results or irrelevant warnings, does not occur. 

2- Basic crop growth module with one-day time periods (L1D)  

Module L1D (Listing 3) can be used when growth limited by sink size does not 

need to be considered and when environmental conditions for crop growth are 

favourable. Hence, it will often be appropriate. L1D should not be used when 

environmental conditions are unfavourable (e.g., when day or night temperatures 

considerably exceed the range where the temperature response curves for 

photosynthesis, respiration and phenological development are more or less linear). It 

is comparable with the SUCROS models. Careful reading and practice are required to 

become familiar with this module. 

The module contains an initial and a dynamic part. Before the initial section 

starts memory is reserved (Lines 3, 4) for the weather data. Line 2 specifies that the 

value of IDATE is an integer number. IDATE, an integer, is the truncated value of 

DATE, and ranges from 1 to 365. DATE is the sum of TIME elapsed since simulation 

started and DATEB, a parameter representing the Julian date at which simulation 

starts. The initial section (Lines 5-11) is followed by the dynamic section starting in 

Line 12. Three dummy variables are introduced (Lines 8-10) and used (Lines 40, 51, 

97) to ease combining this with other modules.  

Actual weather data are read from tables using IDATE as input (Lines 103, 105, 

106) and standard weather data are derived (Line 104). Ensure that manipulating 

DATE does not lead to values lower than 1 or higher than 365: CSMP does not reject 

an instruction to select data outside the TABLES, but results will be nonsense.  The 

initial value of TIME (Line 113) should be 0.0. The FINISH TIME of 1000 is never 

reached: simulation always stops when either the FINISH conditions of maturity (DS 

= 2.0), or that of severe carbohydrate shortage (CELVN = 3.0) is reached. For meaning 

and implications of the TITLE, PRINT, PRTPLOT and PAGE statements, for the 

TIMER variables DELT, PRDEL, OUTDEL and FINTIM, and for run control 
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statements, such as FINISH, refer to the CSMP manual. The last variables (Lines 120-

125) are solely for convenient presentation of output.  

3- Crop growth module with quarter-day time periods (L1Q)  

Module L1Q (Listing 4) can be used for simulating crops in situations where 

temperature fluctuates a great deal, when the dynamics of plant reserves are 

important and when tillering and grain formation in cereals is under study. This module 

is organized in the same way as L1D. Module L1Q should not be combined with water 

balance modules L2SU and L2SS. To incorporate the module TIL (which simulates 

tillering and grain formation) into L1Q, substitute TIL for Line 36. Formation and use 

of available carbohydrates (WAR) is programmed in Listing 4 Lines 14, 29, 30, 51. 

The rate of use is derived from the growth rates of the organs (Lines 52-56), these 

being equal to potential growth rates based on carbohydrate availability unless a 

reduction occurs, such as that resulting from sink size limitation (Line 35).  

In each 24-hour cycle (i.e., sunrise to sunrise) the time period for integration 

(DELT) is equal twice to half the daytime (0.5 · daylength) and twice to half the 

nighttime (0.5 · (24h – daylength)). Though DELT itself remains equal to 0.25, all rates 

in integrals are multiplied with a correction factor for daylength, FADL (Line 144). This 

factor is larger than one, if the day part is longer than six hours, and vice versa. 

Simulation starts at 0.00 h, and output is printed at midnight (when PRDEL is a whole 

number). Printed rates shows their mid-night values (so that photosynthesis is always 

0.0). (In LlD, printing time corresponds with sunrise.) The variable DTIME indicates 

the starting time of the fraction of the day that the simulation has reached (first quarter: 

DTIME = 0. second quarter: DTIME = 0.25, etc.). The variable NIGHT signals whether 

it is day or night for calculating radiation intensity (Line 131). Temperatures at different 

times during the day are reconstructed from the minimum and maximum temperatures 

by the function FUTP. The INTEGRAL function is used for various state variables to 

compute the running average of a variable (Line 47; Subsection 1.4.4) and to retain 

the maximum value that a variable reached (Line 46). The daily total of a rate can also 

be calculated with an INTEGRAL function; the content of such integrals is reset to 0.0 

each new day (Lines 65, 66). 
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2- INPUT YIELD MODELS 
 

2.1- APSIM-A MODEL DESIGNED FOR FARMING SYSTEMS SIMULATION 

The Agricultural Production Systems Simulator (APSIM) is a modular modelling 

framework that has been developed by the Agricultural Production Systems Research 

Unit in Australia. APSIM was developed to simulate biophysical process in farming 

systems, in particular where there is interest in the economic and ecological outcomes 

of management practice in the face of climatic risk. This module also include a diverse 

range of crops, pastures and trees, soil processes including water balance, N and P 

transformations, soil pH, erosion and a full range of management controls. Reports of 

APSIM testing in a diverse range of systems and environments are summarized. An 

example of model performance in a long-term cropping systems trial is provided. 

APSIM has been used in a broad range of applications, including support for on-farm 

decision making, farming systems design for production or resource management 

objectives, assessment of the value of seasonal climate forecasting, analysis of supply 

chain issues in agribusiness activities, development of waste management guidelines, 

risk assessment for government policy making and as a guide to research and 

education activity. 

Agricultural Production Systems Simulator (APSIM) is a modelling framework 

that allows individual modules of key components of the farming system (defined by 

model developer and selected by model user) to be ‘plugged in’(McCown et al., 1996). 

APSIM has been developed by the Agricultural Production Systems Research Unit 

(APSRU), a collaborative group made up from CSIRO and Queensland State 

Government agencies. The initial stimulus to develop APSIM came from a perceived 

need for modelling tools that provided accurate predictions of crop production in 

relation to climate, genotype, soil and management factors, whilst addressing long-

term resource management issues in farming systems. APSIM was designed at the 

outset as a farming systems simulator that sought to combine accurate yield 

estimation in response to management with prediction of the long-term consequences 

of farming practice on the soil resource (e.g. soil organic matter dynamics, erosion, 

acidification etc.). 

Overview of the APSIM system and its components. The APSIM modelling 

framework is made up of; 
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a) a set of biophysical modules that simulate biological and physical processes 

in farming systems, 

b) a set of management modules that allow the user to specify the intended 

management rules that characterize the scenario being simulated and that control the 

conduct of the simulation 

c) various modules to facilitate data input and output to and from the simulation, 

d) a simulation engine that drives the simulation process and controls all 

messages passing between the independent modules. 

2.2- THE DSSAT CROPPING SYSTEM MODEL 

The decision support system for agro technology transfer (DSSAT) has been 

in use for the last 15 years by researchers worldwide. This package incorporates 

models of 16 different crops with software that facilitates the evaluation and application 

of the crop models for different purposes. Over the last few years, it has become 

increasingly difficult to maintain the DSSAT crop models, partly due to fact that there 

were different sets of computer code for different crops with little attention to software 

design at the level of crop models themselves. Thus, the DSSAT crop models have 

been re-designed and programmed to facilitate more efficient incorporation of new 

scientific advances, applications, documentation and maintenance. The basis for the 

new DSSAT cropping system model (CSM) design is a modular structure in which 

components separate along scientific discipline lines and are structured to allow easy 

replacement or addition of modules. It has one Soil module, a Crop Template module 

which can simulate different crops by defining species input files, an interface to add 

individual crop models if they have the same design and interface, a Weather module, 

and a module for dealing with competition for light and water among the soil, plants, 

and atmosphere. It is also designed for incorporation into various application 

packages, ranging from those that help researchers adapt and test the CSM to those 

that operate the DSSAT-CSM to simulate production over time and space for different 

purposes. 

The DSSAT is a collection of independent programs that operate together; crop 

simulation models are at its center (Fig.). Databases describe weather, soil, 

experiment conditions and measurements, and genotype information for applying the 

models to different situations. Software helps users prepare these databases and 
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compare simulated results with observations to give them confidence in the models or 

to determine if modifications are needed to improve accuracy. In addition, programs 

contained in DSSAT allow users to simulate options for crop management over a 

number of years to assess the risks associated with each option. Below flow diagram 

mentioned for DSSAT. 

 

 
 

Overall description of the DSSAT cropping system model  
The DSSAT-/CSM simulates growth, development and yield of a crop growing 

on a uniform area of land under prescribed or simulated management as well as the 

changes in soil water, carbon, and nitrogen that take place under the cropping system 

over time. The most important features of our approach are: 

• It separates modules along disciplinary lines,  

• It defines clear and simple interfaces for each module, 

• It enables individual components to be plugged in or unplugged with little impact 

on the main program or other modules, i.e. for comparison of different models 

or model components, 

• It facilitates documentation and maintenance of code, 

• It enables modules written in different programming languages to be linked 

together, 
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• It allows for easy integration into different types of application packages due to 

the well-defined and documented interface to the modules, 

• It allows for evolution to integrate other components, such as livestock and 

intercropping, through well-defined module interfaces, and 

• It facilitates cooperation among different model development groups where 

each can focus on specific modules as building blocks for expanding the scope 

and utility of the CSM.  

2.3- QUEFTS, MODEL TO ANALYSE THE EFFECT OF NITROGEN 
PHOSPHORUS AND POTASSIUM LIMITATION ON CROPS GROWTH 

QUEFTS can be used for quantitative evaluation of the native fertility of tropical 

soils, using calculated yields of unfertilized maize as a yardstick.  The procedure 

consists of four successive steps. First the potential supplies of nitrogen, phosphorus 

and potassium are calculated, applying relationships between chemical properties of 

the 0-20 cm soil layer and the maximum quantity of those nutrients that can be taken 

up by maize, if no other nutrients and no other growth factors are yield-limiting. In the 

second step the actual uptake of each nutrient is calculated as a function of the 

potential supply of that nutrient, taking into account the potential supplies of the other 

two nutrients. Step 3 comprises the establishment of three yield ranges, as depending 

on the actual uptakes of nitrogen, phosphorus, and potassium, respectively. Next, 

these yield ranges are combined in pairs, and the yields estimated for pairs of nutrients 

are averaged to obtain an ultimate yield estimate. 

The QUEFTS model works only for a maize crop. The generic version of 

QUEFTS is called CROPFERT and can be used for all type of crops, for which the 

nutrient concentrations are given in the file NUTRIDAT.dat 

2.3.1- Applications & Use:  

QUEFTS can be used to calculate the nutrient limited yields for crops growing 

under tropical conditions. This requires either soil chemical data or representive crop 

experiments to derive the base nutrient supply of unfertilized soils. This base nutrient 

supply is used to calculate the actual crop nutrient uptake and yields for the main 

crops. If fertilizer nutrients are applied, the resulting increases in crop nutrient uptake 

and yields can next be calculated. 
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3- CROP MODEL STICS 
STICS is a model that has been developed at INRA (France) since 1996. It 

simulates crop growth as well as soil water and nitrogen balances driven by daily 

climatic data. It calculates both agricultural variables (yield, input consumption) and 

environmental variables (water and nitrogen losses). From a conceptual point of view, 

STICS relies essentially on well-known relationships or on simplifications of existing 

models. One of the key elements of STICS is its adaptability to various crops. This is 

achieved by the use of generic parameters relevant for most crops and on options in 

the model formalizations concerning both physiology and management that have to 

be chosen for each crop. All the users of the model form a group that participates in 

making the model and the software evolve, because STICS is not a fixed model but 

rather an interactive modelling platform. The data required to run the model relate to 

climate, soil (water and nitrogen initial profiles and permanent soil features) and crop 

management. The species and varietal parameters are provided by the specialists of 

each species. The data required to validate the model relate to the agronomic or 

environmental outputs at the end of the cropping season.  
From a conceptual point of view, STICS is made up of a number of original 

parts relative to other crop models (e.g. simulation of crop temperature, simulation of 

many techniques) but most of the remaining parts are based on conventional 

formalizations or have been taken from existing models. Its strong points are the 

following: 

• Its robustness: ability to simulate various soil climate conditions without 

considerable bias in the outputs.  

• Its ‘conceptual’ modularity: possibility of adding new modules or complementing 

the system description (e.g.: ammonia, symbiotic nitrogen fixation, plant mulch, 

stony soils, many organic residues, etc.). The purpose of such modularity is to 

facilitate subsequent developments.  

• The external communication created by the model among the users and 

developers, which drives the model advancement. 

3.1- Data required- 
Ø Minimum data to run the model 

Climate 

Soil 
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Management 

Genetic Parameters 

Ø Validation of the model 

 

3.2- Limitations of the model 
The type of mechanisms simulated partly defines the model’s validity range; 

certain environment*management combinations are therefore excluded from its range 

of applications. For example, since the model does not simulate phosphorus or 

potassium dynamics in the soil-plant system, any reduction in yield related to the plant 

being deficient in these elements, as well as the management aimed at rectifying these 

deficiencies, are beyond the validity range. Although the number of main output 

variables is limited, the number of subsidiary variables is much higher and 

consequently it is useful to consider validation for these subsidiary variables. However, 

given the simplicity of the model formalizations and the irregular sensitivity of these 

variables this would not make much practical sense.  

For instance, LAI could be over-estimated for values of over 3 or under-

estimated during a period of low radiation, but this would have little effect on the related 

functional output variables such as biomass production and water transpiration. 

Nevertheless, these subsidiary variables must not be ignored because they make it 

possible to make a diagnosis on the model’s performance. Also, there is a difference 

between the scales expected for the results of the model and the scales required for 

describing the processes. For example, the coupled water and nitrogen balances in 

the soil are solved at the scale of 1 cm, but soil characterization and thereafter the 

assessment of water and nitrogen profiles are based on dividing the soil into a 

maximum of 5 horizons. The model is still a simplification of reality that is justified by 

the reasons for which it is to be used and that must be respected. In the scientific fields 

where biology has an important role, models must not be considered to be ‘simulators’ 

of reality such as in the field of physics, but simply as tools for interpreting a highly 

complex reality. 
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3- GENERALIZED AGRICULTURE SIMULATOR 
A General System Simulation Approach We view the general system simulation 

approach as a flexible, iterative problem-investigating process that includes problem 

formulation, mathematical modeling, testing and refinement of the model and problem 

solution in close consultation with decision makers. We view it as flexible with respect 

to (1) types and sources of data, (2) estimation and approximation procedures and (3) 

techniques. Therefore, we use the adjective "general" to describe this approach. All 

specialized techniques are regarded as potential contributors to our approach if, when 

and as appropriate. Included are: LP, NLP, equilibrium simultaneous equations with 

parameters estimated statistically from time series data; input/output table analyses; 

cost/benefit, internal rate of returns and net present value analyses; other techniques 

such as program planning and budgeting (PPB) and project evaluation and review 

techniques (PERT) and still other unnamed techniques. The approach is a process 

involving creative design of alternative courses of action to help provide solutions to 

the development problems at policy, program and project levels.  

These problems and alternatives partially determine the model structure and 

level of aggregation. The flexibility of this approach allows for (1) sequential changes 

in model structure, parameters and objectives, leading to better models with a broader 

range of outputs and (2) utilization of any appropriate technique. The "output" of a 

simulation is a set of system performance variables associated with each set of 

policies and/or development strategies indicating the attainment of various benefits 

and the incurrence of various damages at different points in time from alternative 

policies, programs and projects. These estimates can be compared through 

interaction with policy makers for different alternatives in choosing the alternative 

which best solves the problem under consideration. Again, this interaction may lead 

to feedbacks and modification of the model. While this sequence of steps can be 

followed in using specialized techniques for solving real-world problems, we feel that 

the general system simulation approach has a flexibility advantage which particularly 

suits it to this iterative process; i.e., because it can use any specialized technique as 

appropriate and because it can use information of any kind and source, it has the 

strengths of all techniques available but can reject any on the basis of its 

disadvantages. 
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The generalized system simulation approach- The formalized problem-solving 

process contains three distinct phases: specification of needs and definition of the 

problem, identification of a set of feasible solutions, and selection and implementation 

of a solution. Generalized system simulation contributes to all phases of this process 

with the construction of a mathematical model of the problem and the use of computer 

simulation techniques to generate numerical solutions of the model under various 

assumptions and policy conditions. The process--including problem definition and 

model building, testing, validation, and application-- is iterative in nature rather than 

strictly unidirectional that is, information gained at later stages may (probably will) 

indicate a need to return and repeat earlier stages before continuing. Central to the 

whole approach are the interactions among decision makers, researchers, 

consultants, and modelers and simulators. These creative interactions are essential 

not only to properly define the most relevant development problems to be considered 

by planners and policy makers but also to specify meaningful policy simulation 

experiments and to interpret the results. As decisions are made through these 

interactions, both normative and non-normative (positive) information will be brought 

to bear. Where it is felt such information is deficient, new information will be sought. 

Mathematical Modeling Mathematical modeling, although in principle not absolutely 

necessary to the problem-solving process, in practice is almost indispensable, 

particularly if there is any degree of complexity to the problem.  

Mathematical models may be constructed and used as either analytical models 

or simulation models. However, as the number and the nonlinearity of differential 

equations increase with the complexity of the model, analytical solutions become 

impossible given the present state of the mathematical art. Therefore, taking 

advantage of the capabilities of large-scale digital computers, researchers  have 

turned to simulation as a means of generating numerical solutions and, hence, of 

providing policy makers with information about the likely consequences of alternative 

resource allocations, including the vector of criterion variables needed to evaluate 

alternative development strategies. For an economic development model, a vector of 

relevant performance criteria might include such elements as levels and growth rates 

of gross domestic product, employment, total and per capita income, nutrition, tax 

revenues, income distribution, trade balances, investments, etc. The approach is 

generalized on two accounts. First, models may include, but are not limited to, such 
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specialized techniques as linear and nonlinear programming, dynamic programming, 

program evaluation and review techniques (PERT), and (as commonly used in 

econometric models) sets of statistically estimated simultaneous equilibrium 

equations. Secondly, there is flexibility in the data sources which can be tapped. That 

is, although time series and cross-sectional data, where available, may be used to 

estimate parameters, the approach is not limited to this source and may rely heavily 

on estimations by technical experts, perhaps via the Delphi method, or on 

"guesstimates." As regards mathematical programming techniques, effective use for 

public policy prescriptions is precluded at least until the problems discussed earlier 

have been overcome. Programming models may, however, have application in 

representing the private decision-making process. At the latter level, interpersonal 

validity is not a problem and it may be possible to specify a meaningful and realistic 

objective function or set of priority-ordered objective functions, although aggregation 

problems do remain if one wishes to model a sector or region rather than an individual 

decision-making unit. In spite of their problems (e.g., aggregation, choice of objective 

functions, computer execution time), such models may be the only feasible way to 

determine the simultaneous allocation of several resources to a large number of 
activities subject to a large number of resource and behavioral constraints.  
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4- Introduction to quantitative analysis of plant processes 

4.1- Introduction: 

Fundamental processes such as photosynthesis, respiration, plant nutrition, 

plant hormone functions, tropisms, nastic movements, photo periodism, photo 

morphogenesis, circadian rhythms, environmental stress physiology, seed 

germination, dormancy and stomata function and transpiration, both parts of plant 

water relations, are studied by plant physiologists. 

Plant physiology is a sub discipline of botany concerned with the functioning, 

or physiology, of plants. Closely related fields include plant morphology (structure of 

plants), plant ecology (interactions with the environment), 

phytochemistry (biochemistry of plants), cell biology, genetics, biophysics 

and molecular biology. 

 

 

 

 

 

 

 

4.2- Plant processes 

A basic understanding of some major plant processes will help you understand 

the causes behind specific growth problems, and what precautions can be taken to 

solve them. 

4.3- Photosynthesis 

Photosynthesis is the process by which sugars are manufactured in a plant: 
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Importantly, if carbon dioxide, water or light energy are in limited supply, then 

photosynthesis will be restricted. The end result is a reduction in growth due to 

insufficient sugars being available for respiration. 

Hence the following factors will have a negative impact on photosynthesis: 

1. Restricted carbon dioxide supply due to poor ventilation. 

2. Restricted light supply due to inadequate lighting or overcrowded foliage. 

3. Insufficient water supply due to poor system design or nutrient management. 

 

 

 

 

 

 

	

4.4- Respiration 

Respiration is the process of converting sugars that are produced during 

photosynthesis, into adenosine triphosphate (ATP). ATP is the energy source that is 

used by plants for the following processes: 

1. Growth in buds, shoots, root hairs and root tips. 

2. Nutrient uptake. 

3. Movement of sugars into the phloem for distribution to other areas of the 

plant. 

Respiration occurs in 'mitochondria', a component of all plant cells. These are 

very concentrated in the areas of the most active growth. 

Respiration occurs as follows: 
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The above equation shows that respiration rates decrease if oxygen availability 

is limited. Oxygen availability can be hindered by several factors: 

1. Insufficient new root growth. See section on ‘roots’. 

2. Insufficient oxygen in the nutrient solution due to inadequate aeration. 

4.5- Photorespiration:  

This occurs when plants are subjected to excessive heat and light - specifically when 

the temperature exceeds ~35OC (95OF). In this process plants burn sugars without 

converting them into ATP. Depending upon how much sugar is wasted, this causes 

plant growth to slow or even cease. 

4.6- Transpiration: 

Transpiration is the process of water 

evaporating from a plant. This loss of water effectively 

draws water, nutrients and oxygen from the growing 

medium and distributes them throughout the plant. 

These ingredients are essential for photosynthesis 

and respiration. 

Transpiration mostly occurs through the leaves. 

As the leaf warms during the day, water is converted 

into vapour which then diffuses into the atmosphere 

via the leaf’s stomata. Most of the energy absorbed 

from sunlight is used to warm up the leaf for 

transpiration – less than 5% is used for 

photosynthesis. 

Most of the water absorbed by plants is 

transpired. The remainder is used as a reagent in 

photosynthesis, in keeping cells turgid (or hydrated), 

and in enabling various chemical reactions to occur. 

Inadequate transpiration will cause poor distribution of nutrients. In cucumbers 

and tomatoes this results in symptoms such as 'blossom-end rot' which is due to a 

calcium deficiency at the plant's extremities. Factors restricting transpiration are: 
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1. High humidity. 

2. Low air temperature. 

3. Inadequate lighting. 

Causes of excessive rates of transpiration are very bright light, high temperatures and 

strong winds. 
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Macronutrients – necessary in large quantities 

Element Form of uptake Notes 

Nitrogen NO3
−, NH4

+ Nucleic acids, proteins, hormones, etc. 

Oxygen O2 H2O Cellulose, starch, other organic compounds 

Carbon CO2 Cellulose, starch, other organic compounds 

Hydrogen H2O Cellulose, starch, other organic compounds 

Potassium K+ Cofactor in protein synthesis, water balance, etc. 

Calcium Ca2+ Membrane synthesis and stabilization 

Magnesium Mg2+ Element essential for chlorophyll 

Phosphorus H2PO4
− Nucleic acids, phospholipids, ATP 

Sulfur SO4
2− Constituent of proteins 

Micronutrients – necessary in small quantities 

Element Form of uptake Notes 

Chlorine Cl− Photosystem II and stomata function 

Iron Fe2+, Fe3+ Chlorophyll formation 

Boron HBO3 Crosslinking pectin 

Manganese Mn2+ Activity of some enzymes 

Zinc Zn2+ Involved in the synthesis of enzymes and chlorophyll 

Copper Cu+ Enzymes for lignin synthesis 

Molybdenum MoO4
2− Nitrogen fixation, reduction of nitrates 

Nickel Ni2+ Enzymatic cofactor in the metabolism of nitrogen compounds 
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5- Hierarchical systems of biology including plant biology 

5.1- Introduction: 

Biology including plant biology is notable for its many organizational levels. 

Whereas in physics and chemistry one travels more or less directly from atomic and 

molecular behavior to that of liquids and solids, in biology there are several intervening 

organizational entities. It is the existence of the different levels of organizations that 

gives rise to the great diversity of biological world. For the plant science, a typical 

scheme for the hierarchy of organizational levels is as follows. 

5.2- Level Description of level 

… … 

I+1 crop 

i plant 

i-1 organs 

… tissues 

… cells 

… organelles 

… macromolecules 

… molecules and atoms 

5.3- Principle/ important properties of a hierarchical system 

1. Each level has its own language, which is unique to that level for example, 

the terms crop yield, leaf area  or whole plant dry mas have little meaning at the cell 

or organell levels. 

2. Each level is an integration of items from lower levels. The response of the 

system at level i can be related to the response at lower levels. This is scientific 

reductionism and leads to mechanistic models. 

3. Successful operation of a given level requires lower levels to function 

properly, but not vice versa. For example, if a cup is smashed to small pieces, it will 

no longer function as a cup, although the molecular interactions are hardly altered. 
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4. The higher levels provides the constraints, boundary values and the driving 

functions including any inputs and outputs, to the lower levels. 

5. On descending to a lower level, generally both the spatial and temporal 

scales becomes smaller; this corresponds to smaller physical size and to faster 

processes at the lower levels. 

5.4- Empirical models (EM) - 

Any mathematical relationships that are written down are usually unconstrained 

by physical laws such as that of energy conservation or the laws of thermodynamics, 

by biological information, or by any knowledge of the structure of the system. Empirical 

modeler attempts to describe level i behavior (observational data) in terms of level i 

attributes alone, without regard to any biological theory. The approach is primarily one 

of examining the data, describing on an equation or set of equations, and fitting these 

to the data. Essentially an empirical modeler-represent the data, perhaps more 

conveniently and no new information is acquired. In figure 1 a simple example of an 

empirical mathematical model is given. The observational data shown give the 

response of crop yield Y to the level of fertilizer N applied. Often such data can be 

fitted by a three parameter rectangular hyperbola. 

 

 

Fig. 1: A simple empirical model of the response of crop yield Y to the nitrogen 

fertilizer level 

5.5- Mechanistic models (MM) - 

In contrast with the empirical modeler who proceeds directly to the whole plant 

variables that are of interest and may connect these in whatever ways seems best to 
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fir the data. A mechanistic model of responses at a certain hierarchical level is always 

far more complex than the empirical model, it will generally fit the data at i th level less 

well because it has many constraints built into its structure by means of the 

assumptions of the model.  A mechanistic model always offers more possibilities for 

manipulating and improving the system. The mechanistic modeler attempts to 

construct a description of level i behavior which has some extra content of mechanism, 

understanding or explanation at lower levels.  

 

Fig. 2: Elements of possible mechanistic model of response of crop yield Y to 

fertilizer level N 

 

Fig. 3: Mechanistic and Empirical modeling  
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5.6- Complexity of a model: 

Possible measure of a complexity might be the number of state variables, the 

number of parameters, the topology of the  system diagram with perhaps the number 

of closed loops or cycles, the level of mathematics required 9partial differential 

equations, perturbation theory or topology may be regarded as complex or difficult) or 

even the computing power needed to generate the solutions. Generally in a good 

model, only significant paramerters are retained – those that have  an appreciable 

effect on the solutions or the scope of the model. Thus we choose the number of 

parameters as the best measure of model complexity. Complex situations with 

uncertain outcomes, which are common in agriculture and biology are the ripe of 

modeling. 

5.7- Mean Square Prediction Error (MSPE) –  

 Let us assume we have a model (EM or MM) with n parameters. The model 

makes predictions for the m values of some observable quantities Y. Yi, I = 1, 2, 3, 

…., m. regarding the m parameters as all adjustable and as having been adjusted to 

give the best fit to the observational data, the estimated MSPE can be as; 

MSPE =
(yi-Yi),

m-n

/

012

 

 

Fig. 4: Relative predictive ability of EM and MM models. The hypothetical 

dependence of the MSPE on model complexity, represented by the number of 

parameters n is shown. 
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5.8- Teleonomic model –  

Teleonomic models are applicable to goal directed behavior and are formulated 

explicitly in terms of goals. These model may refer to a single model, say the i th level, 

they may provide a teleonomic interpretation of an otherwise empirical models, they 

may also refer responceses at the i th level to the constraints provided by the (i+1) th 

level. Dry-matter partitioning is an aspect of most plant and crop growth models, and 

it can be approached by the modeler in various ways. For root, Shoot partitioning all 

three kinds of model exist; empirical, teleonomic and mechanistic. 

 


	SWE606-Water_and_Nutrient_Uptake_by_plants.pdf
	SWE606-Process-photosynthesis-_respiration-transpiration.pdf
	SWE606-Plant_Growth_Model.pdf
	SWE606-Model_concept_in_crop_and_plant_growth.pdf
	SWE606-_Basic_Modules_in_crop_growth_modeling.pdf

