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Abstract
Striga hermonthica is a root parasitic weed that belongs to the family Scrophulariaceae. It parasitizes
on many cereal and legume crops, and in doing so it causes yield reductions from 40% to total crop
loss. Much research has been carried out already, but still the Striga damage mechanisms and the
interactions with its host are not yet fully understood.
The present project aimed at obtaining more insight in the processes that are responsible for the Striga
damage. This was done by the development of a model of sorghum growth that includes Striga
infection. In addition, an experiment was conducted to investigate the cause of reduction of
photosynthesis in infected plants. Tolerance mechanisms to Striga infection were investigated by
comparing its effects on a tolerant and a susceptible variety of sorghum.
The model was based on INTERCOM, which is a crop-growth model for interplant competition. Its
parameters were adjusted to sorghum and Striga, and effects of Striga infection on sorghum were
incorporated. Striga growth before emergence was simulated with the box car train method. The five
damage mechanisms of Striga on sorghum included in this model, are (1) withdrawal of assimilates
and (2) withdrawal of water from sorghum, (3) increased sorghum maintenance respiration, (4)
reduced sorghum photosynthesis and (5) changes in sorghum assimilate partitioning. Although the
model still needs to be refined, some of its results have been evaluated already. It was concluded that
out of the five damage mechanisms investigated, photosynthesis reduction has by far the greatest
impact on sorghum growth. Water withdrawal from sorghum due to Striga transpiration has almost no
impact, and was found to be independent of the amount of rainfall.
By means of a phytotron experiment it was investigated whether the cause of the sorghum
photosynthesis reduction is an increase in its stomatal resistance, which might be due to the indirect
effect on the sorghum water balance that Striga has through its transpiration. With the experiment it
was confirmed that both sorghum photosynthesis and growth are reduced due to the infection, whereas
phenological development was not much affected. Subsequently it was shown that the photosynthetic
reduction was not caused by a low internal C0 2 concentration due to a high stomatal resistance.
Instead of this indirect effect of waterstress, the cause of the reduction must be the result of either an
increased carboxylation resistance or a defect in the light absorption systems. Furthermore it was
concluded that the growth reduction was mostly due to the reduced photosynthesis and to a smaller
extent to the assimilate withdrawal of Striga.
Comparing of the two varieties did not lead to conclusions with regard to tolerance mechanisms for
photosynthetic reduction. A difference between the two sorghum varieties was found only in the
amount of variation within the varieties. It indicated that Tiemarifing has a larger genetic variation,
which might play a role in its tolerance to Striga infection.
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Chapter 1. General introduction
1.1. Problem description
Striga is a root parasitic plant that belongs to the Scrophulariaceae family. The Striga genus consists
of some 35 species, 11 of which parasitize crops. These parasitic weeds form a serious problem for
crop growth especially in large parts of Africa, but also in parts of Asia, Australia and the United
States. Cereal crops such as sorghum, millet, maize and rice, and legume crops such as cowpea are the
major source of energy and protein for hundreds of millions of people in the semi-arid tropics. All of
these cereals and cowpea are affected by one or more Striga species. Yield losses from damage by
Striga are often enormous, with reductions between 40% and total crop loss. Accordingly, Striga is
believed to be the greatest biological constraint on food production in Africa (Ejeta et al., 1993).
Besides the exceptional degree to which the parasite damages its host, other unique Strigacharacteristics are the vast numbers of seed produced and its adaptation to the conditions of the semiarid tropics. The common name 'witchweed' refers to the 'bewitching' effect that Striga inflicts on the
host plant even before it emerges from the soil. The problem caused by Striga is steadily growing with
increasing human population pressure and more continuous cropping. As a result, the problem
continues to spread and intensify (Parker and Riches, 1993). Research on the control of Striga has
been directed at chemical, biological, genetic and cultural aspects, but up to now it has not been very
successful. More and more, research is directed at the understanding of the basic biology of Striga and
the associations with its host. With better knowledge on Striga biology, the problem might be tackled
more effectively.
The project was directed at Striga hennonthica, a semi-parasitic weed parasitizing Sorghum bicolor,
which is by far the most damaging of all Striga species. It influences its host in several ways. It
subtracts assimilates, minerals and water from its host, but it also reduces the host's photosynthesis. In
some varieties this decreased photosynthetic rate accounts for 80% of the total harvest-reduction
(Graves et al., 1989). Research on photosynthetic reduction due to Striga infection has -amongst
others- been aimed at C0 2 availability. Striga plants transpire enormous amounts of water, which they
withdraw from their host. Therefore a Striga-infected sorghum plant would likely come to suffer from
drought stress, which would cause an increase in its stomatal resistance. This in tum would lead to a
reduction of its photosynthetic rate. Other areas in which an explanation for the photosynthesis
reduction is sought, are the sorghum energy absorption and its photosynthetic metabolism. Although
much research has been carried out already, the exact Striga damage mechanisms, their quantitative
effects and interactions with its host are not yet fully understood. A more extensive summary of
preceding research is given in the introduction to the experiment (§3.1.2).
In this project, the Striga problem is approached through systems analysis. Although systems analysis
has been proved to be a useful method, and many models have been developed for crop growth, still
no models exist which include Striga infection. Systems analysis provides a unique opportunity to
explore the sorghum-Striga association; it can help to obtain insight in the system and reveal research
priorities. By the development of a sorghum-Striga model, it is tried to increase the knowledge of
Striga biology, which can then be used to find a solution to the problem. An area of special interest in
the project, is unraveling the tolerance mechanisms to Striga infection. Little research has been done
yet on these mechanisms, but they might be very useful by providing a guideline to the breeding of
improved sorghum varieties. The model can be deployed in the search for these tolerance
mechanisms.
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In addition to the development of this model, an experiment was conducted. Tolerance mechanisms
regarding stomatal resistance and photosynthetic reduction are investigated by comparing a
susceptible and a tolerant sorghum variety. Results of the experiment are used in the model.

1.2 General objectives of the project. in short
In the present project it is tried to gain more insight in the processes that are responsible for the Strigadamage and to quantify the different effects of Striga on its host; this is done by the development of a
model of sorghum growth including Striga infection. Also, an experiment is conducted to investigate
the cause of reduction of photosynthesis in infected plants. The results of the experiment are used in
the model. By comparing a tolerant and a susceptible variety of sorghum, tolerance mechanisms are
investigated.

1.3 Outline of this report
This first chapter gives a general introduction on the Striga-problem. The second chapter is about the
model; it starts with an introduction (§2.1 ), followed by a paragraph about sorghum growth and
modeling (§2.2). In the third paragraph the growth and modeling of Striga are discussed, including the
effects of Striga infection on sorghum (§2.3). In the fourth paragraph the results of the modeling are
discussed (§2.4). In the fifth and last paragraph the conclusions of the model are summarised (§2.5).
The third chapter of this report is about the experiment. It is directed mainly at the photosynthesis
reduction, but also some attention is given to the cause of the growth reduction. Following the
introduction (§3.1), materials and methods (§3.2), results (§3.3), discussion (§3.4) and conclusions
(§3.5) of the experiment are discussed successively. At the end of the report, appendices for both
model and experiment can be found.
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Chapter 2. The Model
2.1 Introduction

2.1.1 Why systems analysis?
In systems analysis, a model is not an objective in itself. Much more it is a means to get better insight
in a system; it can indicate research-priorities and contribute to the development of control systems. A
simulation model reflects a part of the complicated reality in a simplified way. In contrast to statistics
or extrapolation of experimental/historical data, systems analysis is based on the biophysical
mechanisms and processes underlying the system. Also, when using experiments or statistics, all
mechanisms and processes have to be investigated one by one; in systems analysis the complete
system can be studied as a whole, including all interactions between its components. By studying the
behaviour of such a model, the various components of the real system can be disentangled and
underlying relations can be visualised. Subsequently, this information can be converted into tangible
measures to improve e.g. the efficiency or the yield of the system concerned. Over the past years,
significant results have been achieved and systems analysis has proved to be a very useful method.
Systems analysis is much used for investigating crop growth, and numerous crop growth models have
been developed already. Some of these models are about maize or sorghum, but none of them includes
the effects of Striga infection. A small model of sorghum Striga interactions has been developed by
Graves et al (1989); it was developed especially to calculate the potential reduction in sorghum
growth as a consequence of its reduced photosynthesis, and thus it includes only one of the many
Striga damage mechanisms. In this project it is tried to develop a model about the 'complete' Striga
infection, which covers all of the Striga damage mechanisms and host-parasite interactions that are
known at present. For the development of this model an existing crop growth model that includes
interplant competition was used.

2.1.2 Objectives
The objective of this project was to develop a model that would be able to describe the dynamics of
sorghum growth as affected by Striga infection. It was developed in order to enhance the quantitative
understanding of the Striga damage mechanisms, which are responsible for the reduction in growth
and dry matter accumulation in sorghum. Because the processes of the Striga infection are not yet
known exactly, many assumptions were used to complete the model. Also much plant data for the
validation of parameters was not available, which made estimations necessary. Therefore the model in
its present form should be used with caution and its results should be contemplated critically. Still,
despite its preliminary state, the model can already be very useful: It can indicate the consistency and
correctness of our present knowledge and assumptions about the Striga-damage mechanisms. Also the
sensitivity of sorghum to several parameters and processes can be investigated with help of the model.

2.1.3 Modeling approach
The model that was developed within this project, is based on INTERCOM, which is a crop growthmodel for interplant competition. A short description of INTERCOM and of the language in which it
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is written, is given in paragraph 2.1.4. The development of the sorghum-Striga model was approached
in three steps. First, INTERCOM was adapted to sorghum by introducing the specific crop and
initialisation parameters for sorghum. Location parameters and weather variables were adjusted as to
befitting Mali. This is described in paragraph 2.2. Subsequently, Striga growth was included in the
model. Parameter values for the second species in the model were changed into Striga-specific
parameters and the modeling of Striga growth was divided into growth before and after emergence.
All of this is discussed in paragraph 2.3.2. Finally the effects of Striga infection on sorghum were
incorporated in the model, which are discussed in paragraph 2.3.3. Although the model is still in a
rather premature stage, some simulations were already carried out and their results are discussed in
paragraph 2.4. Conclusions are summarised in paragraph 2.5.

2.1.4 About FST and INTERCOM

FST
FST (the Fortran Simulation Translator) is a language very suitable for crop growth modeling.
Therefore it was indeed used for many of such models, including the well-known SUCROS and
INTERCOM. The sorghum-Striga model was also written in FST, especially because it was based on
INTERCOM. FST is a 4th generation language for simulation of continuous systems (Rappoldt & Van
Kraalingen, 1996). It translates the statements of a simulation language into a standard Fortran
simulation module. A FST simulation model follows the 'state variable approach': State variables are
given initial values, then their future values are calculated by integration of their rates. For simulation
of crop growth, crop pests or similar systems, an interface to a database consisting of records of daily
weather data is available in FST. FST lacks control structures, which makes Fortran subroutines
sometimes necessary.

INTERCOM
The sorghum/Striga-model was based on the model 'INTERCOM'. INTERCOM is a mechanistic
model for intemlant competition; it simulates the interaction between crops and weeds. Although
Striga is not a 'normal' weed but a parasitic one, the interplant competition in INTERCOM provides
an excellent starting point for modeling the interaction between sorghum and Striga; even more so
because also water limitation is taken into account.
INTERCOM is a SUCROS-type of crop growth model. It is dynamic and explanatory, and describes
crop growth from incoming radiation, air temperature and crop characteristics. It simulates the water
limited growth of a crop, which means the accumulation of dry matter under ample supply of nutrients
and free from pests, diseases and weeds, under water limiting conditions. Crop characteristics and
environmental factors determine growth and development. The most important environmental factors
are radiation, temperature and precipitation. The simulation of crop growth and development is
mechanistically; they are based on underlying chemical, physiological and physical processes. Plant
development is based on the temperature sum. Growth (daily crop C02 assimilation) is based on leaf
C0 2 assimilation, from which the dry matter accumulation is calculated. Soil water balance is
calculated with a tipping bucket system, for which the soil in the model is split up in layers. Water
limitation is expressed as a factor, which is based on soil moisture. This factor influences crop growth
mainly through the total growth rate and transpiration rate of the crop. INTERCOM has been
documented in Kropff & van Laar (1993).
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2.2 Sorghum
In paragraph 2.2.1 some information is given about sorghum. Paragraph 2.2.2 is about the modeling of
sorghum growth. In this paragraph the sorghum specific parameters and initialisation parameters of
sorghum are discussed, followed by some information about location, weather and soil.

2.2.1 Sorghum bicolor
Sorghum is a cereal crop that belongs to the family Gramineae. Sorghum bicolor (h.) Moench is the
most important species of the sorghum genus. It originates from northeast Africa. Currently it is
grown in the (sub)tropics and semi arid areas of Africa, the United States and Asia; both in high- and
lowlands. Sorghum is a C4-plant, and has low soil and water requirements. It is often grown in areas
that are too arid for growing maize. Sorghum has an extended and deep rooting system en displays
only little tillering. Its height varies between 45 em and more than 4 m. Its stem is filled, waxed and
has distinct nodes and internodes. Sorghum leaves are alternately placed and often have a wax layer
and white hairs near the attachment on the node. They have a non cutting edge and a white midrib. Its
inflorescence consists of a panicle, which can occur in several shapes. Grains can be white, brown,
and red to black (Westphal et al., 1995).
Sorghum is an important source of food (pancakes, porridge, beer), but it is also used as animal feed
or for other purposes. For instance in Africa, the straw is used as a roofing material.

2.2.2 Modeling sorghum growth
Species parameters
In INTERCOM, the species specific parameter values were adjusted to sorghum. They are
summarised in Table 2.1. The table also includes the values of initialisation parameters. Most values
are based on Erenstein (1990) and to a lesser extent on Van Heemst (1988) and Van Kraalingen
(1988). In Table 2.1, the asterisks indicate that a value is indeed based on data from these sources. If
no sorghum values were available for a parameter, its value was estimated. Estimations were mostly
based on parameter values for maize.
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Table 2.1 Summary of the parameter and functions estimates for Sorghum bicolor.
Description

Symbol

Value or function

Unit

NSOR
WLVGI
WSTGI
WRTI
HGHTI
LAO

1.
0.056*
0.033.
0.022.
0.1
19.6*

plants m- 1
gplanf 1
g planf 1
g planf 1
m
2
cm leaf planf 1

TMD
TMDLV

7*
7*

oc
oc

TMXD
TMXLV

47*
47*

oc
oc

KDF
LAICR

0.60*
4.*

ha leafha- 1 ground

EFFTB

0.,0.45, 50.,0.45 •

AMAXM
AMAXS
REDFT

REDMN

55*
1o·
12.,0.51, 18.,0.71,
24.,0.9, 30., 1., 36.,0.98,
42.,0.84, 50.,0. *
0.0, 1.0, 1.0, 1.0, 2.0,0.5,
2.5,0.0, 3.0,0.0*
0.,1., 50.,1.

REFTMP

25.*

Q10

2.*

MAINLY
MAINST
MAINS A
MAINRT
ASRQLV

0.03*
0.015*
0.01*
0.015*
1.39*

kg CH20
kg CH20
kg CH20
kg CH20
kg CH20

ASRQST

1.45*

kg CH20 kg- 1 DM

ASRQRT

1.39*

kg CH20 kg- 1 DM

ASRQSA

1.35*

kg CH20 kg- 1 DM

Initials:
Plant density
Initial dry weight of the leaves
Initial dry weight of the stem
Initial dry weight of the roots
Initial height
Initial leaf area per plant

Phenology:
Base temperature for development
Base temperature for development of
leaves
Maximum temperature for development
Maximum temperature for development of
leaves

Light interception:
Extinction coefficient for leaves
Critical leaf area index beyond which
death to self-shading occurs

Photosynthesis and respiration:
Initial light use efficiency as affected by
temperature
Maximum photosynthetic rate for leaves
Maximum photosynthetic rate for stems
Maximum photosynthetic rate as affected
by temperature
Reduction factor accounting for the effect
of development stage on AMAXM
Factor accounting for the effect of
minimum temperature on AMAXM
Reference temperature for maintenance
respiration
Factor accounting for the increase of
maintenance respiration with a 10 °C
temperature rise
Maintenance coefficient of leaves
Maintenance coefficient of stems
Maintenance coefficient of storage organs
Maintenance coefficient of roots
Assimilate requirement for leaf dry matter
production
Assimilate requirement for stem dry matter
production
Assimilate requirement for root dry matter
production
Assimilate requirement for storage organ
dry matter production

AMDVS

kg C0 2 ha- 1 leafh- 1 (J
m-2 1eafs- 1 1
kg C0 2 ha- 1 leafh- 1
kg C0 2 ha- 1 stem h- 1

r

oc

kg- 1 DM d- 1
kg- 1 DM d- 1
kg- 1 DM d- 1
kg- 1 DM d- 1
kg- 1 DM

Developing the model 13

Dry matter distribution pattern
Fraction of total dry matter allocated to
above-ground part

FAGTB

0.00,0.5, 0.25,0.5,
0.50,0.7, 0.85,0.8,
1.10,1., 3.0,1.0*
0.00,0.5, 0.25,0.5,
0.50,0.3, 0.85,0.2,
1.10,0.00, 3.,0.00*
0.00,0.65, 0.25,0.55,
0.50,0.35, 0.85,0.25,
0.95,0.1 0, 1.00,0.05,
1.05,0.00, 1.20,0.00,
3.,0.00*
0.00,0.35, 0.25,0.45,
0.50,0.65, 0.85,0.75,
0.95,0.90, 00,0.95,
1.05,0.35, 1.20,0.35,
1.35,0.05, 1.50,0.00,

Fraction of total dry matter allocated to
roots

FRTTB

Fraction of above ground dry matter
allocated to leaves

FLVTB

Fraction of above ground dry matter
allocated to stems

FSTTB

Fraction of above ground dry matter
allocated to storage organs

FSOATB

0.00,0.00, 0.95,0.00,
.00,0.00, 1.05,0.65,
1.20,0.65, 1.35,0.95,
1.50, 1.00, 3 ., 1.00*

RGRL
DRL
SLATB

0.009
-0.005*
0.00,0.0035,
0.33,0.0035, 1.0,0.0024,
1.50,0.0017,
2.50,0.0017*
0.0002
1200.
0.

~.,o.oo·

Leaf, stem and storage organ dynamics:
Relative growth rate of leaf area
Relative death rate ofleaves
Specific leaf area

Specific stem area
Temperature sum at which leaf death starts
Redistribution coefficient for yellowing
leaves
Redistribution coefficient for yellowing
stem
Relative death rate of storage organs
Relative death rate of the stem

SSA
TSLAM
REDLM

oc-1 d-1
d-1
ha leafkg- 1leaf

m2kg-1
°Cd

REDST
d-1
oc-ld-1

CONVL

0.,0., 3000.,0.0
0.,0., 1200.,0.,
1210.,0.0127,
3000.,0.0127
0.947

Plant height and depth::
Potential plant height
Logistic height growth parameter
Height growth parameter
Parameter for calculation SSLMAX
Parameter for calculation SSLMAX
Rooted depth

HMAX
HS
HB
AS
BS
RTD

2.4
0.007
67.
0.
0.
1.5

m
oc-1 d-1

Crop factor for crop water requirement

CRPF

1.0

Conversion factor for remobilization of
stem carbohydrates into glucose

RDRSO
RDRST

Cindicates that data is based on Erenstein, Heemst or van Kraalingen)

m·l
m
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Location, weather and soil
For the necessary weather data, those from Mali were used. This country was selected because
sorghum is much grown in Mali, but foremost because many weather data are available for this
country. Station 57 in Mali (Mopti) was selected for its central position in the country. Data of the
year 1950 were used for simulation, but of course also other years can be selected before running the
model. Intentionally, data of one individual year was used. Using averages from several years would
have smoothed the irregular pattern of rainfall and this might have affected crop growth. In figure 2.1,
the rainfall at Mopti in 1950 is presented.
100~----------------------------~

90

80
70

60
50
40

30
20

10
0 +-----....,.-......_.M.Unwa..•-,.w

100

0

200

300

time (days)

Figure 2.1 Precipitation (mm

tf

1
)

at Mopti (Mali) in 1950.

Parameter values for the selected location are presented in Table 2.2. It includes parameter values for
the Angstrom formula, which is the regression formula between sunshine duration and radiation (Van
Kraalingen et al., 1997). In the table also parameter values for the soil and soil moisture are presented.
It must be noted that the maximum rooted depth has much influence on water availability, and its
parameter RTDMAX is thus quite determining for the simulated crop growth. The rooting depth
of sorghum is 1.5 m., but as the soils in Mali are often not very deep, RTDMAX was set to 1 m.
For the soil depletion factor versus the evaporative demand (ETO), a general depletion factor for
C4 -plants was used, as Sorghum is a C4-plant (Doorenbos and Kassam, 1979). Striga is not, but it
also does not take up water directly from the soil.
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Table 2.2 Summary ofthe parameter and jUnctions estimates for the location and soil.
Description
Symbol

Location:
Elevation
Longitude
Latitude
Parameter in Angstrom formula
Parameter in Angstrom formula

LAT
A
B

Soil (general):
Thickness of the top layer
Thickness of the bottom layer
Maximum rooted depth
Soil moisture:
Initial soil moisture content of the top
layer of the soil
Initial soil moisture content of the root
layer of the soil
Volumetric soil moisture content at field
capacity soil
Volumetric soil moisture content at
wilting point
Water input through capillary rise of soil
water versus day number
Water input through irrigation
Soil depletion factor versus ETO
Factor accounting for the affect of
relative water content of the top layer of
the soil on EAVAP
Time coefficient for delay in drainage

Unit

271
04'06"W
14'41 "N

m

THCKT
THCKB
RTDMAX

0.02
1.88
1.0

m
m
m

SMTI

5.

mm

SMRTZI

154.

mm

VSMFC

180.

VSMWP

60.

RCAPT

1.,0., 180.,0., 181.,1.,
195.,1., 196.,0., 365.,0.
1.,0., 365.,0.
-1.,0.9, 0.,0.9, 6.,0.55,
9.,0.3
-0.01,0., 0.2,0.05,
0.25,0.275, 0.35,0.9,
1.,1., 1.1,1.
1.

dm3 water m·3
soil
dm3 water m·3
soil
mmd- 1

IRRIT
PTB
REDFST

TCS

mmd" 1

d

16 Modeling sorghum growth, as affected by Striga

2.3 Striga ltermontltica
Striga is a herbaceous plant that belongs to the Scrophulariaceae. The Striga-genus consists of some
35 species, 11 of which parasitize crops. The project is directed in particular at Striga hermonthica
(Del.) Benth, which is by far the most damaging species of all Striga species. Striga growth and the
effects of Striga infection on sorghum are included in the model mechanistically. This was done
because growth of sorghum and Striga are mutually related. Also, the quantitative impact of the
effects that Striga has on sorghum is often dependent on the Striga proportions (for instance, the
amount of water that a Striga plant transpires, depends on its leaf area). Thus, in order to simulate the
sorghum/Striga system realistically, it has to be simulated at a lower integration level; also Striga
growth must be simulated at the level of physiology. In INTERCOM, the growth of both crop and
weed are simulated mechanistically, and therefore it forms a good basis for the sorghum Striga model.
The Striga growth and development are simulated on basis of the Striga life cycle, which is described
in the first paragraph (§2.3.1). Modeling of its growth is discussed in the second paragraph (§2.3.2). In
this paragraph also all associated assumptions and newly introduced model parameters are discussed
one by one. In the last paragraph (§2.3.3), the effects of Striga on the sorghum growth are described
and it is explained in which way they were incorporated in the model.

2.3.1 The Striga life-cycle
(See also Figure 2.2)
The seeds of Striga are extremely small and mostly have a very long longevity. Throughout the dry
period, the seeds are dormant. In the first three weeks of the wet season they get conditioned and
become ready for germination. For germination the conditioned seeds require a stimulant substance
that is exuded by the roots of a potential host. After they have germinated, the seedlings have to make
contact with the host roots within some days; on contact, a haustorium begins to develop. Once the
haustorium is penetrated inside the host stele, links are developed between the xylem systems of both
organisms. After a haustorium has formed, the seedlings start to grow towards the soil surface. In this
phase the seedling is completely dependent on its host for all its organic nutrition, inorganic minerals
and water. These are withdrawn from the host across the xylem bridge. Four to six weeks after
germination, the Striga emerges. From this moment on it is capable of assimilation itself. However, its
chlorophyll content is relatively low and has a very small photosynthetic capacity, so even after
emergence the parasite still is to a large extent dependent on its host. It is estimated that in this aerial
phase still35% of the organic C in the Striga is derived from its host (Parker & Riches, 1993). When
the Striga has matured, it will flower. Every plant produces vast numbers of seeds.
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2.3.2 Modeling Striga infection
In this section the modeling of Striga growth and dry matter production is discussed. First the
development of the Striga plants is discussed, then its growth and finally the effects on its host. The
sections about development and growth are split into three parts, based on the three phases of
development. In the section about growth, the growth rate of Striga plants, their dry weight, the
amount of absorbed assimilates and growth parameters are discussed for each developmental phase.
N.B.: In each section first the real situation is described as it is observed in the field; subsequently the
assumptions that were made to fill in the gaps are discussed and finally the translation into the model
is explained.
In the model, growth and development of unemerged Striga seedlings are simulated with the
'escalator boxcar train' method (Goudriaan & van Roermund, 1989). With this method, growth is not
calculated for each plant individually, but for classes ('boxcars') of plants. The Striga seedlings are
divided into the classes based on the moment of their attachment. In this way, the whole range of
possible developmental stages - from attachment till emergence - are taken into account
simultaneously. This was considered necesarry, as the Striga seedlings all attach at a different
moment. Calculating growth for every individual Striga plant, instead of the used classes, would cause
a lot of troubles, but would not necessarily lead to a better model. Not very much is known about the
underground growth of Striga and simulating each individual Striga seedling would be far more
detailed than is reasonable with our present knowledge. The structure of the box car train and its basic
equations are explained in box 2.1, at the end of the section. After emergence, the Striga plants were
considered as one crop again, and simulated as plant material per unit ground area. This means that the
heterogenity between emerged Striga plants is lost. Although formaly incorrect, the introduced error is
not very large as not many Striga seedlings emerge and all do so within a relatively short time span.

2.3.2.1 Striga development
Three developmental phases of Striga are distinguished. The first phase covers Striga development
from attachment till emergence, the second phase is from emergence till flowering and the third starts
with Striga flowering, includes seed maturity and seed shedding and ends with Striga death. These
phases were expressed in a dimensionless variable with values ranging from 0 to 3. The distinct stages
at the beginning and end of these phases are 'germination', 'emergence', 'flowering' and 'death'; with
values of respectively 0, 1, 2 and 3.

Development during first phase:
During this first phase, development and growth of Striga seedlings run parallel, because it is assumed
that development is directly related to growth. This can be illustrated with the end of the
developmental phase, for it is characterised by reaching a certain 'critical' weight at which the Striga
seedlings emerge.
Development during second phase:
The development rate during the second phase is related to the temperature sum, which starts to
increase at the moment of Striga emergence (DOYEM). It is calculated from the maximum and base
temperature for phenological development (TMXD and TMD, respectively) and the daily average
temperature (TMPA). The phase is ended when a certain temperature sum is reached.

HU(l:NS)

=

INSW(DOY-DOYEM, 0., MIN(TMXD-TMD, MAX(O., TMPA-TMD)))

Development during the third phase:
The third phase of development does not differ fundamentally from the second phase; only some
parameter values change as the Striga efforts are directed to flowering and seed production instead of
to growth. These changes can be found in the involved functions (see Table 2.1). However, the third
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phase of Striga is often not relevant to sorghum growth: by the time Striga is flowering, the sorghum
plants often have already been harvested or by then have died of the Striga infection.

2.3.2.2 Striga growth
Growth during first phase:
The entire first phase takes place below the soil surface. After the Striga seeds have been conditioned,
they will germinate under influence of sorghum root exudates. When germinated, they attach
themselves to the sorghum roots and start growing towards the surface. In this phase, Striga seedlings
are totally dependent on the sorghum plants for their nutrition and assimilates.
The following assumptions were made about the Striga growth of this phase:
• The growth rate of Striga seedlings is related to the amount of assimilates they absorb from their
hosts. This amount is directly related to their weight, which causes them to grow approximately
exponentially - as long as sufficient assimilates are available for absorption.
• A small part of the assimilates that the seedlings absorb is used for maintenance and growth
respiration, which have priority over growth.
• A maximum exists for the amount of assimilates that can be derived by the Striga plants from the
sorghum. If the sorghum does not produce sufficient assimilates, the emerged Striga plants were
given priority over the unemerged Striga seedlings.
• Emerged Striga plants have an additional restraining influence on the relative growth rate of the
Striga seedlings that have not yet emerged.
• The number of Striga seedlings and the moment of their attachment to the sorghum root system
are prescribed through an input function.
• In order to emerge, the Striga seedlings have to grow to a certain length with which they can
reach the soil surface. The distance these seedlings have to cover, depends on the depth at which
they are attached to the sorghum roots and thus on the depth at which their seeds were positioned.
In the model, this length was translated into weight, and the length of the period that the seedlings
spend under the surface, is characterised by an initial and a final weight.
These assumptions are discussed more elaborately in the rest of this section. It is split up in relative
growth rate, seedling dry weight, amount of absorbed assimilates and growth parameters.
For simulating Striga growth in the first phase, the box car train method was used. Its set-up,
initialisation (moment and number of Striga attachments) and outflow (germination of Striga
seedlings) are discussed in a separate box (Box 2.1 ).

Relative growth rate of unemerged Striga seedlings:
With the box car train method, the period that a Striga seedling (or to be more precise, a class of
Striga seedlings) spends below the surface is simulated as a time delay. Although the length of this
delay is at any particular moment equal in all classes of the box car train, it is variable throughout
time. As the moment of shifting from a class to the next is related to a certain increase in weight, the
time delay depends on the growth rate of the plants. The growth rate of the Striga seedlings is
determined by the amount of assimilates that is available for growth in respect to their own weight; it
mainly depends on the amount of assimilates that they derive from the sorghum. However, part of the
obtained assimilates is also needed for growth respiration and for maintenance. It was assumed that
the maintenance costs have a priority over growth. Furthermore, it was assumed that emerged Striga
plants have an additional restraining influence on the relative growth rate of the Striga seedlings that
have not yet emerged.
In the model, the relative growth rate (DVRSTR) of all unemerged Striga in all classes is equal.
However, it can vary throughout time, as not sufficient assimilates may be available for absorption.
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The amount of assimilates that is absorbed by unemerged Striga seedlings is 'AABSBS'. As
maintenance costs were given a priority over growth, the amount of assimilates that the seedlings need
for maintenance (MAINBS) is subtracted from AABSBS. The amount of assimilates that is left for
growth is then divided by the total weight of all unemerged seedlings (WDSBS), in order to obtain the
amount of assimilates that is available per gram of Striga seedling. Finally this amount was also
divided by ASRQBS, to account for the seedling's growth respiration. The restraining influence of
emerged Striga plants is incorporated with a reduction factor (RED EM). The assimilate requirement
and maintenance costs of unemerged Striga seedlings were assumed to be equal to those of the stem
material of emerged Striga plants.
DVRSTR

=MAX (0., (REDEM

RED EM
ASRQBS
MAINES
PARAM MAISBS

*

((AABSBS-MAINBS)/NOTNUL(WDSBS))

I ASRQBS))

INSW(DOY-DOYEM(2) ,1.,0.25)
ASRQST(2)
WDSBS*MAISBS
0.015

The total weight ofunemerged Striga seedlings WDSBS is discussed in the next section; the amount of
absorbed assimilates will be discussed later.
Dry weight of u11emerged seedli~tgs:
With the box car train the Striga seedlings are all divided into classes. It was assumed that all Striga
seedlings in a certain class have the same weight, which increases with the growth rate. An initial and
final weight is assigned to the Striga seedlings in every class; the final weight of seedlings in a class is
equal to the initial weight of the seedlings in the successive class. After reaching the final weight of a
class, the seedlings are shifted to the next class.

In the model, the total dry weight of unemerged Striga (WDSBS) is calculated as the sum of dry
weights of Striga seedlings in all classes. Multiplication by 10 converts 'g/m2 ' to 'kg!ha'. The dry
weight of all Striga seedlings in a class (DWSBS) is calculated by multiplying the number of Striga
seedlings in that class with their own weights. The number of Striga seedlings in a class is NSTR; its
rate of change (RNSTR) is kept track of in the subroutine RNST.
WDSBS
DWSBS
NSTR

ARSUMM ( DWSBS, 1, NSTB)
DWSTR * NSTR
INTGRL (ZERO, RNSTR)

* 10.

The actual weights of the individual Striga seedlings in each class (DWSTR) were calculated by
integrating their increase in weight (DWSTRR). DWSTRR was calculated in subroutine DWSTRS
according to equation 3 (see Box 2.1 ).
DWSTR

22

INTGRL(IDWSTR,DWSTRR)

DO 22 IS = 1,NSTB
DWSTRR(IS) = DWSTR(IS)
CONTINUE

* (EXP (DVRSTR * DELT)

-1.)

The initial weight of seedlings in each class was calculated in the subroutine IDWST. The calculation
was based on the fact that all classes have the same widths. At reaching a new class, a seedling has
passed through all previous classes, and has covered a total width that can be calculated by
multiplying the number of passed classes (IS -1) with the class width (GAMMA). The initial weight of
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the class is then calculated by multiplying the exponent of this total width with WDGERM, which is the
Striga germ weight at the moment of its attachment.

21

DO 21 IS = 1, NSTB
IDWSTR(IS)
WDGERM
CONTINUE

* (EXP(GAMMA * REAL(IS-1)))

Tlte amount of absorbed assimilates by unemerged seedlings:
Potentially: The potential amount of assimilates that can be absorbed by the unemerged Striga plants
is assumed to be linearly related to their total weight.
Actually: The total amount of absorbed assimilates was assumed to be sink limited for small Striga
seedlings, and source limited for larger ones or for larger numbers of Striga seedlings growing on one
host. If the sorghum produces sufficient assimilates, the actual absorption of assimilates of unemerged
seedlings will reach its potential amount. If the assimilates are source limited, the emerged Striga
plants were given priority over the unemerged Striga seedlings. This priority was assumed, as the
emerged Striga plants are likely to be 'pulling with more force' at the available assimilates because
their assimilate absorption is driven by transpiration. Also, a maximum was assumed for the amount
of assimilates that can be derived by the Striga plants from the sorghum.
In the model, 'PABSBS' is the potential amount of assimilates that can be absorbed by all unemerged
Striga seedlings together; it depends on the total weight of all unemerged Striga seedlings (WDSBS),
which was calculated in the previous section. The relative rate of absorption consists of a factor
(ABFS). As no data were found to validate this factor, its value was estimated.

PABSBS
PARAM ABFS

ABFS

* WDSBS

0.2

The maximum amount of assimilates that can be absorbed is related to the total amount of assimilates
that is produced by the sorghum (GPHOT ( 1) ); the precise fraction is determined by the factor
'MAXABS '. It refers to the total fraction of assimilates that can be absorbed by the Striga plants
(TABASS).

TABASS
MAXABS

LIMIT (0., MAXABS * GPHOT(1),

PABSBS + PABSAS)

0.5

If the sorghum produces sufficient assimilates and more than enough assimilates are available to both
unemerged and emerged Striga plants, this factor will not limit the absorption of assimilates. In that
case, the actual amount of assimilates that are absorbed by unemerged Striga (AABSBS) will reach its
potential amount. If not, AABSBS will be equal to ABSBS, which means that the unemerged Striga
seedlings will only get the few assimilates that the emerged Striga plants have left them.

AABSBS
ABSBS

INSW (TABASS- (PABSBS + PABSAS), ABSBS, PABSBS)
LIMIT (0., PABSBS, TABASS- PABSAS)

Striga growtlt parameters before emergence:
Modeling of unemerged Striga growth requires some parameter values. All of these values are
estimates; they are presented in Table 2.3. Some of these values are also used at simulating growth
after emergence. Other Striga-parameters, those that only concern growth after emergence, are
presented in Table 2.4.
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Growth during the third phase:
As was mentioned before, the third phase does not differ fundamentally from the second phase. Only
some parameter values change as the Striga efforts are directed to flowering and seed production
instead of to growth. These changes can be found in the involved functions (see Table 2.1).

Table 2. 3 Summary of the newly introduced parameter estimates for unemerged Striga seedlings.
Description
Symbol
Value
Unit
Striga growth before emergence:
Day of year at which Striga seeds have been
conditioned and are ready to germinate and to attach
Dry weight of Striga seedling at emergence
Dry weight of a Striga germ at attaching
Assimilate absorption factor of Striga seedlings

Maximum part of sorghum assimilate production that
can be absorbed by Striga plants

DOCS

180

d

WDEMST
WDGERM
ABFS

0.2
0.01
0.2

g seedling- 1
g seedling-1
kg CH20 kg- 1
Striga seedlings d- 1

MAXABS

0.5
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Box 2.1 Box car train, as used for simulating growth ofunemerged seedlings

Set up of the box car train - Exponential growth:
As a Striga seedling was assumed to grow exponentially, its weight 'w' at moment 't' can be
calculated with an exponential growth equation (eq. 1).
Wt

=

Wo • e(r·t)

eq.l

The relative growth 'r * t' of the Striga seedling can be calculated by rewriting the first equation
(eq. 2). Relative ~rowth rate is the daily increase in weight per gram of seedling; its units are
[gram gram- 1da{ ].

r·t=ln(:J

eq.2

However, the relative growth rate 'r' for the Striga seedlings is not constant throughout time, and it
would be better to speak of 'the relative growth rate at moment t', or 'rt'· Now the total relative
growth at time 't' can be calculated by summarising the relative growth rate over the considered
period (eq. 3).

eq.3

In the model, the total period that the Striga seedlings spend below the surface, is dependent on
the total width of the boxcar train. This total width represents the period that a seedling grows
from its initial weight into its weight at emergence (from t=O till t=e), and is thus characterised by a
certain increase in weight ( flw = We- W0 ). The development of the seedling is related directly to
the weight of the seedling (see also section 2.3.2.1, development in the first phase), and its
development stage can be expressed as its actual weight, relative to flw. As the initial weight W 0
is very small, it can be neglected and the development stage is equal to' Wtl We'. Hence, the
development rate of the seedling is related to the increase in this relative weight, and coincides
with the relative growth rate 'r'. Therefore, 'r * t' is also a measure for the development stage of
the seedling. The development stage at time 't' can be calculated with equation 3.
By placing the initial and final weights into equation 3, the development stage of an emerging
seedling can be calculated (eq. 4), representing the total width of the box car train.

eq.4

As the boxcar train was divided into a number of classes of equal width, the width of an individual
class 'y' can be calculated by dividing the total width of the train by its total number of classes 'N'
(eq. 5).

eq.5
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In the model the total development is kept track of with help of an integral (eq. 6).
tt

tt

L 'i · t = J(r

1 •

t=to

t)dt

to

Every time that this increase in development equals the width of a class, the Striga seedling is
shifted into the next class. It is assumed that eq. 6 lings in a class are of the same weight (and
development stage), thus all seedlings in a cl
shifted to the next class at the same
moment. The initial weight of the classes wa& vllvo:>t:ll to be increasing exponentially with the
number of the class. This, in combination with exponential growth and the assumption that all
seedlings in a class are of the same weight, leads to all seedlings to grow at the same relative
rate. Consequently, they all reach the next class at the same moment. Thus, all seedlings in all
classes are shifted into the next class at the same time. (See also the section about 'dry weight of
unemerged seedlings' in paragraph 3.3.2.2).
In the box car train, every box car represents a class; the number of classes can be varied with
the parameter 'NSTB'. This parameter determines the 'resolution' of the output, but has no further
direct influence on its shape. In the model, 'GF' is the total width of the boxcar train and 'GAMMA' is
the width of a single box car in that train. As was explained above, the total width depends on the
initial weight (WDGERM) and on the emerging weight (WDEMST) of a Striga seedling. It was
calculated in accordance with equation 4. The width 'GAMMA' of an individual class depends on
the total number of classes (see equation 5).
PARAM GF
GAMMA
ARRAY SIZE NSTB

LOG (WDEMSTIWDGERM)
GF I REAL(NSTB)

5

The relative growth rate of the seedling is 'DVRSTR', which also represents its development rate.
The development stage is calculated with 'GCYC' by integrating the development rate (see also
equation 6). When GCYC has reached the width of a box car GAMMA, all seedlings are shifted to
the next class. In that case 'PUSH' gets a value of '1' and GCYC is reset to zero. The calculation of
the relative growth rate (DVRSTR) is discussed in a section of its own.

GCYC
DGCYC
IGCYC
PUSH

INTGRL ( IGCYC, DGCYC )
DVRSTR - PUSH * GAMMA
GAMMA * 0.5
INSW ( GCYC- GAMMA, 0.,

I

DELT
1.

)

Initialisation of the box car train - Number and moment of attachment:
After the Striga seeds have been conditioned, they will germinate under influence of sorghum root
exudates. When germinated they will attach to the sorghum roots. Not much is known yet about
the processes that determine number and exact moment of attachment. Also, the model was
primarily aimed at the effects of number or moment of attachment, and not at the attachments
themselves. Therefore, in the model the number and moment of attachment were prescribed
through a simple input function. Effects of a different moment or a different number of
attachments can be investigated by varying this forcing function.
In the initialisation of the box car train, the attachment of the Striga seedlings is simulated (both
total number of attachments and their moment of attachment). As default in the model, the input
function (INFLST) is an empirical curve with a sigmoidal shape, based on experimental data (Van
Ast, in prep.). Due to this function, the total number of seedlings that attaches, is spread out over
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50 days. The total numbers of attachments is determined by the parameter 'TOTAT'. The
attachment pattern is shown in Figure 2.4.The parameter 'Doc' determines the day at which the
input-function is started; its value normally is determined by the parameter 'Docs'. However,
Striga seeds will not germinate until the sorghum has started to grow, and therefore the value of
DOC can never be smaller than DOYEM ( 1) .
PARAM TOTAT
INFLST
DOC
PARAM DOCS
FUNCTION FLWTB

18.

TOTAT * (AFGEN (FLWTB, DOY- DOC))
MAX (DOCS, DOYEM(1))
180.
-300.,0.0,
10.,0.022,
50.,0.006,

1.,0.0,
2.,0.006,
4.,0.011, ...
20.,0.039,
30.,0.022, 40.,0.011, ...
60.,0.0, 365.,0.0

Outflow of the box car train - Number and moment of emergence of Striga seedlings:
At the end of the first developmental phase, the Striga seedlings have grown to certain length
with which they reach the soil surface and start emerging. The distance these seedlings have to
cover in order to emerge, depends on the depth at which they are attached to the sorghum roots
and thus on the depth at which their seeds were positioned. Striga seeds are evenly distributed
across the cultivated layers of the soil (0-15 em). Below this level the seed densities decrease
and densities are generally very low at a depth of 30 em (van Delft, 1997). For matters of
simplicity, an average attachment depth was used in the model. With data from Van Delft, this
average depth was calculated to be approximately 9 em. Also it was assumed that the weight of a
Striga seedling is linearly related to its length.
In the model a critical weight was used, instead of critical length. This critical weight is determined
in the parameter named 'WDEMST'. The critical weight corresponds with the weight Striga
seedlings have when they have passed through all classes in the boxcar. The flow rate out of the
box car train (FLSTR) symbolises the number of Striga seedlings that is emerging (RNOUT). The
2
total numbers of Striga seedlings that have emerged at every m (NSTOUT) is calculated by
integrating RNOUT.
PARAM WDEMST
RNOUT
NSTOUT

0.2

FLSTR
(NSTB + 1)
INTGRL (ZERO, RNOUT)

The moment that the first Striga seedling flows out of the boxcar is the day of Striga emergence
(DOYEMS(2)) and it is kept track of in the subroutine DOYEMS.
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Growth during second phase:
In the second phase - after emergence- the Striga plants develop their own leaves. This makes them
capable of producing their own assimilates and from this moment on they are only partially dependent
on the sorghum. Assumptions about growth in this phase are as summarised below:
•

The growth rate for Striga plants, depends on the amount of assimilates that is available for
growth. This amount consists of the assimilates that the Striga plant produces itself and those it
withdraws from the sorghum. The amount that the Striga plants absorb is one-third of their total
assimilate need. The other two third, they assimilate themselves (Parker & Riches, 1993).
• Like in unemerged Striga plants, it was assumed that maintenance and growth respiration have
priority over growth.
• Emerged Striga plants have priority over unemerged Striga seedlings for the absorption of
assimilates.
These assumptions are discussed in the rest of this section, which is split up in growth rate, amount of
absorbed assimilates and growth parameters.
As was mentioned before, no box car train was used for simulating Striga growth in this second stage.
The introduced error will not be very large, as the Striga seedlings that emerge, do so in a relative
short time span. In the model, the Striga plants in this phase are considered as a whole: their leaf area,
dry weight and other variables are calculated as totals per ground area. In the used base-model
INTERCOM, all species variables were already calculated in this way. For calculating growth and
development of emerged Striga plants, mainly the same differential equations and subroutines were
used as for sorghum, but with different parameter values. In this report only deviations from these
equations are discussed.
A problem that arises with this method, is that the Striga plants -unlike crops- do not emerge all at the
same time. Therefore they will not have an equal leaf area, dry weight, etc; and the calculation of
these variables for several plants per ground area can not be solved by simply increasing the plant
density. Instead, at every new emergence, the leaf area (NEWLAI) and dry weight of the new leaves
(NWLV) of the new emerged plants are added to the Striga-totals. The dry weight of the Striga seedling
at emergence (WDEMST) was added to the total Striga stem dry weight, because at emergence, the
seedlings consist for the greater part of'stem': the seedlings have negligibly small roots and no leaves
until emergence. RNOUT is the number of new emerged Striga seedlings. The multiplication with l.E4 is a correction for its dimension (cm-2 into m2 ).
Leaf area:
RLAI
NEWLAI (2 :NS)

GLAI - DLAI + NEWLAI
RNOUT*LA0(2:NS)*l.E-4

Leaf dry weight:
GRLV
GLV
NEWLV(2 :NS)

INSW (DOY-DOYEM, 0., GLV-YLV + NEWLV)
GAG * FLV
NEWLAI(2:NS) I SLA(2:NS)

Stem dry weight:
GRST
NEWST(2:NS)

GAG * FST - YST + NEWST
WDEMST * RNOUT * 10.

Growth rate of emerged Striga plants:
The growth rate for Striga plants, depends on the amount of assimilates that is available for growth.
This amount consists of the assimilates that the Striga plant produces itself and those it withdraws
from the sorghum. Like in unemerged Striga plants, it was assumed that maintenance has a priority
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over growth. Also some of the assimilates are used for growth respiration. It was assumed that the
amount of assimilates the Striga absorb was one-third of their total assimilate need, as it was shown
that in the second phase 35% of the carbon in the parasite is derived from the sorghum host.
In the model, the gross growth rate for Striga dry matter (GTW2) depends on the amount of assimilates
that is available for growth. This is the amount of assimilates that Striga produces itself (GPHOT ( 2 ) )
and the amount it withdraws from the sorghum (AABSAS); maintenance costs (MAINT ( 2) ) are
subtracted. Losses due to growth respiration are accounted for by dividing these assimilates by the
assimilate requirement of Striga (ASRQ ( 2) ). For the factor 'TRANRF', see the section about Striga
transpiration in §2.3.3.
GTW (2 :NS)
= INSW ( DOY - DOYEM (2 :NS) ,
0., ...
(( GPHOT(2:NS)-MAINT(2:NS)+AABSAS) * TRANRF(2:NS)

) / ASRQ(2:NS))

To make sure that the maintenance respiration is not using more assimilates than are available, the
minimum maintenance cost were modified. If the plant's maintenance requirements can not be met, no
consequences result for its growth.
INS(DOY-DOYEM, 0., MAINTE)
MIN (GPHOT(2:NS) + AABASS,
MAINTS(2:NS) * TEFF * MNDVS(2:NS))

MAINT
MAINTE(2:NS)

The amount of absorbed assimilates by emerged Striga plants:
Potentially: The potential amount of assimilates that can be absorbed by emerged Striga plants is
rather complex, as they do not derive all assimilates they need from their host; some part of the
necessary assimilates they produce themselves. However, it is not known yet which mechanisms do
actually determine which part of the Striga assimilate-needs is derived from the sorghum.
Actual absorbed amount: When the amount of absorbed assimilates is source limited, the potential
amount can not be reached; the actual absorbed amount is then determined by the availability of
assimilates. Emerged Striga plants are assumed to have priority over unemerged Striga seedlings for
the absorption of assimilates, the reason for which was previously explained in section 3.3.2.2.
In the model, PABSAS is the potential amount of assimilates that emerged Striga plants can absorb.
As the first interest of this project was to model sorghum and not Striga growth, it was chosen to
include the potential assimilate absorption of the emerged Striga in such a way that at least the
model's results would be realistic. Parker & Riches (1993) found that 35% of the carbon in Striga was
derived from the sorghum. This percentage was 'forced' into the model by making the potential
absorbed amount 50% of the amount of produced assimilates (by the Striga plants themselves), and
thus 33% of the total amount of assimilates available to Striga.
PABSAS

0.5

*

GPHOT(2)

If the assimilates are source limited, the Striga plants cannot absorb the potential amount. The actual
amount they absorb (AABSAS) will then depend on how many assimilates are available. With regard
to the absorption of assimilates, a priority was assumed for the emerged Striga plants above the
unemerged ones. This priority was assumed because the emerged Striga plants pull with more force at
the available assimilates as their assimilate absorption is driven by transpiration. Therefore, the
emerged Striga plants will get their share of the absorbed assimilates 'first'; the rest will go to the
unemerged seedlings. As long as the absorbed amount of assimilates is equal to -or bigger than- the
potential amount that the emerged Striga plants can absorb, AABSAS will be equal to PABSAS. If the
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available amount of assimilates equals this potential amount, no assimilates will be left for the
unemerged Striga seedlings. If even less assimilates are available, AABSAS will be equal to the total
amount of absorbed assimilates (TABASS).
AABSAS

LIMIT(O., TABASS, PABSAS)

Striga growth parameters after emergence:
The set of parameter values that was used for growth of emerged Striga plants, is presented in Table
2.4. Parameters that were already used for simulating growth before emergence, are presented in Table
2.3.
Table 2. 4 Summary of the parameter and functions estimates for Striga hermonthica.
Description
Symbol
Unit
Value or function
Initials:
Initial dry weight of the leaves
WLVGI
g planf 1
0
Initial dry weight of the stem
WSTGI
0
g planf 1
Initial dry weight of the roots
WRTI
g planf 1
0
Initial height
HGHTI
0
m
Initial leaf area
ILAI
ha leaf planf 1
0
Initial leaf area per plant
LAO
cm2 leaf planf 1
3
Phenology:
Base temperature for development
Base temperature for development of
leaves
Maximum temperature for development
Maximum temperature for development of
leaves
Light interception:
Extinction coefficient for leaves
Critical leaf area index beyond which
death to self-shading occurs
Photosynthesis and respiration:
Initial light use efficiency as affected by
temperature
Maximum photosynthetic rate for leaves
Maximum photosynthetic rate for stems
Maximum photosynthetic rate as affected
by temperature
Reduction factor accounting for the effect
of minimum temperature on AMAXM
Factor accounting for the effect of
minimum temperature on AMAXM
Reference temperature for maintenance
respiration
Factor accounting for the increase of
maintenance respiration with a 10 oC
temperature rise
Maintenance coefficient of leaves
Maintenance coefficient of stems
Maintenance coefficient of storage organs
Maintenance coefficient of roots

TMD
TMDLV

7
7

oc
oc

TMXD
TMXLV

47
47

oc
oc

KDF
LAICR

0.69
4.

ha leafha- 1 ground

EFFTB

0.,0.45, 50.,0.45

kg C02 ha- 1 leafh- 1

AMAXM
AMAXS
REDFT

20
5
10.,1., 50.,1.

kg C02 ha- 1 leafh- 1
kg C02 ha- 1 stem h- 1

AMDVS

0.0,1.0, 3000.,1.0

REDMN

0.,1.,

REFTMP

25.

Q10

2.

MAINLY
MAINST
MAINS A
MAINRT

0.03
0.015
0.01
0.005

50.,1.

o.C

kg CH2 0
kg CH2 0
kg CH2 0
kg CH2 0

kg- 1 DM d- 1
kg- 1 DM d- 1
kg- 1 DM d- 1
kg- 1 DM d- 1
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Assimilate requirement for leaf dry matter
production
Assimilate requirement for stem dry matter
production
Assimilate requirement for root dry matter
production
Assimilate requirement for storage organ
dry matter production

Dry matter distribution pattern
Fraction of total dry matter allocated to
above-ground part
Fraction of total dry matter allocated to
roots
Fraction of above ground dry matter
allocated to leaves
Fraction of above ground dry matter
allocated to stems
Fraction of above ground dry matter
allocated to storage organs
Leaf, stem and storage organ dynamics:
Relative growth rate of leaf area
Death rate ofleaves
Specific leaf area

ASRQLV

1.56

kg CH20 kg- 1 DM

ASRQST

1.51

kg CH20 kg- 1 DM

ASRQRT

1.44

kg CH20 kg- 1 DM

ASRQSA

1.49

kg CH20 kg- 1 DM

FAGTB
FRTTB
FLVTB
FSTTB
FSOATB

0.,0.90,
3.,1.
0.,0.10,
3.,0.
0.,0.60,
'3.,0.0
0.,0.40,
'3.,0.1
0.,0.00,
'3.,0.9

1.,0.90, 1.1,1.,
1.,0.10, 1.1,0.'
1.,0.10, 1.1,0.05
1.,0.90, 1.1,0.20
1.,0.00, 1.1,0.75

RGRL
DRL
SLATB

0.01
0.0
0.00,0.0023,
3000.,0.0023

oc-1 d-1
d-1
ha leafkg- 1 leaf

SSA
TSLAM
REDLM

0.00010
3000.
0.

m2kg-I

REDST

0.

RDRSO
RDRST
CONVL

0.,0., 3000.,0.0
0.,0., 3000.,0.0

d-1
oc-Id-1

Plant height and depth:
Potential plant height
Logistic height growth parameter
Height growth parameter
Parameter for calculation SSLMAX
Parameter for calculation SSLMAX
Rooted depth

HMAX
HS
HB
AS
BS
RTD

0.40
0.009
298.
0.
0.
0.

m
oc-1 d-1

Crop factor for crop water requirement

CRPF

1.2

Specific stem area
Temperature sum at which leaf death starts
Redistribution coefficient for yellowing
leaves
Redistribution coefficient for yellowing
stem
Relative death rate of storage organs
Relative death rate of the stem
Conversion factor for remobilization of
stem carbohydrates into glucose

°Cd

m·I
m
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2.3 .3 Modeling Striga-effects on sorghum
In the previous paragraph, the modeling of the Striga growth was discussed. This paragraph is about
the effects the Striga infection has on sorghum. Following mechanisms are discussed:
• Assimilate withdrawal of Striga plants
• Water withdrawal through Striga transpiration
• Sorghum maintenance respiration
• Sorghum photosynthesis
• Assimilate partitioning
• Sorghum development rate

Assimilate withdrawal from sorghum
The Striga plants derive an amount of assimilates from the sorghum. It was assumed that the Striga
can absorb only a part of the assimilates that the sorghum host produces. Also, a priority of assimilate
withdrawal above sorghum growth and maintenance was assumed. This assumption was based on
observations in field and experiments, in which sorghum plants were withering due to the Striga
infection.
In the model, the total amount of assimilates that the Striga derives from the sorghum (TABASS) is
the sum of the potential amount of assimilates that the unemerged Striga seedlings absorb (PABSBS)
and the potential amount that the emerged Striga plants (PABSAS) absorb. However, it is assumed
that the total withdrawal of assimilates by the parasite will never exceed a certain factor (MAXABS)
of the gross assimilate production of the host plant. The magnitude of this factor is not known, and is
for the present estimated at 50%.

TABASS
MAXABS

LIMIT(0.
0.5

1

MAXABS*GPHOT(1)

1

PABSBS+PABSAS)

This total assimilate withdrawal (TABASS) was included in the sorghum growth by subtracting the
absorbed amount from the daily total gross CH20 assimilation (GPHOT ( 1) ). By placing TABASS in
this equation, assimilate withdrawal by Striga was given a priority over sorghum growth (GTW ( 1) ).
For the factor 'TRANRF see the next section.
1

GTW(l)

INSW ( DOY- DOYEM(l) 1 0. 1
((GPHOT(l)-MAINT(l)+REDIST(l)-TABASS) * TRANRF(l)) I ASRQ(l))

As assimilate withdrawal was assumed to have priority over the maintenance cost of sorghum
(MAINTS ( 1) ), also the minimum amount of assimilates available for maintenance cost
(MAINTE ( 1) ) had to be modified, and TABASS was subtracted from GPHOT ( 1) . In the model, it
does not have any consequences for the sorghum plant, if it's maintenance requirements are not met.

MAINTE(1)

MIN( GPHOT(1)-TABASS

1

MAINTS(1)*TEFF*MNDVS(1)

)

Water withdrawal from sorghum through Striga transpiration
The amount of water that is transpired by the Striga leaves is not influenced by water-limitation, for
the stomata of Striga leaves remain open under water stressed conditions (Shah, et al., 1987).
Consequently, it transpires an enormous amount of water.
Water withdrawal was incorporated into the model through transpiration of the emerged Striga plants.
Potential transpiration (PTRAN) is derived from the reference evaporation of a short grass cover,
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calculated from weather data, wind function and albedo with the Penman equation. It is approximately
proportional to the amount of intercepted radiation ( FRABS) . Potential transpiration is reduced by
water shortage, for which the factor 'TRANRF' was used. This factor accounts for the effect of water
stress, and is calculated from the moisture content of the soil ('VSMRTZ'is the actual volumetric
moisture content, 'VSMCR' the critical content and 'VSMWP' the content at wilting point). The high
rate of Striga transpiration is simulated with help of its 'crop factor', which was given a relatively high
value. In the model, transpiration does not have any direct effects on the sorghum crop, but influences
it indirectly by dehydrating the soil.
PTRAN = ETO * FRABS * CRPF
CRPF(2:NS)
1.2
TRAN = PTRAN * TRANRF
TRANRF

=

LIMIT(O.,l., (VSMRTZ-VSMWP)/(VSMCR-VSMWP))

Sorghum maintenance respiration:
Sorghum root respiration increases when the sorghum gets infected with Striga (Salle et al., 1987). In
the model it was assumed that the maintenance respiration of the leaves also increases. These effects
appear to be independent of the degree of parasitism to which the sorghum plants are subjected (Press
and Stewart, 1987).
In the model, this increase was triggered as soon as at least one Striga has attached itself to the
sorghum root system. The magnitude of the increase is independent of the number of Striga
attachments. The values of root and leaf respiration (respectively MAINRT ( 1) and MAINLV ( 1)) for
infected sorghum plants, are represented by the parameters 'MNINRT 1 and 'MNINLV 1 •
MAINRT(1)
MNINRT
MAINLV(1)
MNINLV

INSW
0.03
INSW
0.06

NSTRIN- 1., 0.015, MNINRT)
NSTRIN- 1., 0.03, MNINLV)

Sorghum-photosynthesis
Already a few days after the first Striga attachments -and thus even before the emergence of the
parasite above ground- sorghum photosynthesis is reduced (Graves et al., 1989). The mechanism that
leads to this reduction is not yet completely known. In the experiment that was carried out within this
project (see chapter 3) it was found that this reduction does not come from drought-stress as it often
has been suggested. It was then assumed that instead of an indirect effect through drought-stress,
Striga has some direct effect on the photosynthesis of its host. It was further assumed that the Striga
reduces the maximum photosynthesis rate of its host by 50% (Parker and Riches, 1993). The host's
photosynthetic efficiency is also affected by Striga 0fan Ast, 1996); however, this was not taken into
account in the model, as again not much is known about the involved mechanisms. The effects of
Striga on sorghum photosynthesis appear to be independent of the degree of parasitism to which the
host is subjected (Press and Stewart, 1987).
In the model, the reduction was included in the model as a factor (REDFSS), directly reducing the
maximum assimilation rate; efficiency of sorghum photosynthesis was not affected. The magnitude of
this factor is independent on the number of Striga attachments.
AMAX (1)
REDFSS
RDFSS

AMAXM(1) * REDF(1) * AMDVS(1)
INSW ( NSTRIN- 1., 1., RDFSS)
0.5

*

REDMN(1)

*

REDFSS
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Assimilate partitioning
The assimilates that sorghum produces are partitioned between its plant organs (leaves, stem, roots
and storage organs). Striga influences this partitioning; if Striga-infected, more assimilates of
sorghum will be directed towards the roots (Parker and Riches, 1993). This is assumed to be mainly at
the cost of the stem and the storage organs, for the relative dry weight of the leaves was measured to
remain almost the same (See also section 3 .4.2). The effects of Striga on sorghum growth appear to be
independent of the degree of parasitism to which the host is subjected (Press and Stewart, 1987).

In the model, the change in partitioning is triggered by the attachment of the first Striga. The change is
incorporated as a factor (FSTR). This factor reduces the fraction of assimilates that is allocated to the
above ground parts (FAG ( 1) ), and these are automatically added up to the amount of assimilates that
are allocated to the roots (FRT ( 1) ). The value of FSTR is determined by the parameter FSTRI, and
is independent of the number of Striga attachments. Its value was set at 0.6, which means that
maximally 40% of assimilates that originally allocated to the shoot are then allocated to the roots
instead.
FAG ( 1)
FRT(1)

AFGEN (FAGTBl, DVS(1))
1.- FAG (1)

FSTR
FSTRI

INSW (DOYEM(2)
0.6

* FSTR

- DOY, 1., FSTRI)

This same factor FSTR was used again for the change in partitioning between the above ground parts.
FLV is the fraction allocated to the leaves and FST is the fraction allocated to the stems. The amount
of assimilates that are withholded from the stem are added up to those allocated to the leaves.
FST(1)
FLV ( 1)

AFGEN (FSTTB1, DVS(1)) * FSTR
AFGEN ( FLVTB1, DVS ( 1) ) ...
+ ( (1.-FSTR) * AFGEN(FSTTB1, DVS(1))

Sorghum development rate
Striga influences the development rate of its sorghum host: flowering is observed to start some 12
days later than under uninfected conditions. The underlying mechanism is not known yet and the
effect is relatively small. Therefore this change in development rate (DVR1) was not incorporated in
the model.
Also the death rate of leaves was observed to change by infection. Leaves seem to stay green for a
longer period. However this may be connected to the retarded development rate of the plant, and
therefore it was also not included in the model.

Table 2.5 Summary ofthe parameter estimates for the effects o[Striga on sorghum.
Description
Symbol
Value
Reduction factor on sorghum photosynthesis (AMAX) due to
Striga infection.
Factor changing the sorghum assimilate partitioning
(Increased) maintenance coefficient for Striga infected roots
(Increased) maintenance coefficient for Striga infected leaves

RDFSS

0.5

FSTRI
MNINRT
MNINLV

0.6
0.03
0.06

Unit

kg CH20 kg- 1 DM d- 1
kg CH20 kg- 1 DM d- 1
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2.4 Results and discussion
The assumptions on Striga growth and effect of Striga on growth of sorghum, combined with the
parameter values used, led to a particular reduction in sorghum growth. The assumptions that were
used and their justification, are explained in previous paragraphs (§2.2 and 2.3); a summary is given
below (§2.4.1). The sets of parameter values that were used, are presented in Tables 2.1-2.5. A general
description of sorghum and Striga growth as was generated with the model, is given in the second
paragraph (§2.4.2). Subsequently, in paragraph 2.4.3, the impact of the different damage mechanisms
of Striga are discussed one by one. Also in this same paragraph, a sensitivity analysis is carried out for
'the moment of attachment of Striga seedlings'. The paragraph is ended with an error analysis.

2.4.1 Summary of assumptions
1.

2.

3.

4.

5.
6.
7.

8.

The number of Striga attachments and the day at which they attach is fixed. It is laid down in a
forcing function, which is triggered by a parameter (DOCS) .
The growth rate of unemerged Striga seedlings depends on the amount of assimilates they derive
from their host in relation to their own weight. The growth rate for emerged Striga plants, also
depends on the amount of assimilates that is available for growth. This amount consists of both
the assimilates that the Striga plant produces itself and those it withdraws from the sorghum.
Maintenance and growth respiration of the Striga plants have a priority over their growth. The
potential amount of assimilates that is absorbed by the unemerged Striga seedlings is linearly
related to their dry weight. The potential amount that is absorbed by the emerged Striga is onethird of their total assimilate need. The other two third, they assimilate themselves.
The maximum daily amount of assimilates that can be absorbed by Striga is a fixed proportion of
the amount of assimilates that is produced by the sorghum (MAXABS). If the sorghum does not
produce sufficient assimilates, the emerged Striga plants were given priority over the unemerged
Striga seedlings. Also, an additional restraint is exerted by emerged Striga seedlings on the
development and growth of unemerged seedlings.
Assimilate withdrawal of Striga has priority over sorghum maintenance and growth.
For emergence the seedlings need to reach a critical weight which corresponds with a length of 9
em. (The seedlings attach at an average depth of 9 em.)
Maintenance costs of sorghum root and leaves are increased after the first Striga infection
(MNINRT and MNINLV, respectively). This increase is assumed to be independent on the
number of attached Striga plants.
Striga infection reduces Sorghum photosynthesis rate at light saturation directly, by a factor
'RDFSS

9.

I.

Under the influence of Striga infection the assimilate partitioning changes with a factor (FSTRI),
which directs more assimilates to the sorghum roots instead of to its leaves.

2.4.2 General description of results
With the previously described combination of assumptions and parameter values, the growth of
sorghum starts at day 180. Throughout its first development phase, both its dry weight and its leaf area
increase. When it is full-grown, the sorghum reaches its second development phase. The plants then
begin flowering and their leaves will start dying off. This decrease of leaf area will naturally lead to
smaller assimilation and transpiration rates. In this second phase, the produced assimilates will be
directed mainly to its storage organs. If sorghum is infected with Striga, its weight is almost halved.
The Striga seedlings start to attach a few days after the emergence of sorghum, which is at about day
185. After some time (day 210), the first Striga seedling emerges. At emergence, its weight is still
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negligibly small, but it then starts to develop leaves and to gain weight. Finally it has reached a
considerable weight.
Simulated leaf area indices and total dry weights of an infected and an uninfected sorghum crop and of
Striga are presented in Figure 2.3 a-b. In Figure 2.4 the number of attached and emerged Striga are
presented. Number and moment of Striga attachment is a forcing function.
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Figure 2.3 a-b Simulated (a) leaf area index (ha· 1 ha-1) and (b) total dry weight (kg DM ha-1) of an uninfected
and infected sorghum crop when all previous described damage mechanisms are in operation (viz. withdrawal of
assimilates and water, photosynthesis reduction, increased respiration and changed partitioning). Additionally,
the (a) Striga leaf area index and the (b) increase in Striga dry weight are presented.
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Figure 2.4 Simulated number of attached and emerged Striga seedlings (seedlings m-2) at a sorghum density of 1
2
plant m- • The number of attached seedlings is aforcingfunction. The total number attachments was set to 18.
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2.4.3 Impact of the Striga effects on sorghum growth
Effect of the assimilate withdrawal:
The effect of assimilate withdrawal was investigated by simulating sorghum growth, in which this
withdrawal was included. In Figure 2.5 the amount of assimilates that the Striga absorb is compared
with the amount of assimilates that the sorghum produces. The sorghum starts to assimilate at the day
it emerges (day = 180), after some time as it is full grown it reaches its maximum assimilate
production. When the sorghum is full-grown, its production decreases again due to the death of leaves.
The Striga start to attach at day 180, but in the beginning its assimilate absorption is negligibly small;
it can not even be observed in the graph. Not until some of the Striga seedlings have emerged (about
day 220) and have grown to a considerable weight, the assimilate withdrawal comes to play a more
important role.
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Figure 2.5 Simulated assimilate production (kg CH20 ha- 1) ofan uninfected sorghum crop and the simulated
assimilate withdrawal (kg CH2 0 ha- 1) ofStriga.

The effect that this assimilation withdrawal has on the sorghum plants is shown in Figure 2.6. It can
be seen that the effect on the total dry weight of the sorghum is relatively small as the sorghum weight
is reduced by 9 %.
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Figure 2.5 Effect ofassimilate withdrawal of Striga on sorghum growth: shown are the simulated total dry
weights (kg DM ha- 1) ofan uninfected and an infected sorghum crop, when only one Striga damage mechanism
(viz. assimilate withdrawal by Striga) is in operation.
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Effect of the reduction ofplwtosyntltesis:
The impact of photosynthetic reduction on sorghum growth was investigated by simulating growth of
sorghum when only this damage mechanism was in operation. Simulation results were compared to
simulated growth of uninfected sorghum. In Figure 2. 7 it can be seen that this photosynthetic
reduction has a large impact on the sorghum as its total dry weight was reduced with 35%.
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Figure 2. 7 Effect ofphotosynthetic reduction on sorghum growth: shown are the simulated total dry weight (kg
1
DM ha- ) of an uninfected and infected sorghum crop, when only one damage mechanism of Striga (viz.
reduction ofphotosynthesis) is in operation.
REDFSS reduces the photosynthesis at light saturation (AMAX). The sensitivity of the model to this
photosynthetic reduction factor, was shown in Figure 2.8, for which the total dry weight of the
sorghum was calculated with reduction factors varying fron1 0 to 100 %. In the figure it can be seen
that at a reduction of 0%, the total dry weight of the sorghum is equal to that of an uninfected sorghum
plant. At a photosynthesis reduction of 100%, the sorghum does not produce any assimilates, which
withholds it from growing at all. With reduction factors varying between 0 and 100 %, the total dry
weight of the sorghum ranges between these two extremes. It can be concluded that the model is very
sensitive to this reduction factor. Higher photosynthesis reduction factors lead to larger weight
reductions, absolute as well as relative. The relative increase in weight reduction can be explained by
the positive feedback between photosynthesis, leaf area and light interception.
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Figure 2.8 Sensitivity of the model to the factor ofphotosynthetic reduction: simulated total dry weights (kg DM
ha-1) of a sorghum crop when the photosynthesis is reduced with 0, 20, 40, 60, 80 and 100 %, respectively.
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Effect of the water withdrawal:
Although in the experiment it was proven that the transpiration of Striga is not responsible for the
photosynthetic reduction, it still can have an indirect effect on sorghum growth. In Figure 2.9a the
transpiration rates of both Striga and sorghum are presented. Both increase and decrease with leaf
area. It can be seen that the Striga starts to transpire some days after its emergence (around day 230).
The Striga transpiration rate is relatively high in comparison to its leaf area (for leaf area indices, see
Figure 2.3a). This is due to the high crop factor of the Striga plants, through which the potential
transpiration is increased (see also the section 'water withdrawal from sorghum through Striga
respiration' in paragraph 2.3.3). In Figure 2.9b, the volumetric soil moisture content is shown with and
without the extra Striga transpiration.
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Figure 2.9a-b Simulated transpiration rates (mm il 1) of an uninfected sorghum crop and of emerged Striga
plants (a); and the simulated volumetric soil moisture content (dm 3 m-3) with and without the Striga transpiration
(b). Field capacity and wilting point of the soil are marked with dashed lines.

The effect of the transpiration of the Striga on the sorghum total dry weight is presented in Figure
2.10. It can be seen that the Striga transpiration has almost no impact on the sorghum growth. The
weight loss due to the transpiration is only about 1% of the total dry weight.
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Figure 2.10 Effect ofStriga transpiration on the sorghum growth: simulated total dry weight (kg DM ha- ) of an
uninfected and an infected sorghum crop, when only one damage mechanism is in operation (viz. water
withdrawal due to Striga transpiration).

Simulated soil moisture content shows that the extra Striga transpiration does not affect the soil
moisture content very much (Figure 2.9b ). Only at the end of the season, when the Striga transpiration
rate gets really high, a difference starts to occur. However, this late in the season, sorghum growth has
almost stopped already. This explains that the effect of Striga transpiration on sorghum growth is
almost negligible. To investigate whether the extra transpiration by Striga does have any effect under
conditions that are more water limited, simulations were carried out with reduced amounts of rainfall.
(Simulations were made respectively at 50%, 25% and 10% of normal rainfall, all with and without
Striga infection.) Precipitation at 'normal rainfall' was presented in Figure 2.1. Results of the
simulations are presented in Figure 2.11. It can be seen that the sorghum total weight is indeed
reduced with the level of water limitation. However, the graph also shows that, regardless of the
degree of water limitation, the extra Striga transpiration has almost no effect. Similar results were
obtained by varying the maximum root depth: the smaller the maximum root depth, the more sorghun1
gets to suffer from water limiation. However, even at very small root depths, the extra Striga
transpiration has almost no effect on sorghum growth (data not shown).
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Figure 2.11 Sensitivity ofthe effect of assimilate withdrawal ofStriga on sorghum growth to conditions of
variable water limitation: shown are four pairs ofsimulated total dry weights (kg DM ha- 1) of an uninfected and
an infected sorghum crop, when only one damage mechanism ofStriga (viz. water withdrawal due to Striga
transpiration) is in operation. Weights are calculated at normal rainfall and at 50, 25 and 10% of normal
rainfall.

Results and discussion of the model 39

Effect of the increased respiration:
The effect that the increased respiration due to Striga infection has on sorghum growth is presented in
Figure 2.12. For these calculations, the respiration of both the leaves and the roots of infected sorghum
were doubled. It can be seen that the total dry weight of the sorghum is reduced with some 8%.
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Figure 2.12 Effect of an increased respiration on sorghum growth: simulated total dry weight (kg DM ha- ) of an
uninfected and an infected sorghum crop, when only one Striga damage mechanism (viz. an increased respiration) is
in operation.

Effect of the changed partitioning:
In Figure 2.13 the total dry weight of an uninfected sorghum is compared to the dry weight of a
sorghum plant of which the assimilate partitioning was changed. It can be seen that with the change in
partitioning, the dry weight increases, which is quite remarkable. Its explanation mainly lies with the
assumption that, in spite of the change in partitioning, the relative amount of leaves remains almost
equal to that ofuninfected plants (see also the section 'assimilate partitioning' in paragraph 2.3.3).
When only one damage mechanism of Striga is in operation, and the amount of available assimilates
is not decreased by this mechanism (as is the case in Figure 2.13), this particular distribution leads to
an increased sorghum weight. When other Striga mechanisms are also in operation, this effect
disappears. Additionally, also maintenance costs and assimilate requirements play a small role in the
increase of sorghum weight. Maintenance costs for roots are lower than those for leaves, and
assimilate requirement for roots and leaves are lower than for stem material. In combination with the
changed plant part distribution (more roots, less stem and a little less leaves), these also contribute a
little to the observed increase in total dry weight of the sorghum crop.
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Figure 2.13 Effect of a changed partitioning on sorghum growth: simulated total dry weight (kg DM ha- 1) of an
uninfected and an infected sorghum crop, when only one Striga damage mechanism (viz. a changed assimilate
partitioning) is in operation.
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Sensitivity to the moment of attachment:
The parameter DOCS determines the moment at which the Striga seeds are fully conditioned and ready
to germinate. For the sensitivity analysis its value was varied between 0 and 200 days after sorghum
emergence. Striga seeds need the exudates of the sorghum root to germinate and the sorghum roots
themselves to attach to; they will not attach before the sorghum has developed some roots. It therefore
is not useful to give DOCS a value below DOYEM ( 1 ) .
In Figure 2.14 it can be seen that the moment of attachment has indeed a considerable influence on the
total dry weight of the sorghum.
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Figure 2.14 Sensitivity of the model to moment of Striga attachment: simulated total dry weights (kg DM ha- 1) of
an uninfected and several infected sorghum crops, with various moments at which the first Striga seedling
attaches to its host's root system. Starting days ofStriga attachment are day 180, 185,190, 200, 225 and 250,
respectively. The sorghum crop starts growing at day 180.

2.4.3 Error analysis
•

•

•

•

Assumptions that were used in the model, and estimated values of parameters might not
necessarily be correct. Introduced damage mechanisms were based on information found in
literature (see paragraph 2.3.3). However, often the quantitative information is lacking, for
instance on the relation between the level of the effect and Striga infection level. Current
simulation should thus be looked upon as a rough estimate of the size of the effect that might be
caused by a specific damage mechanism.
Some Striga mechanisms might be unknown and therefore be missing in the model. Also, two
minor Striga effects were not taken into account (The effect on sorghum development and the
effect on the death rate of leaves). Furthermore, some effects related to the changed plant
architecture (which was caused by the different assimilate partitioning) were ignored, such as the
effect on leaf extinction coefficient and on the wind function.
From the second stage on, the Striga plants are regarded as parasitic plant material per unit ground
area, rather than as individual plants. This means that heterogenity is lost, and all plants -from the
newest emerged seedling to the eldest plant- will behave the same. Although formerly not correct,
the introduced error is not very large: in the model, not many Striga seedlings emerge and all of
those that do emerge, all do so within a relatively short time span.
Simulations were carried out with one set of weather data belonging to one location and in
one year; different locations and years might give different results.
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2.5 Conclusions
2.5.1 Conclusions
Growth of sorghum and the effects of Striga infection were simulated with a crop growth model. The
model calculated a grain yield of almost 3 ton DM/ha for uninfected sorghum and some 600 kg/ha for
infected sorghum. These seem to be reasonable results, as simulated sorghum was not irrigated and
rainfall was erratic but not too sparse. For comparison, a good yield under irrigation is 3-4.5 ton
DM/ha, a waterlimited grain yield is 700-1100 kg DM!ha (Doorenbos & Kassam, 1979). The
simulated yield of infected sorghum is even lower than a normal waterlimited yield, which shows the
enormous impact of Striga infection. Simulated yield reduction is about 80%. In the field, such crop
losses are indeed observed; Striga is known to cause reductions between 40% and total crop loss
(Ejeta eta!., 1993).
The impact of different Striga effects on sorghum is summarised in Table 2.6. In the table it can be
seen that due to Striga infection, the final weight of the sorghum is reduced by 48 % and the weight of
the storage organs by 79 %. From this it is concluded that Striga infection affects the growth of the
sorghum storage organs more severely than the growth of the sorghum itself. This is especially true
for the effect of the assimilate withdrawal and transpiration of Striga, of which the relative weight
reductions of the storage organs are almost twice the reductions in the total weight. This can be
explained by the fact that these damage mechanisms only start to play a role after the Striga plants
have emerged and developed some leaves. This takes place relatively late in the season and by then
the sorghum has already reached its generative development phase, in which it is mainly directed at
filling its storage organs.

Table 2.6 Summm.1:. o[_the model results: the effects o[.Stri~_a on sor~hum.
Sorghum final
weight

Sorghum final
storage organs
weight

Weight
storage
organs/
Total weight

Reduction of
sorghum total
weight
(only one damage
mechanism
in operation)

Effect of:

(kgDMha' 1)

(kgDMha'1)

(-)

(%)

Reduction of
sorghum
storage
organs
weight

Reduction of
sorghum total
weight
(if added as last
damage
mechanism)

(%)

(%)

31
9
7
3.3
-0.6 *

Uninfected, no Striga effects

5782

2913

0.50

Photosynthesis reduction
Assimilate withdrawal
Increased respiration
Striga transpiration
Changed partitioning

3732
5277
5333
5743
6564

1766
2427
2670
2874
1963

0.47
0.45
0.50
0.50
0.30

35
9
8
0.7

39
17
8
1.3
33

Infected, all effects together

3007

615

0.20

48

79

(* negative numbers indicate an increase instead of a reduction.)

In Table 2.6, it can also be seen that Striga affects the sorghum mostly through the photosynthetic
reduction mechanism, which is responsible for 35% of weight reduction. The assimilate withdrawal is
the second most important damage mechanism, followed by the increased respiration and the effect of
the Striga transpiration, with a reduction of 9 and 8 %, respectively. The change in partitioning even
leads to an increase in weight of 14 %.
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In the last column of Table 2.6, again the relative reductions in total dry weight of sorghum are
presented. This time however, the impact of an individual damage mechanism on sorghum was
investigated while all other Striga effects were also taken into account. The table shows the reduction
of total sorghum weight due to each damage mechanism, when it was added as the last mechanism. By
comparing these reductions to those that were obtained when only one damage mechanism was in
operation, the interaction between various damage mechanisms can be derived. From the figures it can
be concluded that two of the effects are indeed considerably influenced by the others: these are the
effect of changed partitioning and that of Striga transpiration. The effect of Striga transpiration is
reinforced, but the absolute impact is still very small. The effect of changed partitioning is weakened
to such a degree, that it has almost no effect at all. This indicates that the change in partitioning acts
as a compensation mechanism.

2.5.2 Recommendations for improvement
•

•

•
•

The values of many parameters are not yet known and had to be estimated. Valuation of these
parameters is necessary to refine the model. Much knowledge about the processes by which the
Striga interacts with sorghum is still lacking; assumptions were used to fill in the gaps. Basically
all these processes and their assumptions are recommended for future research. It should be
checked whether they are realistic and complete. Extensions might be necessary as the impact of
some processes could for instance be related to soil temperature or to the number or weight of
attached Striga.
Not much is known about the number and moment of Striga-seedlings that attach to the sorghum
roots, but many likely suggestions can be made. The Striga seed-density or to the total length and
architecture of the sorghum roots probably play a role and also the amount of stimulants that the
host exudes might affect the number and moment of attachments. The model could be extended
by changing 'DOCS' from a mere parameter into some kind of conditioning-threshold based on
soil moisture content.
Striga plants are now simulated as a crop; it might be an improvement to the model to simulate
them as individual plants, as was already done with unemerged Striga seedlings.
After the model has been refined, it will be ready for validation: Model outcomes have to be
compared to field- and experiment outcomes.
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Chapter 3. The Experiment
3.1 Introduction
In this introduction, first the problem of photosynthesis reduction due to Striga infection is described
(§ 3.1.1). The results of preceding research on this reduction are reviewed in section 3.1.2.
Subsequently, in section 3.1.3, the objective of the experiment that was carried out within this project,
is described. Paragraph 3.2 is about the materials and methods of the experiment, while in paragraph
3.3, the results of the experiment are presented. The results are split up in four categories: the Striga
effects on photosynthesis, on biomass, on phenological development and on the relative distribution of
plant parts of its host. In paragraph 3.4 the results are discussed, including an error analysis. In
paragraph 3.5 the conclusions about the reduced growth and photosynthesis are summarised, and some
recommendations for further research are made.

3 .1.1 Photosynthesis reduction due to Strifa
Striga influences its host in several ways; it subtracts nutrition and water from its host, but it also
reduces the host photosynthesis. In some varieties this decreased photosynthetic rate accounts for 80%
of the total harvest-reduction (Graves, et al., 1989). Although much research has been carried out
already, it still is not clear yet which processes are responsible for this reduction. Many different
causes have been suggested and most of them have already (partly) been investigated. However, the
exact cause can still not be pointed out. This is mainly due to the fact that the effect of Striga on its
host is very complex: Various damage mechanisms play a role, causing many interrelated effects. This
makes it very difficult to find out whether a symptom discovered is a direct effect of the Striga
infection or just an indirect one.

3 .1.2 Preceding research on photosynthesis reduction, a summary
Potential causes of photosynthesis reduction caused by Striga can be divided into three categories: an
effect on its host's energy absorption, photosynthetic metabolism or C0 2-availability. Investigations
have been conducted in all three categories. A short summary of these investigations and associated
results is given below:

Photosynthetic metabolism:
One explanation for the reduction in photosynthesis is an effect on the photosynthetic metabolism.
Throughout the years, several potential mechanisms that could cause an increased carboxylation
resistance have been investigated. Experiments showed that the activities of some important enzymes
were only little affected (Smith et al., 1995). Also, a reduction in the rate of growth of host sinks did
not seem to occur (Hibberd et al., 1996). These and other experiments indicate that carboxylation
efficiency in infected plants was maintained. However, not all possibilities have been investigated yet.
Cechin and Press (1994) suggest that the regeneration of C0 2- fixation acceptors might be restrictive.
Also some indications exist that point at the involvement of toxins or growth regulators.
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Light absorption system:
Another cause of the photosynthetic reduction could be an effect on light absorption. This is not
caused by a decrease in the amount of chlorophyll in the sorghum leaves, for experiments show that
the amount of chlorophyll per unit leaf area was even higher in infected plants than in uninfected ones
(Frost eta!, 1997). However, as was shown by Ramlan and Graves (1996), infected plants do indeed
have a lower rate of 'photosynthesis in high light' and they are more sensitive to photo-inhibition.
This is primarily due to a damaged electron transport or photophosphorylation and not to disablement
of the recovery processes. However, sensitivity to photo-inhibition could be very well just a secondary
reaction. So it is still not definite at all that the cause of the photosynthetic reduction lies with a defect
in the light absorption system.

C02 availability:
C0 2 availability is directly related to stomatal resistance and therefore indirectly also to droughtstress. As Striga does practically never close its stomata (Shah et al, 1987), it transpires an enormous
amount of precious water. Striga-infected plants do indeed closely mimic the effects of drought-stress,
and it is very logical to impute the reduced photosynthesis of sorghum to the increase in stomatal
resistance that results from water-shortage. The increased stomatal resistance would cause the
intercellular C02 concentration to be lowered, and thus less C0 2 to be available to photosynthesis.
Indeed, a strong correlation between the rate of photosynthesis and stomatal conductance was found
(Frost et al., 1997). Also an association between a lower stomatal conductance and an increase in
water use efficiency was observed (Press et al., 1987). Other investigations on C0 2 availability have
been directed at stomatal conductances and intercellular C0 2 concentrations, with varying results.
Some of these experiments showed that reduction in photosynthesis could not be (solely) contributed
to lower stomatal conductances. Surely other processes might also be responsible for an increased
stomatal resistance. Instead of the indirect effect of water shortage, Striga might also affect the
stomatal conductance directly; disturbed hormonal balances and changes in growth regulator
substances were observed (Lendzemo, in prep; Drennan and El Hiweris, 1979). Yet completely other
mechanisms have been suggested to reduce C0 2 availability. E.g. Smith et al. (1995) suggest that
Striga-infection could inflict some 'mechanical damage' increasing the permeability of cell walls in
the bundle sheath, leading to a failure of the C02 concentrating mechanism.
In short, many investigations have been carried out, but their results are not entirely consistent with
each other. Also it must be borne in mind that many of the experiments were not conducted on
sorghum, but on other crops like rice, maize and cowpea. In conclusions, all these experiments do not
provide any definite explanation about photosynthesis reduction in sorghum due to Striga infection,
and more research is needed.

3.1.3 Objective ofthe experiment
This experiment was developed to investigate once more the stomatal resistance. In a pot experiment
it was investigated whether photosynthesis reduction of the host is due to an increase in its stomatal
resistance. This increase might be due to the effect that Striga indirectly has on the sorghum water
balance through its transpiration, or directly through hormonal effects.
An area of special interest of this project, is the tolerance mechanisms to Striga infection. The term
'tolerance' is used for the reaction of varieties that are parasitised to the same extent but suffer less
damage than standard varieties. The converse of tolerance is 'susceptibility'. The term 'resistance'
applies to varieties showing less attack, usually in terms of numbers of parasites attached or emerged
(Parker & Riches, 1993). Stomatal resistances with regard to Striga infection are investigated for two
sorghum varieties, a tolerant and a susceptible one. By comparing their results, information might be
found about the concerning tolerance mechanisms. At present, not much is known yet about these
mechanisms. More information is desired, as the mechanisms could provide a guideline for the
breeding of improved sorghum varieties that are both tolerant to Striga infection and have a
considerable yield potential.
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3.2 Materials and methods
3 .2.1 Experimental design
In this experiment the stomatal resistance of infected sorghum in relation to the reduction in
photosynthesis was investigated. Two different varieties of sorghum were grown in pots. Stomatal
resistance was investigated by measuring the photosynthetic gas exchange of the sorghum plants at
different C0 2 levels. Photosynthetic measurements were done at four different moments. Meanwhile,
development and growth of the plants were kept track of through height measurements, leaf countings
and more detailed measurements at harvests.
In the experiment four different treatments were applied. They were combinations of:
2 cultivars of sorghum, and
2 Striga-levels (Striga-infected or not)
Six destructive harvests were planned (only five were carried out); at each harvest 16 plants were
taken (four replicates per treatment). The total number of pots was 96.
The pots were laid out in a general treatment structure with a randomised block design. (Each block
contained twenty-four plants, six of each treatment.) Two phytotrons were used, with two blocks of
plants each (see appendix III).

3.2.2 Plant material and growing conditions
Plant material:
The following plants were used:
•
Sorghum
- CK60 (susceptible to Striga-infection)
- Tiemarifing
(tolerant to Striga-infection)
• Striga
Striga hermonthica (950 16)
All plants were from Samanko (Mali) 1995.
The experiment was conducted in phytotrons at Unifarm, Haarweg, Wageningen.

Preparations:
96 pots (5 litre) were filled with a mixture of sand and arable soil (with a ratio of 3:1 ).
Half of the pots were infected with Striga seed. This was done by mixing 20 mg. of Striga-seeds
(about 5000 seeds) through the toplayer (6 em) of the soil. All pots were covered with plastic to
prevent dehydration of the soil and the seeds. They were left to condition for approximately one week
at a day-temperature of 30 oc and night temperature of 22 °C.
Sorghum seeds were placed in petri dishes and moistened, and put in a germination cabinet at night
and day temperatures of 15 and 25 °C respectively until germination (1-2 days).

Sowing of the sorghum:
Three germinated sorghum seeds were sown into each pot at a standard depth of approximately 1 em.
After emergence (three days after sowing) a selection took place between these three: per pot one
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seedling was left and the others were removed. The remaining seedlings in all pots were of equal
health and size.

Growing of the sorghum:
The experiment was carried out in a phytotron. Because the experiment was conducted in the winter
season, greenhouse light conditions would not have met the requirements of sorghum growth. In a
phytotron all climatic conditions are regulated, which enables sorghum to be grown even in winter.
Exact settings of the climate in the phytotron are presented in Table 3.1.
Table 3.1 Phytotron settings.
Condition
Setting

Relative humidity:
Night temperature:
Daylength:
Day temperature:

60%
16 °C.
13 hrs.
26-32 oc

PAR
Lamps:

65-80

wm-2

Special comments

From 7.00 til120.00 hr.
Day temperatures were varied, because constant day
temperatures might cause tillering of the plants.
Red and blue lamps hanging alternately
Red: High pressure sodium
Blue: Metal halide

3.2.3 Measurements and harvests
Photosynthetic measurements:
'Plain' photosynthetic measurements:
Before the second and the third harvest, the photosynthetic rates of the sixteen plants that were going
to be harvested, were measured. The measurements were carried out at Unifarm in a special
measurement room that was kept at a temperature of 25 °C. Plant growth lamps were available to
create a light level that was comparable to that of the phytotron. The photosynthesis measurements
were carried out with an ADC-photosynthesis meter, which measures gas exchange. The
measurements were done at a C0 2 level of350 ppm and an incoming radiation of2.3 W m-2, which
was provided by a special lamp fixed onto the ADC meter. For every plant, the photosynthetic rate of
the youngest, fully developed leaf was measured. Plants were given at least 15 minutes to adapt to the
conditions of the measuring room. Before measuring the gas exchange, the plants were given another
5 minutes to adapt to the incoming radiation of the ADC meter. Besides photosynthetic rates, also
relative humidity, temperature, rate of transpiration, and C0 2 concentration were measured in the leaf
chamber of the ADC equipment.
Photosynthesis at different C02 -concentrations:
Before the fourth and the fifth harvest, again the photosynthetic rates of the plants that were going to
be harvested, were measured. However, with these measurements the ambient C0 2 - concentration
was varied. The different COz-concentrations were obtained by mixing pure C0 2 gas and C0 2- free
gas; photosynthesis was measured at concentrations of approximately 1000, 800, 600, 400, 200 and
120 PPM. (120 PPM was the lowest concentration that could be reached with the used equipment).
Measurements were carried out at these concentrations in descending order, to prevent that the plants'
photosynthetic inhibition - due to low concentrations - would still be lingering at higher and more
advantageous C0 2 concentrations. Before the photosynthesis rate of a plant was measured, it was
given at least 10 minutes to adapt to the next C0 2 concentration. More adaptation time was given if
the photosynthesis rate had not yet stabilised.
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Harvesting:
Five destructive harvests were carried out at 22, 36, 50, 64 and 79 days after sowing, respectively.
Leaves, stem, and roots were cut off and fresh weights per plant were determined separately. Total
leaf area per plant was measured with aLI-COR 3100-area meter. After drying in an oven at 80 oc
during 24 hours, also the dry weights of all plant parts were determined. The number of emerged
Striga plants was counted, as well as the total number of Striga attached to the roots. Fresh and dry
weights of the Striga leaves, stems, flowers and underground parts were determined separately.
Phenological development:
To monitor the phenological development and growth of the plants, numbers of leaves were recorded
twice a week. Total number of leaves is considered as a measure of phenological development of the
sorghum. Also the plant's height was measured regularly.
Data processing:
Statistical analysis of variance was carried out with Genstat 5. The design of the experiment was a
general treatment structure in randomised blocks. Its structure existed of three strata: phytotrons (2),
blocks (2 per phytotron), and plants (20 per block). Plant treatments consisted of sorghum variety,
Striga level and number of harvest.
Two phytotrons were used, and some differences between these might have occurred. Because the
phytotrons were not used as different treatments and the phytotrons contained two blocks each, in the
statistical analysis their effects were regarded as block effects. Analysis of variance pointed out that
block variance was smaller than the treatment variance.
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3.3 Results
3. 3.1 Photosynthesis
(Plain' photosynthetic measurements:
Rates of photosynthesis of the plants (at a normal C0 2 level of350 ppm) are presented in Figure 3.1.
In the figure it can be seen that the photosynthetic rate of (uninfected) Tiemarifing is slightly higher
than that of the CK60. Assimilation rates of infected CK60 however, are significantly lower than
Tiemarifing assimilation rates. For CK60 itself, rates of photosynthesis are considerably (almost
significantly) lower in the infected plants than in uninfected plants. For the Tiemarifing plants, almost
no difference exists between assimilation rates of uninfected and infected plants. Figure 3.1 displays
only data of the first measuring series (preceding the second harvest), but the other series showed
similar patterns. As the photosynthetic rates of the measurements at different harvests were lying
relatively far apart, the data was not summarised.
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Figure 3.1 Assimilation rates (mg C02 m-2 s- 1) of two sorghum varieties, CK60 and Tiemarijing. These varieties
are susceptible and tolerant to Striga-infection, respectively. Assimilation rates of both uninfected and Strigainfected plants are shown. Measurements were carried out at a C02 concentration of 350 ppm

Availability ofC02 for photosynthesis:
Photosynthetic rates at different C0 2 concentrations are shown in Figure 3.2 a-b. It can be seen that
the initial efficiency for C0 2 use of Tiemarifing plants is higher than that of CK60 plants, resulting in
higher assimilation rates at lower C0 2 levels, which were already observed in Figure 3.1. For CK60,
the assimilation rates of infected plants are lower than those of uninfected plants. This difference is
considerably large at every C0 2 concentration, and significant at higher C0 2 concentrations
(p<O.OOl). Even at very high C0 2 levels (up to 1000 PPM) the photosynthetic rate of infected CK60
plants is still very low. The graph shows no clear differences between infected and uninfected
Tiemarifing plants; only slightly higher rates at C0 2 concentrations between 200 and 500 PPM can be
observed. For Figure 3 .2, assimilation rates of the third and fourth measuring series (preceding the
fourth and fifth harvest) were averaged.
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Figure 3.2 a-b Assimilation rates (mg C02 m-2 s-1) of two sorghum varieties, (a) CK60 and (b) Tiemarifing.
Assimilation rates of both uninfected and Striga-infected plants of these varieties are shown, at C02
concentrations rangingfrom 120 to 1000 ppm.
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3.3.2 Growth
In Figure 3.3, the total dry weights of infected and uninfected sorghum plants are presented for both
varieties. It can be seen that uninfected CK60 plants reach a larger weight than Tiemarifing plants. For
CK60 plants, the total dry weights of infected plants are significantly smaller (p<O.OOl) than those of
uninfected plants. No significant differences are found between the total dry weights ofuninfected and
infected Tiemarifing plants. A pattern very similar to total dry weigth of the plants was found for their
leaf area: uninfected CK60 plants have the largest leaf areas, infected CK60 plants the smallest. Leaf
areas of both infected and uninfected Tiemarifing plants lie inbetween (data not shown).
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Figure 3.3 a-b Total dry weights (g DM planf 1) of the two sorghum varieties (a) CK60 and (b) Tiemarifing.
CK60 is susceptible whereas Tiemarifing is tolerant to Striga infection. Weights are shown for both uninfected
and Striga-infected plants.

3.3 .3 Phenological development
In Figure 3.4 total number of leaves of both sorghum varieties throughout time is presented. In
the figure, only leaves on the main stem are shown. For tillering plants (as did most of the
Tiemarifing and an odd CK60) this meant that not the total number of leaves was presented;
leaves on side shoots were not taken into account.
Figure 3.4 shows that plant development is hardly affected by Striga infection; only infected CK60
plants develop fewer leaves than uninfected plants. However, the difference between infected and
uninfected plants does not occur until some 50 days after sowing, it is very small (only three leaves at
maximum) and it is not significant. The total number of leaves ofTiemarifing was not different for
infected and uninfected plants.
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Figure 3.4 Number of/eaves (leaves planf1) as a measure ofsorghum development, for two sorghum varieties,
CK60 and Tiemarifing. CK60 is susceptible whereas Tiemarifing is tolerant to Striga infection. Leaf numbers are
shown for both uninfected and Striga-infected plants. (Only leaves on the main stem were taken into account.)

3.3 .4 Relative plant proportions
In figure 3.5, the root/shoot ratios of both sorghum varieties are shown. The root/shoot ratio in
infected CK60 plants increases throughout time and becomes significantly higher than in uninfected
CK60 plants. Root/shoot ratios of Tiemarifing plants that are infected with Striga lie a little above the
ratios of uninfected plants, but the difference is not significant. (It is still not significant when more
harvests are considered at a time). Also, it can be seen that Tiemarifing plants (both infected and
uninfected) have relatively more roots than CK60 plants. However, this difference is only significant
for Tiemarifing ratios compared to ratios of uninfected CK60 (p=O.l15).
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Figure 3.5 a-b Root/shoot-ratios of the susceptible sorghum variety CK60 (a) and the Striga-tolerant Tiemarifing
(b). Ratios are shown for both uninfected and Striga-infected plants.
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A more detailed picture of the relative proportions of all plant parts of both varieties is shown in
Figure 3.6. From this figure it becomes clear that both infected and uninfected CK60 plants start
out with the same proportions of their plant parts. Throughout time, the relative proportions in the
uninfected CK60 plants do not change. In infected CK60, the roots are relatively increased. This
seems to be mainly at the cost of the stem, which relative weight gets more than halved; the
relative amount of leaves however, approximately stays the same. The relative proportions of
Tiemarifing plant parts are the same in infected and uninfected plants. They both change
throughout time to relatively more roots and less leaves.
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Figure 3.6 a-d Relative proportions of the plant parts (roots stems and leaves) for the sorghum
varieties CK60 (a, b) and Tiemarifing (b, c). CK60 is susceptible whereas Tiemarifing is tolerant
to Striga infection. Plant proportions for both uninfected (a, c) and Striga-infected (b, d) plants
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In Figure 3. 7 again the relative weights of the three plant parts of CK60 are displayed, but now also
the Striga dry weight was included in the graph. It can be seen that Striga reaches a considerable
weight in proportion to the sorghum plant parts.
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Figure 3. 7 Relative proportions of CK60 plant parts (roots, stem, leaves and Striga) in which Striga is also
regarded as a plant part.
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3.4 Discussion
3.4.1 Photosynthesis
Photosynthetic measurements:
Results of the experiment show that Striga infection can greatly affect the rate of photosynthesis of
CK60 plants (see fig 3.1 ). Similar observations of Striga reducing the photosynthetic rate of its host,
were already reported in 1987 by Press eta!, in 1989 by Graves eta!., and by many other authors
thereafter. However, the experiment also showed that photosynthetic rates ofTiemarifing were not
reduced by Striga infection. Additionally, these rates (ofuninfected Tiemarifing plants) were observed
to be slightly higher than those of CK60. This is consistent with the findings that are displayed in
Figure 3.2: the figure shows that the initial efficiency for C0 2 use ofTiemarifing plants is higher than
that ofCK60 plants. This is remarkable, for Tiemarifing is an ancient landrace variety, whereas CK60
is a highly inbred variety. Previously, Van Ast (in prep.) did find a higher initial light efficiency and
photosynthesis rate for CK60, which is in better accordance with expectations.
Availability of C02 for photosynthesis:
With help of C0 2-photosynthesis response curves it was investigated whether or not the cause of
photosynthesis reduction was associated with a higher stomatal resistance. For optimal photosynthesis,
sufficient C0 2 has to be available in the intercellular spaces; whereas under low internal C0 2
concentrations, photosynthesis will be reduced. If this low internal C0 2 concentration is caused by a
high stomatal resistance, it can be increased by increasing the C0 2 concentration of the atmosphere.
With a higher ambient C0 2 concentration, the diffusion rate of C0 2 into the intercellular spaces will
increase, which will lead to a higher internal C02 concentration. If the photosynthetic reduction was
indeed due to a high stomatal resistance (and thus a correspondingly low internal C0 2 concentration),
it was expected that the photosynthetic rate would be increasing parallel to the ambient C0 2
concentration. Figure 3.2 however, showed that even at very high C02 levels (up to 1000 ppm) the
photosynthesis rate of infected CK60 plants is still very low. From this it can be concluded that the
reduced photosynthesis is not due to a low internal C0 2 concentration, and thus that a high stomatal
resistance is not causing the reduction. According to these results, the strong correlation that was
found by Frost eta!. (1997) between the rate of photosynthesis and stomatal conductance, might only
be a side effect. Apparently, as stomatal resistance is not the problem, Striga does not reduce its host's
photosynthetic rate indirectly via its water balance. This would mean that the observed association
between a lower stomatal conductance and an increase in water use efficiency (Press eta!., 1987) is
not relevant to the photosynthetic reduction. Results lead to the conclusion that also other mechanisms
which might affect the stomatal conductance (such as a disturbed hormone balance), are not causing
the reduction of photosynthesis. Therefore, another mechanism, working either on carboxylation or
the light absorption system, must be responsible for the reduction; obviously, future research should
be directed to these aspects of photosynthesis.
With regard to tolerance mechanisms for photosynthetic reduction, it can only be concluded that
photosynthesis ofTiemarifing is indeed not affected by Striga infection. However, nothing could be
concluded about the underlying mechanism.

3.4.2 Biomass production and sorghum development
In figure 3.4, it was observed that the number of leaves was hardly affected by Striga infection;
differences in total dry weight were much larger (at least for CK60 plants) (see figure 3.3). As the
largest effect of Striga infection was on biomass production and not on phenological development, the
effect on biomass and assimilate production was further investigated.
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The reduction in total weight leads to the conclusion that - due to the infection - less assimilates were
available (or used) for growth. Logically, this effect of Striga might be caused by the following four
mechanisms:
• The relative proportions of plant parts might be changed by infection. A smaller relative amount
of leaf area might be causing a smaller amount of sugar to be assimilated. Or a changed
distribution of plant parts might lead to a different total weight if some plant parts have a higher
assimilate requirement for growth or maintenance. Also the changed plant architecture itself
might have some affect.
• Striga soaks up a part of the assimilates. Although this is a fact, it is not known for what part of
the difference in total weight it is responsible.
• Infected sorghum might use its assimilates less efficient, or it might need more assimilates for
maintenance. This is very likely - especially for the roots on which the Striga attaches.
• Photosynthesis rate per leaf area might be smaller in infected plants, due to some photosynthetic
defect.
These possibilities will be discussed in more detail in the next section.

3.4.2.1 Relative proportions of the plant parts:
Root/shoot ratios: From Figure 3.3 a difference in total dry weight between infected and uninfected
CK60 was observed. To get more insight in this difference, the total dry weight was divided into the
dry weights of the three different plant organs (i.e. roots, stem and leaves). These three individually all
have less weight in infected than in uninfected plants (data not shown). More interesting however is
the change that occurs in their relative proportions: The root/shoot ratios from both CK60 and
Tiemarifing plants throughout time were displayed in Figure 3.5.
The findings with root/shoot ratio are identical with those of total dry weight: Infection greatly affects
the root/shoot ratio in CK60, and it does much less in Tiemarifing. Although the root/shoot ratios in
infected Tiemarifing do consequently lie a little above their 'uninfected ratios', this difference is very
small and not significant and it is already present at the first harvest. This indicates that the difference
is not due to the Striga, as no Striga attachments were found in the roots yet at the first harvest.
A more detailed picture of the relative proportions of all plant parts of both varieties was shown in
Figure 3.6. When CK60 and Tiemarifing are compared it can be seen that if the CK60 is infected, the
relative proportions of CK60 plants parts change to a distribution which is much more similar to the
distribution of the Tiemarifing plant parts. This distribution seems to be advantageous when infected
with Striga. Tiemarifing has this distribution by nature, which might be explaining some of the
tolerance to Striga.

Roots:
The root system becomes relatively large in infected CK60. However, the assimilate requirement for
root dry matter production (ASRQ) is equal to the ASRQ for leaves and even smaller than the ASRQ
for stem dry matter. The same goes for maintenance costs: roots are less expensive to maintain than
leaves or stem. Therefore, the relative large amount of roots can not be an explanation for the
difference in total dry weight of the CK60 plants.
Leaves:
The relative amount of leaves was slightly decreased. However, this smaller amount of leaves did not
result in a smaller relative leaf area (LAR); Unexpectedly, the LAR even was a little increased in
infected plants. Infection must have led to a higher specific leaf area (SLA). Anyhow it must be
concluded that the reduction in total dry weight is not due to the smaller relative amount of leaves, for
it did not lead to a smaller relative leaf area.
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Stem:
As was observed in Figure 3.6, the relative proportion of the stem in infected plants is very small in
comparison to uninfected plants. This became already clear from the habitus of the plants, for the
infected plants were much shorter than uninfected plants. As the relative amount of leaves was the
same, the plants must have had a more compact build than uninfected plants. This compact build
might lead to more selfshading, and thus to a smaller assimilation rate.

3.4.2.2 Assimilates derived by Striga:
When only the relative leaf area is considered, it can be concluded that infected plants must be capable
of producing at least a relatively equal amount of assimilates in comparison with uninfected plants
(The LARin infected plants is even a little higher than in uninfected plants). However, the Striga
itself can not be left out: not all of the produced assimilates are used for the sorghum, as Striga takes
up part of them as well. In Figure 3.7 again the relative weights of the three plant parts ofCK60 were
displayed, but now also the Striga dry weight was included. As was already expected, the changes in
relative amount of sorghum leaves become clearer when the Striga is indeed regarded as though it
were another sorghum part.
However, a change in the distribution can already be observed when the Striga biomass is still
negligibly small (see harvest 2 and 3). Moreover, not all of the Striga biomass was derived from its
host, for after their emergence Striga plants are capable to assimilate themselves. Furthermore, the
maximum difference in relative amount of leaf (at the final harvest) is quite small, only some 10 %.
From these considerations, it is concluded that the uptake of assimilates by Striga can only explain a
very small part of the reduction in total dry weight.

3.4.2.3 Photosynthesis reduction
It was already observed before that the photosynthetic rate in sorghum is reduced by the Striga
infection (see fig.3.1). This reduction is relatively large and seems to be of major importance to the
reduction in total dry weight.

3.4.3 Error analysis
Several errors might have been made at the experiment.
• The plants were grown in phytotrons. Phytotron conditions might have been different from natural
growth conditions.
• Two phytotrons were used. A difference between both phytotrons was the red/far-red ratio of the
incoming light: the phytotrons had 'red I far-red' ratios of respectively 1.06 and 0.93. What effect
this had on the sorghum plants is not known. Also other differences might have occurred, but the
statistical analysis pointed out that these differences were insignificant.
• At every harvest, sixteen plants were removed from the phytotrons. This might have changed the
microclimate or the light situation for the remaining plants. (The macroclimate was automatically
kept constant by the phytotrons.)
• Many plants (most of the Tiemarifing and an odd CK60) started to tiller. This might have been
caused by the light quality in the phytotrons and it might have affected the plant growth. Also, it
is difficult to count the number of main leaves of a tillering plant and inaccurate counting might
have occurred.
• In the experiment 80 plants were measured; four replicates were available per measurement,
which is relatively few to obtain statistically justified data. Not all results were significant.
• Due to inaccuracy there might have occurred some errors in the collecting and the processing of
the data.
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•

All harvests were done before the plants even had flowered and therefore no grain yields could be
measured. (Due to the Striga infection many plants were in such bad shape that they probably
never would have reached that phase.) Instead, total dry weights were used as an indication of
their yield.
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3.5 Conclusions
3.5.1 Conclusions
A phytotron experiment was carried out to investigate the effects of Striga infection on sorghum
photosynthesis. In this experiment two varieties were compared to study the tolerance mechanisms of
sorghum.

Photosynthetic reduction:
A reduction of photosynthesis was observed in infected CK60 plants. The cause of photosynthetic
reduction was investigated by measuring the photosynthetic rate at various C0 2 concentrations of the
atmosphere. It was shown that the reduction was not due to a high stomatal resistance and the
correspondingly low internal C0 2 concentration. It therefore must be due to an increased
carboxylation resistance or to some defect in the light absorption. Tiemarifing plants are tolerant to
Striga infection and their photosynthesis is not affected by Striga infection. However, no conclusions
could be made about underlying tolerance mechanisms.
Growth reduction:
From the experiment it is observed that Striga mainly influences biomass production of sorghum and
not its phenological development. The reduction in growth was for a great part due to the reduced
photosynthesis. Another cause was the assimilate withdrawal of Striga, which can however explain
only a very small part of the reduction. Of the change in relative plant proportions only one aspect
turned out to have a potential influence on growth: the stem remained much shorter, which caused the
sorghum to have a compacter build. This might lead to more selfshading.
Tolerance mechanisms:
It was concluded that for all investigated traits, the nature of the response ofboth varieties to Strigainfection was the same. However~ the intensity of their response was different. CK60 responded much
more severe than Tiemarifing; for Tiemarifing only very small -mostly insignificant- differences
between infected and uninfected plants were observed; for CK60 these differences were much larger.
The fact that both varieties respond in the same way to Striga (disregarding the different intensities)
made it very difficult to draw conclusions about tolerance mechanisms. Especially because the
Tiemarifing plants seem to be more tolerant to all damaging mechanisms of Striga, instead of to one
or two in particular.
However, a difference between the two varieties was found in the amount of variation within the
varieties: for many of its measured traits more variation existed between the individual plants of
Tiemarifing than of CK60. This indicates that Tiemarifing has a larger genetic variation, which might
be one of the causes of its tolerance. Also a difference between the two varieties was observed in the
relative proportions of plants parts. The distribution of plant parts that Tiemarifing has by nature
seems to be advantageous for infected sorghum, because the distribution of CK60 plants parts is
changed into just this distribution after it gets infected. The fact that Tiemarifing possesses this
distribution pattern by nature might explain some of its tolerance to Striga.

3.4.2 Recommendations for further research
As the reduction in photosynthesis was not due to a high stomatal resistance it must be due to a high
carboxylation resistance or to a defect in the light absorption systems. This must be investigated in
further research. Light absorption can be investigated with absorption-response curves of the leaves.
These curves have to be compared to the light-response curves of the same leaves of non-infected
plants.
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New experiments must be designed so that they can provide information about the tolerance
mechanisms to Striga infection. This information would be very valuable for the breeding of tolerant
sorghum varieties.
In the experiment, stomatal resistances were investigated by varying the ambient eo 2 concentration;
more information about the internal eo 2 concentration could be obtained from the 13 e/ 2 e ratios of
the leaves. For measuring these ratios, the leaves that were collected during the experiment could be
used. The method is based on the difference between 12e and Be. In normal air both 12C and a little
Be exists; plants normally prefer 12e. However, when there is a shortage of e0 2 , the plant will not be
picky anymore and will accept both 12e and 13 C. Once the carbon has been fixed, it is not replaced
anymore and the ratio will not change. Thus, when looking at the 12 e/Be ratio, one can reconstruct the
internal eOz-history of the plant.
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Appendix I Definition of abbreviations
Contains:

Table 1.1: newly introduced abbreviations
Table 1.2: abbreviations of the base-model INTERCOM

Table 1.1 Definition of newly_ introduced abbreviations
AABSAS
AABSBS
ABFS
ASRQBS
DGCYC
DOCS
DVRSTR
DWSBS
DWSTR
DWSTRR
FLSTR
FSTR
FSTRI
GAMMA
GCYC
GF
IDWSTR
IGCYC
INFLST
MAINBS
MAISBS
MAXABS
MNINLV
MNINRT
NNES
NSTB
NSTOUT
NSTR
NSTREM
NSTRIN
NSTTOT
NEWLAI
NEWLV
NEWST
NSOR
PABSAS
PABSBS
PUSH
RDFSS
RED EM
RNOUT
RNSTR
TABASS
WDEMST
WDGERM
WDSBS
WDSTOT
WLVGIH
WRTIH
WSTGIH

Actual amount of assimilates that are absorbed by emerged Striga
Actual amount of assimilates that are absorbed by unemerged Striga
Assimilate absorption factor for Stri~a seedlings
Assimilate requirement for unemerged Stri~a seedlings
Cyclic development rate
Day of year of attachment of the first Stri~a seedling to the sorghum roots
Relative growth rate of Striga seedlings
Total dry weight of all unemerged Stri~a seedlings in a certain class
Dry weight of an individual Stri~a seedling in a certain class
Rate of increase ofDWSTR
Net rate of change of number of Striga seedlings in a certain class
Partitioning change factor of Striga on sorghum
Value of FSTR
Width of boxcars
Cyclic development
Total width of box car train
Initial dry weight of an individual Striga seedling in a certain class
Initial value of GCYC
Initialising function of the box car train
Maintenance respiration rate of Stri~a seedlings
Maintenance respiration coefficient of Stri~a seedlings
Maximum part of assimilates produced by sorghum that can be absorbed by Striga
Increased leaf maintenance respiration coefficient
Increased root maintenance respiration coefficient
Number of new emerged Striga
Number of classes of unemerged Stri~a
Number of Stri~a seedlings that have passed through all the classes of the boxcar train
Number of Stri~a seedlings in a certain class
Number of emerg_ed Stri~a seedlings
Number of attached Striga seedlings
Total number of Striga plants
Initial leaf area of all just emerged Striga seedlings
Initial leaf dry weight of all just emerged Striga seedlings
Initial stem dry weight of all just emerged Striga seedlings
Sorghum plant density
Potential amount of assimilates that can be absorbed by emerged Stri~a
Potential amount of assimilates that cab be absorbed by unemerged Striga
Factor triggering the shift of all unemerged seedlings into the next class
Photosynthesis reduction factor of Striga on sorghum
Development reduction factor of emerged Striga on unemerged Striga
Rate of change ofNSTOUT
Rate of increase ofNSTR
Total amount of assimilates that are absorbed by Striga
Dry weight of a Stri~a seedling at which it emerges
Dry weight of a Stri1<a germ at attaching
Total dry_ weig_ht of all unemerged Stri1<a seedlings
Total dry weight of all emerged and unemerged Striga
Initial dry weigth of the leaves
Initial dry weigth of the roots
Initial dry weigth of the stem

kg CH 20
kg CH20
kg CH20
kg CH20
d-1

ha- 1 ground d- 1
ha- 1_ground d- 1
kg- 1 Striga seedling_s d- 1
kg- 1 DM

d
g DM g- 1DM d- 1
gDMm-2
g DM seedling- 1
g DM seedling- 1 d- 1
number of Stri~a seedlings m- 2 d- 1

-

g DM seedling- 1
d-1
number of Striga seedlings m-2 d- 1
kg CH20 ha- 1 d- 1
kg CH 0 kg- 1 DM d- 1

-

2

kg CH20 kg- 1 DM d- 1
kg CH 20 kg- 1 DM d- 1
number of Striga seedlings m- 2
number of Striga seedlings m- 2
number of Striga seedlings m- 2
number of Stri~a seedlings m- 2
number of Stri~a seedlings m- 2
number of Strigp seedling_s m- 2
number of Strigp seedling_s m-2
ha leafha- 1 ground d- 1
kg DM leafha- 1 d- 1
kg DM stem ha- 1d- 1
Number of sorghum plants m- 2
kg CH20 ha- 1 ground d- 1
kg CH 20 ha- 1 ground d- 1

-

-

number of Striga seedlings m- 2 d- 1
number of Striga seedlings m-2 d- 1
kg CH20 ha- 1 ground d- 1
g DM seedling- 1
g seedling- 1
kgDMha- 1
kgDMha- 1
kgDMha- 1
kgDMha- 1
kgDMha- 1

Table /.2 Definition of abbreviations of the base-model INTERCOM

Name Description
A

Routine Units

---

Parameter in Angstrom formula

PENMAN
MAIN

ABSNF

Absorbed radiation by sunlit flower area at a

ABSNL

Absorbed radiation by sunlit leaf area at a specific

ABSNS

Absorbed radiation by sunlit stem area at a specific

ASSIMC

J m-2 flower s-1

ASSIMC

Jm-2 Iears-1

ASSIMC

J m-2 stem s- 1

DEVAP

mmd-1

specific height in the canopy
height in the canopy
height in the canopy
AEVAP

Actual soil evaporation rate, derived from
Penman evaporation

AEVAPR Actual soil evaporation rate from second soil layer
AEVA.Pl' Actual soil evaporation rate fro~~?- the top layer

MAIN

WBAL
WBAL
WBAL

mmd-1
mmd-1

of the soil
AFT

Absorbed flux at. selected canopy height total (PAR)

AFVD

Absorbed flux direct component of direct flux (PAR)

ASSIMC
ASSIMC

J m-2 ground s- 1

ASSIMC

J m-2 flower s-1

ASSIMC

J m-2 stem s- 1

ASSIMC

J m-2 tissue s-1

ASSIMC
ASSIMC
ASSIMC
ASSIMC

J m-2 leaf s-1

J m-2 leaf s-1

at selected canopy height by leaves

AFVDF

Absorbed flux direct component of direct flux (PAR)
at selected canopy height by flowers

AFVDS

Absorbed flux direct component of direct flux (PAR)
at selected canopy height by stems

AFVPP

Absorbed flux by sunlit area (leaves, stems, flowers)
(PAR) perpendicular to direct beam

AFVSHD Absorbed flux (PAR) by shaded leaf area
AFVSHF Absorbed flux (PAR) by shaded flower area
AFVSHS Absorbed flux (PAR) by shaded stem area
AFVT

Absorbed flux total direct (PAR) at selected canopy

AFVTF

Absorbed flux total direct (PAR) at selected canopy

·J m-2 flower s4
J m-2 stem s- 1

J m-2 leafs- 1

height by leaves
·~

ASSIMC

J m-2 flower s- 1

height by flowers
ASSIMC

J m-2 stem s- 1

ASSIMC

J m-2 leaf s- 1

ASSIMC

m-2 flower s-1

ASSIMC

J m-2 stem s- 1

Actual maximum C02 assimilation rate at light

ASSIMC

saturation for individual leaves

PLANTC

kg C02
ha- 1 leafh-1

Actual maximum C02 assimilation rate at light

ASSIMC

kg C02

saturation for individual flowers

PLANTC

ha-1 flower h-1

AFVTS

Absorbed flux total direct (PAR) at selected canopy

AFVV

Absorbed diffuse flux (PAR) at selected canopy

AFVVF

Absorbed diffuse flux (PAR) at selected canopy

AFVVS

Absorbed diffuse flux (PAR) at selected canopy

TOTRAN
ATRAN

Total actual transpiration rate of the (mixed) canopy

height by stems

PLANTC
WBAL
AVRAD

Daily incoming total global radiation

height by flowers

TOTASS
TOTRAN

PLANTC

kg C02
ha- 1 leaf h-1

saturation for individual leaves
AMAXS

Actual maximum C02 assimilation rate at light

ASSIMC

saturation for individual stems

PLANTC

Parameter in Angstrom formula

BS

Name for calculation SSLMAX

PLANTC

BU

Intermediate variable in calculation of evaporative

PENMAN

CNTR

Country name for weather data

MAIN

COSLD

Intermediate variable in calculation of daylength

ASTRO

Reduction factor accounting for effect of

kg C02
ha- 1 stem h- 1

PLANTC
RADIAT

PLANTC

-

PLANTC

-, °C d, (-)

RADIAT

J m-2 d-t

-

TOTASS

development stage on AMAXM
AMDVST Table of AMDVS as a function of temperature su!Il

CRPF

AOB

Daily extra-terrestrial radiation

Crop factor for transpiration

PLANTC
TOTRAN

(orDVS)
ANGOT

DATE

Daynumber since 1 January

PLANTC

Intermediate variable in calculating daylength and

ASTRO
RADIAT

AS

Parameter for calculation SSLMAX

PLANTC

m-1

RADIAT

ASRQ

Assimilate requirement for total plant dry matter

PLANTC

kgCH 20
kg- 1 DM crop

TOTASS
DAYB

Daynumber to start simulation of crop growth

MAIN

PLANTC

kgCH 20

DAYL

Daylength

ASTRO

kg- 1 DM leaf

production
PLANTC

kgCH 20
kg- 1 DM root

ASRQSA Assimilate requirement for above-ground storage

PLANTC

organ, or crown for sugar beet dry matter p~oduction
ASRQSB Assimilate requirement for below-ground storage

kgCH 20
kg- 1DMst. organ

PLANTC

production

organ dry matter production
ASRQST Assimilate requirement for stem dry matter .
Atmospheric transmission coefficient

PENMAN
PLANTC
RADIAT
TOTASS

ASTRO

d

d
h d- 1

PLANTC
RADIAT
TOTASS
ASTRO

h d- 1

DAYLP

Photoperiodic daylength

DEC

Declination of the sun

ASTRO

radians

DELT

Time interval of integration

MAIN

d

PLANTC

kg- 1 DM st. organ
kgCH 20

PLANTC

kg- 1 DM stem

production
ATMTR

Daynumber since 1 January

..

'kgCH 20
I

PLANTC

DAY

MAIN

production

ASRQRT Assimilate requirement for root dry matter

d

WBAL

solar sine

ASRQLV Assimilate requirement for leaf dry matter

sm-1

demand of the atmosphere

TOTASS
AMDVS

MAIN

B

PENMAN

TOTASS
Potential maximum C0 2 assimilation rate at light

J m-2 ground d- 1

PLANTC
RADIAT

TOTASS

AMAXM

MAIN
PENMAN

height by stems

AMAXF

mmd-1

TOTRAN

height by leaves

AMAX

MAIN

WBAL

-

I

DELTA

Derivative ofSVPA with respect to temperature

PENMAN

mbar K- 1

DLV

Death rate of leaves

PLANTC

DRABS

Total global absorbed radiation

TOTASS

kg DM ha- 1 d- 1
J m- 2 ground s- 1

ORAD

Daily incoming total radiation

MAIN

kJ m-2 d- 1

Death rate ofleaves
Integral of SINB over the day

PLANTC

d-1

RADIAT

s d- 1

DSINBE As DSINB, but with a correction for lower

RADIAT

s d- 1

DRL
DSINB

atmospheric transmission at lower solar elevations
DSOA

Death rate of above-ground storage organs loss

PLANTC

kgDM
ha- 1 ground d-1

Flower area index above selected height in canopy

ASSIMC

FBG

Fraction of total dry matter increase allocated to

PLANTC
PLANTC

FD

below-ground plant parts
Flower area density at selected height
·Assimilation rate at selected canopy height

ASSIMC

m2 flower m-3

ASSIMC

kg C02
ha-1ground h- 1

Canopy assimilation summed over layers

ASSIMC

ASSIMC

kg C02
ha- 1 ground h-1
kg C02 ha- 1 leafh- 1
kg C0 ha- 1 leafh- 1

ASSIMC

kg C02 ha- 1 leafh- 1

ASSIMC
FGRSHS Assimilation of shaded stems
FGRSUF Instantaneous C02 assimilation rate of sunlit flowers ASSIMC
FGRSUN Instantaneous C0 assimilation rate of sunlit leaves ASSIMC

kgC0 2 ha- 1 leafn 1
kg C0 ha- 1 leafh- 1

DST

Death rate of stems

PLANTC

kgDM
ha- 1 ground d" 1

FGL

DTGA

Daily total gross C0 2 assimilation of a species

PLANTC

kg C0 2
ha- 1 ground d- 1

FGROS

Assimilati~n of sunlit leaves per leaf angle
FGRS
FGRSH Assimilation of shaded leaves
FGRSHF Assimilation of shaded flowers

DUMMY Variable to continue the program after a warning

TOTASS
MAIN

-

EO

Penman evaporation of a free water surface

PENMAN

mmd-1

EA

Evaporative demand of.the atmosphere above a bare

TOTRAN
PENMAN

mmd-1

soil
EAC

Evaporative demand of the atmosphere above crop

PENMAN

mmd-1

Initial light use efficiency for individual leaves

ASSIMC

kg C02 ha- 1 leafh-1
(J m-2 leaf s- 1t 1

PLANTC
Table ofEFF versus leaf temperature
Height above sea level

PLANTC

MAIN
Penman evaporation of a bare soil
DEVAP
MAIN
PENMAN
PLANTC
TOTRAN
Penman evaporation of a crop stand
ETO
PENMAN
PLANTC
TOTRAN
EXDV
Exponent for light intensity calculation (PAR) diffuse ASSIMC
EXSDFV Exponent for light intensity calculation (PAR) direct ASSIMC
component direct flux
EXSTV Exponent for light intensity calculation (PAR) total
ASSIMC
direct flux
FAG
Fraction of total dry matter increase allocated to
PLANTC
above-ground plant parts (= shoot)
FAGTB Table of FAG versus temperature sum (or DVS)
PLANTC
Flower area index
ASSIMC
FAI
PLANTC
TOTASS

ELV
ESO

ASSIMC

FILEO

File name for output variables

MAIN

FILER

File name for rerun variables
File name for soil variables

MAIN

FILES

TOTASS
EFFTB

TOTASS
ASSIMC

2

averaged over leaf angles
FGRSUS Instantaneous C02 assimilation rate of sunlit stems

stand
EFF

m2 flower
m-2 ground

FAIC

2

2

kg C02 ha- 1leafh- 1
kg C0 2 ha- 1 leafh- 1

MAIN
WBAL

kg C02 ha- 1 leafh-1
(J m-2 leafs- 1 t 1

File name for time variables

MAIN

FLVTB

Period of simulation
Fraction ofFAG allocated to leaves
Table ofFLV versus temperature sum (or DVS)

MAIN

FRABS

Fraction absorbed of incoming global radiation

PLANTC
TOTASS

FRD

Fraction of global radiation reaching the ground

TOTRAN
DEVAP

used for calculation of soil evaporation

MAIN

FILET

PLANTC

m
mmd-1

FINTIM
FLV

mmd-1

d

PLANTC
PLANTC

-, °Cd

PLANTC

-

TOTASS

-

I

FRDIF

Diffuse light fraction from atmospheric transmission

RADIAT

FRT

Fraction of FBG allocated to roots

PLANTC

FRTTB

Table ofFRT versus temperature sum (or DVS)

PLANTC

FSLLAV Fraction sunlit leaf area for a species in leaf layer X
(PAR)

-

FSOA

m2 flower
m-2 ground

l

Fraction ofFAG allocated to above-ground

storage organs, or crowns for sugar beet
FSOATB Table ofFSOA versus temperature sum (or DVS)
Fraction of FBG allocated to below-ground
FSOB
storage organs

-, °Cd

ASSlMC
PLANTC
PLANTC
PLANTC

-, °C d

FST

Fraction of FAG allocated to stem, or petioles
for sugar beet

PLANTe

FSTTB

Table ofFST versus temperature sum (or DVS)

PLANTe

-, °C d

GAG

Growth rate of above-ground plant parts

PLANTC

kgDM

-

13

IDAY

GLV

Gross growth rate of leaves

GPHOT

Daily total gross CH20 assimilation of a species

IDAYEM Integer variable for day of crop emergence

GRSOA
GRST
GRT
GSOB
GTW

Net growth rate of leaves
Growth rate of above-ground storage organs,
or crowns for sugar beet

PLANTC

Growth rate of stems, or petioles for sugar beet

PLANTe

Growth rate of roots
Growth rate of below-ground storage organs
Total growth rate of a species

HARDAY Julian daynumber at which output is required
to compare
HB
Height growth parameter
HGHT

PLANTC

Number of points in Gaussian integration

IGP2

Number of points in Gaussian integration

ASSIMC
ASSIMC

ha- 1 ground d- 1

ILAMD

Number of elements of the array AMDVST

PLANTC

kgCH 2 0

ILEFF

Number of elements of the array EFFTB

PLANTC

ILFAG

Number of elements of the array FAGTB

PLANTC

ILFLV

Number of elements of the array FLVTB

PLANTC

ha- 1 ground d- 1

ILFRT

Number of elements of the array FRTTB

PLANTC

kgDM
ha- 1 ground d- 1

ILFSOA

Number of elements of the array FSOATB

PLANTC

ILFST

Number of elements of the array FSTTB

PLANTC
PLANTC
PLANTC

kgDM

PLANTe
PLANTC
PLANTC
MAIN

PLANTe
Total height of the photosynthetic surface of a species ASSIMC
in the canopy
LEAFPA

kgDM
ha- 1 ground d- 1

ILLAI

Number of elements of the array LAITB

ILPTB

Number of elements of the array Pl'B

kgDM
ha-l ground d- 1

ILRDRO Number of elements of the array RDRSOT
ILRDRS

Number of elements of the array RDRSTT

PLANTC

ILREDF

Number of elements of the array REDFTB

PLANTC

kgDM
ha- 1 ground d- 1

ILREDM Number of elements of the array REDMNT

-

IMAX

Number of elements of the array SLATB
Maximum number of species

-

IMNHD

Maximum number of harvest dates

m

IMNP

Integer for declaration maximum length of array

ILSLA

IMNS

TOTASS

INFR

PLANTC

m

HMAX

Height growth parameter (potential plant height)

PLANTC

m
h

HOUR

Selected hour during the day at which instantaneous

RADIAT
TOTASS

HS

C0 2 assimilation rate of each species is calculated
Logistic height growth parameter

HU

Daily heat unit for plant development

PLANTC

HULV

Daily heat unit for leaf development
Counter

PLANTC

oc-t d-1
oc
oc

ASSIMC

-

MAIN

PLANTC

Integer for declaration maximum number of species

PLANTC

I

-

-

Infiltration of water into the soil, as a sum of rain

WBAL

Number (n) of times during a day that the

TOTASS

instantaneous C02 assimilation rate for each species
is calculated (for Gaussian integration)
INHD

Array length of harvest dates

MAIN

INIT

Variable which indicates whether soil variables

WBAL

should be used
INITC

Control variable for putting variable values in

PLANTC

output file

TOTASS
Length string

MAIN

and irrigation
INGP

I2

PLANTC
ASSIMC
TOTASS

TOTRAN

Initial height of the photosynthetic surface of a
species in the canopy

MAIN

PLANTC

TOTRAN

HGHTI

Counter for reruns

PLANTC

kgDM
ha- 1 ground d- 1

LEAFRE

11

d

TOTRAN

PLANTC

PLANTC

PLANTC

IGPl

PLANTC

ha- 1 ground a 1
kgDM

d

MAIN
ASSIMC
ASSIMC

Counter
Counter

mbarK- 1
ha- 1 Ieaf

ha- 1 ground a 1
GRLV

Switch variable for temporary output file

IDTMP
IGl
IG2

PENMAN
PLANTC

PLANTe

MAIN
MAIN
PLANTC

ha- 1 ground d- 1
GAMMA Psychrometric constant
GLAI
Growth rate of leaf area index

Length st~ng
Integer variable for day number since 1 January

I

INITS

Control variable for putting variable values in

PLANTC

output file
INS

Number of species

ASSIMC

mmd-1

PLANTC

direct flux flowers
KDRBLV Extinction coefficient for PAR direct component

TOTASS
TOTRAN

ASSIMC

direct flux leaves

INS1

Help variable (number of species)

PLANTC

-

INS2

Help variable (number of species)

PLANTC

-

INSETS

Number of rerun sets

MAIN

-

IPSPEC

Species number

PLANTC

IRCAP

Number of values found on array RCAPT

WBAL

IRIRR

Number of values found on array RIRRIT

WBAL

-

IRUN

Number of running program

MAIN

-

PLANTC

PLANTC

-

TOTASS

IRUNLA Integer for making choice using measured LAI

1

Counter (species number)

KDRTSV Extinction coefficient for PAR total direct flux stems

ASSIMC

KDRTV

Extinction coefficient for PAR total direct flux leaves ASSIMC

KF

Extinction coefficient for flowers

KS

Extinction coefficient for stems

-

PLANTC

ASSIMC

direct flux stems
KDRTFV Extinction coefficient for PAR total direct flux flowers ASSIMC

as input (1) or using LAI simulated (O)
IS

KDRBSV Extinction coefficient for PAR direct component

ASSIMC

ASSIMC
PLANTC
TOTASS

TOTRAN
ISTAT1

Help variable

MAIN

-

LAO

Initial leaf area (at field emergence)

PLANTC

cm2 plant- 1

ISTAT2

Help variable

MAIN

LAI

Leaf area index

ASSIMC

ha leafha- 1 ground

Integer number to refer to selected

MAIN

-

ISTN

LEAFPA

meteorological station

LEAFRE

ITABLE

Format of output file

MAIN

ITASK

Integer determining what subroutine should do

MAIN

(1 =initialization, 2 =rate calculation,

PLANTC

3 = integration, 4 = terminal)

WBAL

Integer determined by the task that was

PLANTC

done during the previous call to PLANTC

WBAL

Unit number for output file

MAIN

!TOLD
IUNITO

PLANTC

-

TOTASS
LAIC

Leaf area index above selected height in canopy

ASSIMC
LEAFRE

-

LEAFPA

-

PLANTC

LAID

Leaf area index at the present day

PLANTC

ha leafha- 1 ground

LAIM

Maximum value of leaf area index

PLANTC

ha leafha- 1 ground

LAITB

Table of LAI versus daynumber

PLANTC

Unit number for plant data file

MAIN

IUNITR

Unit number for rerun file

MAIN

I UNITS

Unit number for soil data file

LAITOT

Total leaf area index of species

-

LAIY

Leaf area index at the day before

PLANTC

ha leafha- 1 ground

LAT

Latitude of the weather station

ASTRO

degrees

MAIN

MAIN

I UNITT

Unit number for timer file

MAIN

IYEAR

Integer for the year for which weather data

MAIN

-

ASSIMC

-

PLANTC
LD

Leaf area density at point X in the canopy

are requested

Extinction coefficient for leaves

ASSIMC
LEAFRE

ASSIMC

PENMAN

Jkg- 1 H 20

Longitude of the weather station
LONG
MAINLY Maintenance respiration coefficient of leaves

MAIN

degrees

PLANTC

kgCH 20
kg- 1 DM d- 1

MAINRT Maintenance respiration coefficient of roots

PLANTC

kgCH 2 0
kg- 1 DM d- 1

MAINSA Maintenance respiration coefficient of above-ground

PLANTC

kgCH 20
kg- 1 DM d- 1

LHVAP

.

-

PLANTC

Latent heat of evaporation of water

TOTASS
KDFFV

Extinction coefficient for PAR diffuse flux flowers

ASSIMC

-

KDFSV

Extinction coefficient for PAR diffuse flux stems

ASSIMC

-

KDFV

Extinction coefficient for PAR diffuse flux leaves

ASSIMC

KDRBFV Extinction coefficient for PAR direct component

m2 leafm-3

LEAFPA
TOTASS

KDF

PLANTC
TOTASS

WBAL

Counter

ha leafha- 1 ground

-

PLANTC

K

ha leaf
ha- 1 ground, d

WBAL
IUNITP

ha leafha- 1 ground

ASSIMC

-

I

I

storage organs

MAINSB Maintenance respiration coefficient of below-ground

PLANTe

storage organs
MAINST Maintenance respiration coefficient of stems
MAINT

Maintenance respiration rate of a species

MAINTS Maintenance respiration rate of a species at

PLANTe
PLANTe

period

(

kgeH 20
kg- 1 DMd- 1

Coefficient to account for lower respiration when

kg eH 20 ha- 1 d- 1

PLANTe

kgCH 20 ha- 1 d- 1

PLANTC

-

(

WBAL

mmd- 1

Table ofRCAP versus daynumber

WBAL
WBAL

mm d-1, d
mmd- 1

ReAPT

RDRAIN Percolation of water from root layer to deeper parts
of the soil

PLANTC

plants m- 2

MAIN

-

PLANTC
p

Soil depletion factor

WBAL
TOTRAN

-

PAR

Instantaneous flux of photosynthetic active radiation

RADIAT

J m-2 ground s- 1

PARDIF

Instantaneous flux of diffuse PAR

ASSIMe

J m-2 ground s- 1

I

PLANTC
PLANTC

RDRST

Relative death rate of stems, or petioles
for sugar beet
RDRSTT Table ofRDRST versus temperature sum (or DVS)

PLANTC

d- 1, °C d
(oC dfl

PLANTe

(°C dr1, °C d

RDUM

Dummy variable

PLANTC

REDF

Factor accounting for effect of temperature on AMAX

PLANTe

REDFS

Factor accounting for effect of relative water content

DEVAP

REDFST Table ofREDFS versus WePR (relative water

DEVAP

-,-

PLANTC

-, oc

PLANTe

kgDM
ha- 1 ground d- 1

content)

TOTASS
ASSIMC

REDFTB Table ofREDF versus temperature

J m- 2 ground s- 1

REDIST

RADIAT

Redistribution of dry matter from yellowing aboveground plant parts

TOTASS
PBAR

Barometric pressure

REDLM

Redistribution coefficient for yellowing leaves

PLANTC

Percolation of water from top layer to root zone

PENMAN
WBAL

-mbar

PERC

mmd-1

REDMN

Factor accounting for effect of minimum temperature

PLANTe

PI

Ratio of circumference to diameter of circle

ASTRO

-

PRDEL

Time interval for printing

PSYCON Psychrometric instrument constant

onAMAX

RADIAT

REDMNT Table of REDMN versus minimum temperature

TOTASS

REDST

MAIN
PENMAN

PTB

Table of P versus ETO

PLANTC
TOTRAN

PTRAN

Potential transpiration rate derived from

TOTRAN

d
degree K- 1
-, mmd- 1

Factor accounting for increase of maintenance

selected time of the day
RADDIF Incoming global diffuse radiation

ASTRO
ASSIMC

REFTMP Reference temperature for maintenance respiration
RELSSD Hours of sunshine per daylength (variable in the

degree- 1

radians
J m-2 ground d- 1

'J

ASSIMe

J

Water input through rainfall

MAIN

m-2
m- 2

Total water input through rainfall over simulation

WBAL

ASSIMC

ground
ground

mm

PLANTe

oe

PENMAN

hd- 1

PLANTe

(°C df 1
cmd- 1

Penman formula)

s- 1
s- 1

RGRL

Relative growth rate of leaf area

RHG

Rate of height growth

PLANTC

RIRRI

Water input through irrigation

mmd- 1

RIRRIT

Table ofRIRRI versus daynumber

WBAL
WBAL

I

mmd- 1,d

RNC

Net absorbed radiation of a crop in Penman

PENMAN

J m-2 ground a 1

RNS

calculation
Net absorbed radiation of a bare soil in Penman

PENMAN

J m- 2 ground d- 1

mmd-1

WBAL
RAINT

Reflection coefficient of canopy with spherical leaf
angel distribution (for PAR)

TOTASS
RAIN

PENMAN

-

TOTASS
RADDIR Incoming global direct radiation

PENMAN

(for PAR)

TOTASS
ASSIMe

-, oc

PLANTC

REFCFS Reflection coefficient for a soil surface

mmd-1

respiration with a 10 °e rise temperature
RAD
Factor to convert degrees into radians
RADABS Absorbed radiation (PAR) by species in canopy at

PLANTe

REFCFe Reflection coefficient for a canopy surface

REFVS
PLANTe

Redistribution coefficient for yellowing stems

PENMAN
REFCFW Reflection coefficient for a water surface
REFVH Reflection coefficient of canopy with horizontal leaves ASSIMC

Penman evaporation
QlO

d-1

RDRSOA Relative rate of loss of seeds
RDRSOT Table ofRDRSOA versus temperature sum (or DVS)

of the top layer of the soil on AEVAP

RADIAT
PARDIR Instantaneous flux of direct PAR

Water input through capillary rise of soil water

ReAP

Brunt (1932)

kgeH 2 0
kg- 1 DM d- 1

plants are ageing
Plant density
NPL
OUTPUT Logical for call OUTDAT routine

J m-2 ground d- 1

Net outgoing long wave radiation according to

reference temperature
MNDVS

PENMAN

RB

calculation

RNW

Net absorbed radiation of a free water surface in

PENMAN

J m-2 water d- 1

Penman calculation
RTD

Rooted depth

MAIN

m

I

PLANTC
WBAL

PENMAN

J m-2 d-1 K-1

Saturated vapour pressure in the air
SVPA
TAEVAP Total soil evaporation integrated in time

PENMAN

mbar

WBAL

mm

TATRAN Total crop transpiration integrated in time

WBAL

mm

WBAL

d

STBC

Stefan-Boltzmann constant

TCS

Time coefficient for delay in drainage

RTDMAX Maximum rooted depth

WBAL

m

TDIF

Maximum daily temperature difference

PENMAN

oc

RTDT

Thickness rooted layer

PLANTC

m

TDRABS Total global absorbed radiation integrated in time

TOTASS

J m-2 ground s- 1

SAl

Stem area index

WBAL
ASSIMC
PLANTC

TEFF

m2 stem
m-2 ground

Stem area index above selected height in canopy

ASSIMC

m2 stem
m-2 ground

sc

Solar constant, corrected for varying distances

RADIAT

J m-2 s-1

TERMNL Variable which indicates whether the simulation

-

loop should be terminated

Scattering coefficients of leaves (PAR)

ASSIMC

Stem area density at point X in the canopy

ASSIMC

SFA

Specific flower area

PLANTC

m2 stem
m-3 canopy
m2 flower kg- 1

SINB

Sine of solar elevation

ASSIMC

-

SINLD

Intermediate variable in calculating daylength

PLANTC
MAIN
WBAL

THCKT

Thickness of the top layer

WBAL

m

TIME

Daynumber start simulation

MAIN

d

TINY
TMD

Help parameter for generating output on harvest day MAIN
PLANTC
Base temperature for plant development

TMDLV

Base temperature for leaf development

TMN

Daily minimum air temperature

between sun and earth

scv
so

PLANTC

maintenance respiration

TOTASS
SAIC

Factor accounting for effect of temperature on

PLANTC

PLANTC
MAIN
PENMAN

RADIAT

PLANTC

TOTASS

TOTRAN

ASTRO

-

PENMAN

TMPA

Daily average air temperature

TMTMX

Average temperature in daytime

PLANTC

TMX

Daily maximum air temperature

MAIN
PENMAN

PLANTC
TOTASS
SLA

Specific leaf area

PLANTC

ha leaf kg- 1 leaf

SLAC

Calculated SLA early growth

PLANTC

ha leafkg- 1 leaf

PLANTC

SLAMAX Maximum SLA

PLANTC

TOTRAN

SLATB

PLANTC

ha leafkg- 1 leaf
ha leafkg- 1 leaf,

TMXD

°Cd

TMXLV

Maximum temperature for phenological development PLANTC
PLANTC
Maximum temperature for leaf area development

WBAL

mm

TRAN

Actual transpiration rate of a species

SMFRTZ Soil moisture content at field capacity of root layer

WBAL

mm

TRANRF Factor accounting for effect of water stress on the

SMRTD

Actual soil moisture content of root and top layer

WBAL

mm

SMRTZ

Actual soil moisture content of root layer

WBAL

mm

SMRTZI

Initial soil moisture content of root layer at the start

WBAL

mm

Temperature sum for leaf development
TSLV
VAPOUR Average vapour pressure in the air

SMFCT

Soil moisture content at field capacity of the top
layer of the soil

PLANTC

oc
oc

oc
oc
mmd-1

TOTRAN

of simulation

PLANTC

rate of dry matter increase

TOTRAN

TS

Temperature sum for plant development

PLANTC

°Cd

TSLAM

Temperature sum at which leaf death starts

PLANTC

°Cd

PLANTC

°Cd

MAIN

mbar (from kPa)

SMT

Actual soil moisture content of the top layer of the soil WBAL

mm

SMTI

Initial soil moisture content of the top layer of the soil WBAL

mm

PENMAN

SSA

Specific stem area

PLANTC

TOTRAN

SSL

Specific stem length

PLANTC

m2kg-1
em kg- 1

PLANTC

em kg- 1

at the start of simulation

SSLMAX Maximum value of SSL

oc

PLANTC

RADIAT

Table of SLA versus temperature sum

oc
oc
oc

PLANTC

I

VISSUN Absorbed flux for each species for sunlit leaves
VSMAD Volumetric soil moisture content at air dryness

ASSIMC

J m- 2 leaf s- 1

DEVAP

dm3 water m- 3 soil

\

MAIN

l

WTOT

WBAL

VSMCR

VSMFC

sugar beet
Total green crop dry weight, including below-ground

the rate of dry matter increase is reduced as a result

plant parts
WTRDIR Directory and path weather files

of water stress

WTRMES Flag for messages from the weather system

Critical volumetric soil moisture content below which TOTRAN

Volumetric soil moisture content at field capacity

DEVAP

soil

MAIN

dm3 water m-3 soil

dm3 water m- 3 soil

Help variable

MAIN
MAIN

X

Selected height

ASSIMC

XGAUSS Points for Gaussian integration

TOTASS

XGAUSl Points for Gaussian integration
XGAUS2 Points for Gaussian integration

ASSIMC
ASSIMC

TOTRAN

YLV

Yellowing rate of leaves

PLANTC

kg DM ha- 1 d- 1

WBAL

YST

Yellowing rate of stems

PLANTC

kg DM ha- 1 d- 1

WBAL

MAIN
PLANTC

Actual volumetric soil moisture content of the

DEVAP

top layer of the soil

MAIN

Volumetric soil moisture content at wilting point

MAIN

dm3

water

m- 3

soil

dm3 water m- 3 soil

WBAL

VSMWP

dm3 water m- 3 soil

PLANTC
TOTRAN
WBAL

kgDMha- 1

WAG

Dry weight of total green shoot (field experiments)

PLANTC

WCPR

Relative water content of the top layer of the soil

DEVAP

dm3 water m- 3 soil

WDTOT

Total crop dry weight

WGAUSS Weights of points in Gaussian integration

PLANTC
TOTASS

kgDMha- 1

WGAUSl Weights of points in Gaussian integration

ASSIMC

WGAUS2 Weights of points in Gaussian integration

ASSIMC

WIND

MAIN

Daily average wind speed

ms-1

PENMAN
PLANTC
TOTRAN
kgDMha- 1

WLVD

Dry weight of dead leaves (experiments)

PLANTC

WLVG
WLVGI

Dry weight of green leaves

PLANTC

kgDMha- 1

Initial dry weight of green leaves

PLANTC

g plant- 1

PLANTC

kgDMha- 1

WLVGM Maximum dry weight of green leaves

m

LEAFPA
LEAFRE

PLANTC

VSMT

kgDMha- 1

MAIN

WTROK

TOTRAN
VSMRTZ Actual volumetric soil moisture content of root layer

PLANTC

WRT

Dry weight of roots

PLANTC

kgDMha- 1

WRTI

Initial dry weight of roots

PLANTC

g plant- 1

WSOA

Dry weight of above-ground storage organs, or

PLANTC

:kgDMha- 1

crowns for sugar beet
WSOB

Dry weight of below-ground storage organs

PLANTC

kgDMha- 1

WSOD

Dry weight of dead storage organs

PLANTC

kgDMha- 1

WSTD

Dry weight of dead stems, or petioles for sugar beet

PLANTC

kgDMha- 1

WSTG

Dry weight of green stems, or petioles for sugar beet

PLANTC

kgDMha- 1

WSTGI

Initial dry weight of green stems, or petioles for

PLANTC

g plant- 1

Appendix II Listing of the model
DEFINE CALL RNST
DEFINE CALL
DEFINE CALL
DEFINE CALL
DEFINE CALL
DEFINE CALL

DEFINE CALL

DEFINE CALL
DEFINE CALL

DEFINE CALL
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY

(INTEGER_INPUT,INPUT,INPUT,INPUT_ARRAY,INPUT, ...
OUTPUT_ARRAY,OUTPUT_ARRAY)
IDWST (INPUT,INPUT,INPUT,INTEGER_INPUT, OUTPUT_ARRAY)
DWSTRS(INPUT,INTEGER_INPUT,INPUT_ARRAY,INPUT,INPUT, ...
INPUT_ARRAY,INPUT,INPUT,INPUT_ARRAY,
OUTPUT_ARRAY)
DOYEMS(INPUT,INPUT,INPUT, OUTPUT)
SUBTMP(INTEGER_INPUT,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY, .. .
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY, .. .
OUTPUT_ARRAY, OUTPUT_ARRAY)
SUBRHG(INTEGER_INPUT,
INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT,INPUT_ARRAY,
OUTPUT_ARRAY,OUTPUT_ARRAY)
GLA
(INTEGER_INPUT,INPUT,INPUT,INPUT_ARRAY,INPUT_ARRAY, ...
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT
,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT_ARRAY,
OUTPUT_ARRAY)
ASTRO (INPUT,INPUT, OUTPUT,OUTPUT,OUTPUT,OUTPUT)
TOTASS(INPUT,INPUT,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT_ARRAY,INPUT_ARRAY,
INPUT_ARRAY,INPUT,INPUT,
INPUT,INTEGER_INPUT,INPUT_ARRAY,
OUTPUT,
OUTPUT_ARRAY,OUTPUT, OUTPUT_ARRAY, OUTPUT_ARRAY,
OUTPUT_ARRAY)
PENMAN(INPUT,INPUT,INPUT,INPUT,INPUT,INPUT,
OUTPUT,OUTPUT,OUTPUT)

AMAX(l :NS)
AMAXM(l :NS)
AMDVS(l:NS) I AS(l:NS)
I
ASRQ(l:NS)
ASRQLV(1:NS) ASRQST(1:NS) ASRQSA(1:NS),ASRQRT(1:NS)
BS(1:NS)
I
CRPF(1:NS)
DOYEM(1:NS) I DTGA(1:NS)
I
DLV(1:NS) I DST(1:NS)
DRL(1:NS)
DSOA(1:NS) DLAI(1:NS)
DVS(1:NS)
DVR(1:NS)
DVRRT(1:NS), DVRVT(1:NS)
EFF(1:NS)
FAG(1 :NS)
I
FRT(1:NS) I FRABS(1:NS) I FGROS(1:NS)
FSOA(1:NS)
I
FST(1:NS) I FLV(1:NS),FGL(1:NS)
GRLV(1:NS)
GRST(1:NS)
GRSOA(1:NS)
GLV(1:NS)
GRT(1:NS)
GAG(1 :NS)
GTW(1:NS)
GLAI(1:NS), GPHOT(1:NS)
HGHT(1:NS)
I
HGHTI(1:NS) I HMAX(1:NS), HB(1:NS)
I
HS(1:NS)
HI(1:NS)
HU(1 :NS)
HULV(1:NS)
KDF (1 :NS)
KS (1 :NS)
LAO (1 :NS)
LAI(1:NS)
I
LAIM(1:NS) I LAID(1:NS) I LAIY(1:NS)
ILAI(1:NS)
MAINT(1:NS) , MAINTS(1:NS), MNDVS(1:NS),MAINTE(1:NS)
MAINLV(1:NS), MAINST(1:NS), MAINSA(1:NS), MAINRT(1:NS)
NPL(1:NS)
,NEWLAI(1:NS) ,NEWLV(1:NS),NEWST(1:NS)
PTRAN(1:NS), P(1:NS) , PLV(1:NS), PRT(1:NS), PST(1:NS) ,RTD(1:NS)
RDR(1:NS), RDRST(1:NS), RDRSOA(1:NS), REDF(1:NS), REDMN(1:NS)
RDRDV(1:NS), RDRSH(1:NS), RLAI(1:NS) ,RTDT(1:NS),RTDMAX(1:NS)
REDLM(1:NS) I REDST(1:NS) I REDIST(1:NS),RGRL(1:NS), RHG(1:NS)
SAI(1:NS)
I
SSA(1:NS)
I
SLA(1:NS) I SSLMAX(1:NS)
TMD(1:NS)
TMDLV(1:NS), TMXD(1:NS)
TMXLV(1:NS)
TADRW(1:NS)
TS(1:NS)
TSLAM(1:NS) TSLV(1:NS)
TRAN(1:NS) ,TRANRF(1:NS)
VSMCR(1:NS)
WAG(1:NS)
I
WDTOT(1:NS) I WLVD(1:NS) I WSTD(1:NS)
WLVGI(1:NS) WLVG(1:NS)
WSTGI(1:NS), WSTG(1:NS)
WST(1:NS)
WRTI(1:NS) I WRT(1:NS)
I
WSOA(1:NS) I WSOD(1:NS) I WLV(1:NS)
WLVGIH(1:NS), WRTIH(1:NS) WSTGIH(1:NS), YLV(1:NS)
YST(1:NS)
***** Extra striga arrays:
ARRAY NSTR(1:NSTB), RNSTR(1:NSTB), FLSTR(1:NSTB+1)
ARRAY DWSTR(1:NSTB),DWSTRR(1:NSTB),IDWSTR(1:NSTB),DWSBS(1:NSTB)
I

I

I

I

I

I

I

I
I

I

I

I

I
I
I

I

I

I

I

I

I

I

I

I

I

TITLE

INTERCOM, FST-Simulation model for Crop-Weed Competition

ARRAY SIZE NS=2
ARRAY SIZE NSTB=6
*======================================================================*
*======================================================================*
FST-INTERCOM (Version Sorghum/Striga)
*
*

*
*

*

revised version of:
FST-INTERCOM (Version 1.1)

*

*
*
*

*

*
*

Martin J. Kropff

*
*

* Department of Theoretical Production Ecology, P.O.B. 430, 6700 AK
* Wageningen, The Netherlands.

*
*

*
*

*
*

* Model description of INTERCOM 1.1 in:
* Kropff, M.J. & H.H. van Laar (Editors) (1993).
*
Modelling Crop-Weed Interactions. CAB International, Wallingford
*
and International Rice Research Institute, Manila, 274 pp.

*

*
*
*
*
*
*

The model is programmed in FST (Fortran Simulation Translator) :
C. Rappoldt & D.W.G. van Kraalingen
The Fortran Simulation Translator, FST Version 2.0.
In: Quantitative Approaches in Systems Analysis No 5, June 1996
TPE-WAU - Department of Theoretical Production Ecology
AB-DLO - Research Inst. for Agrobiology and Soil Fertility

*

*
*
*
*

*

*
*
*
*
*
*

*

*======================================================================*
*======================================================================*

*** 0.

Initial Conditions

INITIAL
INCON ZERO
INCON THSNT
INCON HGHTI(1)
INCON INSTR

0.

1000.
0.1

HGHTI(2:NS)

0.

0.

ILAI(1) = LA0(1) * NSOR * 1.E-4 ; ILAI(2:NS)= 0.
WLVGIH(1)
WLVGI(1) * NSOR * 1.E-4; WLVGIH(2:NS)
WSTGIH(1) = WSTGI(1) * NSOR * 1.E-4; WSTGIH(2:NS)
WRTIH(1)
= WRTI(1)
* NSOR * 1.E-4; WRTIH(2:NS)
CALL IDWST (WDGERM,ABFS,GF,NSTB, IDWSTR)
IGCYC
GAMMA
GF

0.
0.
0.

GAMMA*0.5
GF/REAL(NSTB)
LOG(WDEMST/WDGERM)

*** Parameters for Striga growth below surface
PARAM DOCS
400.
PARAM WDGERM
0.01
PARAM WDEMST
0.2
PARAM ABFS
0.2
PARAM MAXABS
0.5
*** Parameters for Striga effects on sorghum
PARAM FSTRI
0.6
PARAM RDFSS
= 0.5
*** Parameters for switching on or off individual Striga effects
*** (Use in combination with a DOCS of e.g. 400)

*

PARAM SWILAI
1.
* transpiration
PARAM SWTRAN
1.
PARAM QT
1.
* assimilate withdrawal by striga
PARAM SWITAB
1.
PARAM QA
1.
* photosynthesis reduction by striga
PARAM QPH
1.
* changed partitioning
PARAM QP
= 1.
* increased maintenance
PARAM QM
= 1.
DYNAMIC
NPL(1)
1.
; NPL(2:NS) = INSW(NSTREM-1., O.,NSTREM)
DOYEM(1)= 180.
; DOYEM(2:NS) = DYM
DYM
INTGRL(THSNT,RDOYEM)
CALL DOYEMS(NSTREM,DYM,DOY, RDOYEM)
*** 1. Striga growth (mainly below the surface)
NSTR
INTGRL(ZERO,RNSTR)
NSTTOT
ARSUMM(NSTR,1,NSTB)+NSTOUT
INTGRL(ZERO, INFLST)
NSTRIN
NSTREM
ANINT(NSTOUT)
NSTOUT
INTGRL(ZERO, RNOUT)
RNOUT
FLSTR(NSTB+1)
INFLST
AFGEN(FLWTB,DOY-DOC)* TOTAT
DOC
MAX(DOCS,DOYEM(1))
CALL RNST (NSTB,PUSH,DELT,NSTR,INFLST,

RNSTR,FLSTR)

PUSH = INSW(GCYC-GAMMA,0.,1.)
GCYC
= INTGRL(IGCYC, DGCYC)
DGCYC = DVRSTR- PUSH*(GAMMA)/DELT
DVRSTR = MAX(O., (REDEM*((AABSBS-MAINBS)/NOTNUL(WDSBS))/ASRQBS))
TABASS=INSW(SWITAB-2.,TABAS1,TABAS2)
TABAS1=LIMIT(O., MAXABS*GPHOT(1), PABSBS+PABSAS)
TABAS2= INTGRL(ZERO,TABASR)
TABASR=TABASD-TABASY
TABASD=AFGEN(TABAST,DOY)
TABASY=AFGEN(TABAST,YEST)
PABSBS
ABFS*WDSBS
PABSAS
MAX(O.S*GPHOT(2), ABFS*WDTOT(2})
AABSBS
INSW(TABASS-(PABSBS+PABSAS),ABSBS,PABSBS)
ABSBS = LIMIT(O.,PABSBS,TABASS-PABSAS)
AABSAS= LIMIT(O.,TABASS,PABSAS)
REDEM=INSW(DOY-DOYEM(2),1.,0.25)
ASRQBS = ASRQST(2)
DWSBS
DWSTR*NSTR
DWSTR
INTGRL(IDWSTR,DWSTRR)
WDSBS
ARSUMM(DWSBS,1,NSTB)*10.
WDSTOT = WDSBS+WDTOT(2)
CALL DWSTRS(DELT,NSTB,NSTR,WDEMST,WDGERM,DWSTR,DVRSTR,PUSH, ...
IDWSTR,
DWSTRR)
*** 2.

Crop Development, Temperature Sum
HU(1:NS)
= INSW(DOY-DOYEM,O.,MIN(TMXD-TMD,MAX(O.,TMPA-TMD)))
HULV(1:NS)=INSW(DOY-DOYEM,O.,MIN(TMXLV-TMDLV,MAX(O.,TMPA-TMDLV)))
TS(1:NS)
INTGRL(ZERO,HU(1:NS) )
TSLV
INTGRL(ZERO,HULV(1:NS))
DVS(1:NS)
INTGRL(ZERO,DVR)
DVR(1)
INSW(TS(1)-1000.,DVRVT(1),DVRRT(1)) ; ...

DVR(2:NS)
DVRVT(1:NS)
DVRRT(1:NS)

HU(2:NS)/750.
HU/1000.
HU/800.

FINISH DVS(1) > 2.5
*** 3.

Daily Gross Canopy C02 Assimilation and Carbohydrate Production
CALL ASTRO (DOY,LAT,DAYL,DAYLP,SINLD,COSLD)
CALL TOTASS(DOY,DAYL,KDF,KS,AMAX,EFF,LAI, ...
SAI,AVRAD,SINLD,COSLD, ...
NS ,HGHT,ATMTR,FRABS,FRD,DTGA,FGROS,FGL)
EFF(1)
AFGEN(EFFTB1,TMTMX ) ;
EFF(2:NS)
AFGEN(EFFTB2,TMTMX )
REDF(1)
AFGEN(REDFT1,TMTMX );
REDF(2:NS)
AFGEN(REDFT2,TMTMX )
REDMN(1)
AFGEN(REDMN1,TMN);
AFGEN(REDMN2,TMN)
REDMN(2:NS)
AMDVS(1)
AFGEN(AMDVS1,DVS(1)); ...
AFGEN(AMDVS2,TS(2:NS))
AMDVS(2:NS)
INSW(NSTRIN-1.,1.,RDFSS)
REDFSS

AMAX(1)
AMAXM(1) * REDF(1) * AMDVS(1) * REDMN(1) * (REDFSS*QPH) ; ...
AMAX(2:NS)
AMAXM(2:NS)* REDF(2:NS)* AMDVS(2:NS)* REDMN(2:NS)
*AMAXSS (1)
AMAXS (1)
, ...
*AMAXSS(2:NS) = AMAXS(2:NS)* REDF(2:NS)* AMDVS(2:NS)* REDMN(2:NS)
GPHOT
*** 4.

= INSW(DOY-DOYEM, 0., DTGA * 30./44.)

Maintenance
MNDVS
WLVG / NOTNUL (WLVG+WLVD)
TEFF
QlO**((TMPA-REFTMP)/10.)
MAINBS
WDSBS*MAISBS
MAINTS
WLVG*MAINLV + WSTG*MAINST + WSOA*MAINSA + WRT*MAINRT
MAINT
INSW(DOY-DOYEM, 0., MAINTE)
MAINTE(1)=MIN(GPHOT(1)-TABASS,MAINTS(1)*TEFF*MNDVS(1)) ; ...
MAINTE(2:NS)=MIN(GPHOT(2:NS)+AABSAS, ...
MAINTS(2:NS)*TEFF*MNDVS(2:NS))

*** 5.

Dry Matter Partitioning
FAG(1)
AFGEN(FAGTB1,DVS(1))*FSTR;
FAG(2:NS)
AFGEN(FAGTB2,DVS(2:NS))
FLV(1)
AFGEN(FLVTB1,DVS(1))+((1.-FSTR)*FST(1));
FLV (2 :NS)
AFGEN(FLVTB2,DVS(2:NS))
FST(1)
AFGEN(FSTTB1,DVS(1))*FSTR;
FST(2:NS)
AFGEN(FSTTB2,DVS(2:NS))
FSOA(1)
AFGEN(FSOAT1,DVS(l));
FSOA(2:NS)= AFGEN(FSOAT2,DVS(2:NS))
FRT(1)
1. -FAG (1) ;
FRT(2:NS)
AFGEN(FRTTB2,DVS(2:NS))
FSTR
=INSW(NSTRIN-1.,1.*QP,FSTRI)

*** 6.

Growth of Plant Organs and Senesence
ASRQ

FAG*(ASRQLV*FLV +ASRQST*FST +ASRQSA*FSOA) + ASRQRT*FRT

GTW(1)
= INSW(DOY-DOYEM(l), 0., ...
((GPHOT(1)-MAINT(1)+REDIST(1)-TABASS*QA )*TRANRF(1))/ASRQ(l)) ; ...
GTW(2:NS) = INSW(DOY-DOYEM(2:NS), 0., ...
((GPHOT(2:NS)-MAINT(2:NS)+AABSAS)*TRANRF(2:NS))/ASRQ(2:NS))
GAG
GTW*FAG
GRT
GTW*FRT
GLV
GAG*FLV
GRLV
INSW(DOY-DOYEM,O.,GLV-YLV+NEWLV)
GRST
GAG*FST-YST+NEWST
GRSOA= GAG*FSOA-DSOA
NEWLV(1)=0.;NEWLV(2:NS)=((LA0(2:NS)*1.E-4)/SLA(2:NS))

NEWST(1}=0.;NEWST(2:NS)=WDEMST*RNOUT*10.

*** 7.

RDRST(1)
RDRST(2:NS)
YST(1:NS)

AFGEN(RDRST1, TS(1))
AFGEN(RDRST2, TS(2:NS) )
WSTG(1:NS)*(EXP(RDRST(1:NS)*HU(1:NS))-1.)

DLV(1:NS)
DST (1 :NS)
REDIST(1:NS)
RDRSOA(1)
RDRSOA(2:NS)
DSOA(1:NS)

(1.-REDLM(1:NS))*YLV(1:NS)
(1.-REDST(1:NS))*YST(1:NS)
REDLM(1:NS)*YLV(1:NS)+REDST(1:NS)*YST(1:NS)
AFGEN(RDRS01,TS(1))
AFGEN(RDRS02,TS(2:NS))
WSOA(1:NS)*RDRSOA(1:NS)

Leaf Area Development
LAI
= INTGRL(ILAI,RLAI)
RLAI
= GLAI-DLAI+NEWLAI
NEWLAI(1) = 0. ; NEWLAI(2:NS)

RNOUT*LA0(2:NS)*1.E-4

DLAI
= LAI * RDR
RDR
MAX (RDRDV, RDRSH)
RDRDV(1)= INSW(DVS(1)-1., 0., DVR(1)/MAX(0.1, 2.-DVS(1))) ; ...
RDRDV(2:NS) = 0.0
RDRSH(1)= LIMIT(0.,0.03, 0.03*(LAI(1)-LAICR)/LAICR) ; ...
RDRSH(2:NS) = 0.0
LAITOT = ARSUMM(LAI, 1, NS)
SAI
SSA * WSTG
TSLAM(1)
1200.; TSLAM(2 :NS)
3000.
LAID(1)
AFGEN(LAITB1,DOY)
I •••
LAID(2:NS)
AFGEN(LAITB2,DOY)
YEST
DOY-1.
LAIY(1)
AFGEN(LAITB1,YEST)
LAIY(2:NS)
AFGEN(LAITB2,YEST)
SLA(1}
AFGEN (SLATB1,DVS (1)); ...
SLA(2:NS)
AFGEN(SLATB2,TS(2))
CALL SUBTMP(NS,TS,TSLAM,WLVG,LAI,DRL,HU,DLAI, LAIM,YLV)
CALL GLA(NS, SWILAI, DOY , DOYEM, SLA, GLV,LAID,LAIY,LAI,
LAITOT, RGRL, HULV , TS, TSLAM, LAO, NPL, ...
LAIM I
HU I DRL I
GLAI)
*** 8.

Dry Matter Production and Crop Heights
WLVG
WLVD
WLV
WSTG
WSTD
WST
WSOA
WRT
WSOD
WAG
WDTOT
PLV
PST
PRT
TADRW
HI

INTGRL(WLVGIH,GRLV )
INTGRL(ZERO, DLV )
WLVG + WLVD
INTGRL(WSTGIH,GRST )
INTGRL(ZERO, DST )
WSTD+WSTG
INTGRL(ZERO, GRSOA)
INTGRL(WRTIH, GRT
INTGRL(ZERO, DSOA)
WLVG + WSTG + WSOA
WAG + WLVD + WSTD + WSOD + WRT
WLV/NOTNUL(WDTOT)
WST/NOTNUL(WDTOT)
WRT/NOTNUL(WDTOT)
WAG+WLVD+WSTD
WSOA / NOTNUL(TADRW)

HGHT = INTGRL(HGHTI, RHG)
CALL SUBRHG(NS,WSTG,HGHT,NPL,AS,BS,HU,HMAX,HS,HB,TS,TRANRF,
DOY, DOYEM, SSLMAX, RHG)

*** 9.

Environmental Variables

*

WEATHER WTRDIR= 1 C:\SYS\WEATHER\MALI\ 1 ; • • •
CNTR= 1 MLI 1 ;ISTN=57; IYEAR=1950
WEATHER WTRDIR= 1 W:\TT-MODEL\MALI\ 1 ; • • •

*
*
*
*
*
*
*
*
*

Reading weather data from weather file:
RDD
Daily global radiation in
J/m2/d
TMMN
Daily minimum temperature in degree
TMMX
Daily maximum temperature in degree
VP
Vapour pressure in
kPa
WN
Wind speed in
m/s
Precipitation in
mm
RAIN
LAT
Latitude of the side
degree
DOY
Day of year (=TIME)
d
AVRAD
TMX
TMN
TMPA
TMTMX
VAPOUR
WIND

*
*

*** 10.

TO TEMP
AVTEMP

c
c

RDD
TMMX
TMMN
0.5 * (TMX + TMN)
0.5 * (TMPA + TMX)
VP * 10.
WN
INTGRL(TMPAI 1 TMPA)
TOTEMP/(DOY-STTIME+1.)

Soil Moisture Balance
VSMAD = VSMWP/3.

*--------maximum amount of soil moisture in layers kg/m2
SMFCT =VSMFC*THCKT
RTDT(1:NS) = MIN(RTD(1:NS) 1 RTDMAX)
SMFRTZ
VSMFC*RTDT(1)
VSMT
SMT/THCKT
VSMRTZ
SMRTZ/RTDT(1)
*--------water input in kg/m2
RRAIN
RAIN
RIRRI
AFGEN ( IRRIT 1 DOY)
RCAP
AFGEN(RCAPT 1 DOY)
INFR
RRAIN+RIRRI
*--------distribution of evaporation over layers
AEVAPT
AEVAP * 0.26
AEVAPR = AEVAP - AEVAPT
*--------water flow over borders of 2 compartments
PERC
MAX(0. 1 SMT+INFR-AEVAPT-SMFCT)
RDRAIN = MAX(0. 1 SMRTZ+PERC+RCAP-AEVAPR-ATRAN-SMFRTZ)/TCS
*--------soil moisture contents of 2 layers in kg/m2 and kg/m3
SMT
INTGRL(SMTI 1 RSMT )
SMRTZ
INTGRL(SMRTZI 1 RSMRTZ)
RSMT
INFR-AEVAPT-PERC
RSMRTZ
PERC+RCAP-AEVAPR-ATRAN-RDRAIN
*--------REDFS is a reduction factor from van Keulen 1 1983
REDFS
AFGEN(REDFST 1 WCPR)
WCPR
(VSMT-VSMAD)/(VSMFC-VSMAD)
CALL PENMAN(TMN 1 TMX 1 AVRAD 1 ATMTR 1 WIND 1 VAPOUR 1
E0 1 ES0 1 ETO)
PTRAN
P(1)
P(2:NS)
VSMCR

ETO * FRABS * CRPF
AFGEN(PTB1 1 ETO); ...
AFGEN ( PTB2 ETO)
(1.-P)*(VSMFC-VSMWP)+VSMWP
I

TRANRF
LIMIT(0. 1 1. 1 (VSMRTZ-VSMWP)/(VSMCR-VSMWP))
TRAN(1)
PTRAN(1) * TRANRF(1); ...
TRAN(2:NS)=INSW(SWTRAN-2. 1PTRAN(2:NS)*TRANRF(2:NS)*QT 1TRANT)
ATRAN
= ARSUMM(TRAN 11 1NS)
TRANT
INTGRL(ZER0 1TRANTR)
TRANTR= (TRAND-TRANY)
TRAND
AFGEN(TRANTB 1DOY)
TRANY
= AFGEN(TRANTB 1YEST)
*--------Soil evaporation from PENMAN subroutine, corrected for
*
fraction radiation transmitted through the canopy and
*
reduced by a factor depending on the soil moisture content
*
of the top layer
AEVAP
ESO*FRD*REDFS
TAEVAP
TAT RAN
*** 11.

INTGRL(ZER0 1AEVAP)
INTGRL(ZER0 1ATRAN)

Run Control
TIMER STTIME=1.; FINTIM=365.; DELT=1.; PRDEL=1.
TRANSLATION FSE
PRINT WDTOT 1WDSTOT 1WST 1WLVG 1WRT 1WSOA 1
TRANRF 1PTRAN 1TRAN 1SMT 1SMRTZ 1ATRAN 1RRAIN,VSMRTZ,
GPHOT 1GTW 1LAI 1TABASS 1 ...
DOYEM,DVS 1NSTRIN 1NSTREM 1WDSBS 1 ...
NSTRIN 1NSTOUT 1NSTREM 1 .. .
FAG 1FLV 1 FST 1FSOA 1FRT 1 .. .
DWSTR 1WDEMST 1WDGERM 1NSTR,NSTTOT

* 3.

Functions and Parameters for Sorghum (1) and Striga (2)

*
Section 1:
PARAM TOTAT
18.
PARAM NSOR
1.
PARAM WLVGI(1)
0.056
WLVGI(2:NS)
0.
PARAM WSTGI(1)
0.033
WSTGI(2:NS)
0.
PARAM WRTI(1)
WRTI (2 :NS)
0.022
0.
FUNCTION FLWTB
-300. I 0. I 1. I 0. I 2. I 0. 006 I 4. I 0. 0111 10. I 0. 022 I • • •
20.10.0391 30.10.022 1 40.10.011 1 50.,0.0061 60.,0. 1 365.,0.

* Section 2:
PARAM TMD(1)
PARAM TMDLV(1)
PARAM TMXD (1)
PARAM TMXLV ( 1)

10.;
10.;
47.;
47.;

TMD (2 :NS)
TMDLV(2:NS)
TMXD (2 :NS)
TMXLV(2 :NS)

10.
10.
47.
47.

*
Section 3:
PARAM LA0(1)
= 19.6
; LAO ( 2 : NS)
= 3.
PARAM AMAXM(1)
55.
; AMAXM(2:NS)= 20.
*PARAM AMAXS(1)
10.
; AMAXS(2:NS)= 5.
PARAM KDF (1)
0. 60
; KDF (2 :NS)
0. 69
PARAM KS(1)
1.0
; KS(2:NS)
1.0
FUNCTION EFFTB1
0.10.45 1 50.10.45
FUNCTION EFFTB2
0.10.45 1 50.10.45
FUNCTION REDFT1
12.10.511 18.10.711 24.10.91 30.11., ...
36.10.981 42.10.841 50.10.
FUNCTION REDFT2
10 • 11. 1
50 • 11•
FUNCTION AMDVS1
0.011.01 1.011.01 2.010.5, 2.510.01 3.010.0
FUNCTION AMDVS2
0.011.01 3000.11.0
FUNCTION REDMN1
0.11"1
50.11.
FUNCTION REDMN2
0.,1.,
50.11.
*
Section 4:
PARAM Q10

2.

REFTMP

25.

PARAM MAISBS
= 0.015
MAINLV(1) = INSW(NSTREM-1. 1 0.03*QM 1 MNINLV); MAINLV(2:NS)
PARAM MAINST(1) = 0.015 ; MAINST(2:NS) = 0.015
PARAM MAINSA(1) = 0.01 ; MAINSA(2:NS) = 0.01
MAINRT(1) = INSW(NSTREM-1. 1 0.015*QM 1 MNINRT); MAINRT(2:NS)
PARAM MNINRT
0.03
PARAM MNINLV = 0.06

*
Section 5:
FUNCTION FAGTB1
FUNCTION FRTTB1
FUNCTION FLVTB1

FUNCTION FSTTB1

FUNCTION FSOAT1

FUNCTION
FUNCTION
FUNCTION
FUNCTION
FUNCTION

FAGTB2
FRTTB2
FLVTB2
FSTTB2
FSOAT2

* Section 6:
PARAM ASRQLV(1)
PARAM ASRQST(1)
PARAM ASRQSA ( 1)
PARAM ASRQRT(1)
PARAM CRPF(1)
PARAM REDLM(1)
PARAM REDST(1)
FUNCTION RDRS01
FUNCTION RDRS02
FUNCTION RDRST1
FUNCTION RDRST2
CONVL= 0.947
*
Section 7:
LAICR
DRL(1)
PARAM SSA(1)
PARAM RGRL(1)
FUNCTION SLATB1
FUNCTION SLATB2

* Section 8:
PARAM HMAX (1)
PARAM HS(1)
PARAM HB(1)
PARAM AS(1)
PARAM BS(1)

0.03

0.005

0.5010.71 0.8510.81 ...

0.0010.51

0.2510.51

1.1011.1

3.011.0

0.0010.51
1.1010.001
0.0010.651

0.2510.51
0.2510.551

0.5010.351 0.8510.251 ...

0.9510.101
3 • 10 • 00

1.0010.051

1.0510.001

0.0010.351
0.9510.901

0.2510.451
1.0010.951

1.3510.051
0.0010.001

1.5010.001
0.9510.001

1.2010.651

1.3510.951

0.5010.651 0.8510.751 ...
1.0510.351 1.2010.351 ...
3 • 10 • 00
1.0010.001 1.0510.651 ...
1.5011.001 3.11.00

0 • 10 • 901
0 • 10.101
0 • 10 • 601
0 • 10,401
0 • 10 • 001
1.39
1.45
1.35
1.39
1.0
0.
0.20

0.5010.31

0.8510.21 ...

3.10.00
1.2010.001 ...

1.111. I 3. 11.
1.110. I 3 • 10 •
1.110.05
3.10.0
1.110.20
3 • 10.1
1.10.001 1.110.75
3 • 10 • 9

1.10 • 901
1,10.101
1.10.101
1,10 • 901

ASRQLV(2:NS)
1.56
ASRQST(2:NS)
1.51
ASRQSA(2:NS)
1.49
ASRQRT(2:NS)
1.44
CRPF(2:NS) = 1.2
REDLM(2:NS)= 0.
REDST(2:NS)=0.

0.10'1
0.10'1
0.10'1
0.10'1

3000.10.0
3000.10.0
1200.10'1 1210.10.01271
3000.10.0

3000.10.0127

4.

; DRL (2 :NS)
= 0.0
; SSA(2 :NS)
= 0.00010
; RGRL(2:NS)
= 0.01
0.0010.00351 0.3310.00351 1.010.00241 ...
1.5010.00171 2.5010.0017
0.0010.00231
3000.10.0023
-0.005
0.0002
0.009

2.4
0.007
67.
0.
0.

;

HMAX(2:NS)
0.75
HS(2:NS)
0.009
298.
HB(2:NS)
AS(2:NS)
0.
BS(2:NS)
= 0.

* Section 10:
INCON SMTI
0.; SMRTZI
154.
PARAM VSMFC
180.;
PARAM TCS
1.
PARAM THCKT
0.02
PARAM RTDMAX = 1.0
PARAM RTD(1)= 1.5
RTD(2:NS)=0.
PARAM VSMWP = 60.
FUNCTION RCAPT=1. I 0.

I

180. I 0.

I

181. I 1.

I

195. I 1.

I

196. I 0.

I

365. I 0.

FUNCTION IRRIT=1.,0., 365.,0.
FUNCTION PTB1 =-1.,0.9, 0.,0.9, 6.,0.5, 9.,0.3
FUNCTION PTB2 =-1.,0.75, 0.,0.75, 8.,0.11, 9.,0.03
FUNCTION REDFST=-0.01,0., 0.2,0.05, 0.25,0.275, 0.35,0.9, 1.,1., 1.1,1.
*
Section 12:
*Leaf area, SORGHUM 1985 in mixture, Low density
FUNCTION LAITB1 = 0.,0.,
365,.,0.

**Leaf area, STRIGA low density (NPL=1.)
FUNCTION LAITB2 = 0.,0.,
211.,0., 212.,1.5E-4 ,220.,8.8E-4, ...
230.,1.3E-2, 240.,0.12, 246.,0.82, 250.,0.87, 260.,0.94,
270.,0.98, 280.,1.0, 288.,1.0
**Transpiration, STRIGA
FUNCTION TRANTB = 0.0,0.0, 219.,6.9E-4, 225.,3.E-3, 230.,1.E-2,
237.,6.3E-2, 238.,0.1, 243.,0.4, 247.,0.8, 251.,1., 260.,1.2,
272.,1.4, 278.,1.2, 284.,1.1, 288.,1.1
**Assimilation withdrawal, STRIGA
FUNCTION TABAST = 0.,0., 183., 1.E-4, 190.,5.6E-3, 200.,4.3E-2,
210.,0.18, 220.,0.5, 228.,1.1, 230.,1.8, 240.,12.1, 244.,29.2,
248.,55.3, 250.,48., 253.,40., 260.,19., 264.,9.4, ...
270.,1.2, 277.,0.1, 278.,6.5E-2, 288.,0.0
END

...

...

************************ run 1
PARAM DOCS = 180.
*WEATHER IYEAR =1960
END
************************ run 2
*PARAM DOCS= 400.
END
************************ run x

STOP
*************************************************************
***** SUBROUTINES
*************************************************************
***** Calculates the initial weight of an individual striga for all classes
SUBROUTINE IDWST(WDGERM,ABFS,GF,NSTB,
IDWSTR)
IMPLICIT REAL (A-Z)
INTEGER NSTB,IS
REAL IDWSTR(NSTB)
SAVE

21

DO 21 IS=1,NSTB
IDWSTR(IS)= WDGERM * (EXP((ABFS*GF*REAL(IS-1))/
$
(ABFS*REAL(NSTB))))
CONTINUE
RETURN
END

***** Calcualtes the actual weigth of an individual Striga in all classes
SUBROUTINE DWSTRS(DELT,NSTB,NSTR,WDEMST,WDGERM,DWSTR,DVRSTR,
$
PUSH,IDWSTR,
DWSTRR)
IMPLICIT REAL (A-Z)
INTEGER NSTB,IS

REAL NSTR(NSTB) ,DWSTR(NSTB),DVRSTR 1 DWSTRR(NSTB) 1 DELT 1 PUSH
REAL IDWSTR(NSTB)
SAVE

22

DO 22 IS=1 1 NSTB
IF (PUSH.EQ.1.) THEN
DWSTRR(IS)= (-1.*(DWSTR(IS)-IDWSTR(IS))/DELT)
ELSE
DWSTRR(IS)= DWSTR(IS) * (EXP (DVRSTR*DELT)-1.)
END IF
CONTINUE
RETURN
END

***** Calculates the netto flow of Striga seedlings for all classes
SUBROUTINE RNST (NSTB 1 PUSH 1 DELT 1 NSTR 1 INFLST 1 RNSTR 1 FLSTR)
IMPLICIT REAL (A-Z)
INTEGER NSTB 1 IS 1 K
REAL PUSH 1 DELT 1 FLSTR(NSTB+1) 1 NSTR(NSTB) 1 RNSTR(NSTB)
SAVE
DO 22 IS=1 1 NSTB+1
IF (IS.EQ.1) THEN
FLSTR(IS)=INFLST
ELSE
FLSTR(IS)= (PUSH/DELT)*NSTR(IS-1)
END IF
22
CONTINUE

23

DO 23 K=1 1 NSTB
RNSTR(K)= FLSTR(K)-FLSTR(K+1)
CONTINUE
RETURN
END

***** Calculates the day of emergence of the first Striga seedling
SUBROUTINE DOYEMS (NSTREM 1 DYM,DOY 1 RDOYEM)
IMPLICIT REAL (A-Z)
SAVE
IF (NSTREM.GT.1 . . AND. DYM.EQ.1000.) THEN
RDOYEM= -1000.+DOY
ELSE
RDOYEM = 0.
END IF
RETURN
END

LAIM 1 YLV)
SUBROUTINE SUBTMP(NS 1 TS 1 TSLAM 1 WLVG 1 LAI 1 DRL 1 HU 1 DLAI 1
IMPLICIT REAL(A-Z)
INTEGER IS 1 NS 1 IMAX
PARAMETER (IMAX=20)
REAL TS(NS) I TSLAM(NS) I WLVG(NS) ILAI(NS) ILAIM(NS) IWLVGM(IMAX)
REAL DRL(NS) I HU(NS) I YLV(NS) ,DLAI(NS)
SAVE
DO 10 IS=1,NS
IF (TS(IS) .LT.TSLAM(IS)) WLVGM(IS) = WLVG(IS)
IF (TS(IS) .LT.TSLAM(IS)) LAIM(IS)
= LAI(IS)
IF (TS(IS) .GT.TSLAM(IS) .AND.WLVG(IS) .GT.O.) THEN
YLV(IS) = WLVG(IS) * DLAI(IS)/NOTNUL(LAI)
ELSE
YLV(IS) = 0.
ENDIF

*
*
*
*
*
*
10

CONTINUE
RETURN

END
SUBROUTINE SUBRHG(NS,WSTG,HGHT,NPL,AS,BS,HU,HMAX,HS,HB,TS,TRANRF,
DOY, DOYEM,SSLMAX,RHG)
IMPLICIT REAL(A-Z)
INTEGER NS, IS, IMAX
PARAMETER (IMAX=20)
REAL WSTG(NS),SSL(IMAX),HGHT(NS) ,NPL(NS),SSLMAX(NS) ,AS(NS)
REAL BS(NS), HU(NS) ,HMAX(NS) ,HS(NS),HB(NS), TS(NS)
REAL TRANRF(NS) ,DOYEM(NS) I
RHG(NS)
SAVE

$

DO 20 IS=1,NS
RHG(IS) = 0.
IF(DOY.GE.DOYEM(IS) .AND. (NPL(IS) .GT.O.)) THEN
IF(WSTG(IS) .GT.O.) THEN
SSL(IS)
HGHT(IS)/((WSTG(IS)/10.)/NPL(IS))
ELSE
SSL(IS)
0.
END IF
SSLMAX(IS) = EXP(AS(IS) * HGHT(IS) + BS(IS))
IF( (SSL(IS) .LT.SSLMAX(IS) .OR.SSLMAX(IS) .EQ.l.)
.AND. (NPL(IS) .GT.O.)) THEN
RHG(IS) = HU(IS)*HMAX(IS)*HS(IS)*HB(IS)*
$
EXP(-HS(IS)*TS(IS))/
$
(1.+HB(IS)*EXP(-HS(IS)*TS(IS)))**2*
$
TRANRF(IS)
ELSE
RHG(IS)
0.
END IF
END IF
20 CONTINUE
RETURN
END

$

$
$

SUBROUTINE GLA(NS,SWILAI,DOY,DOYEM,SLA, GLV,LAID,LAIY,LAI,
LAITOT, RGRL, HULV, TS, TSLAM, LAO, NPL,
LAIM,
HU, DRL,
GLAI)
IMPLICIT REAL(A-Z)
INTEGER NS, IS, IRUNL
REAL LAID(NS),LAIY(NS),GLV(NS) ,SLA(NS), LAI(NS) ,RGRL(NS)
REAL TS(NS) ,TSLAM(NS),DOYEM(NS),LAO(NS) ,NPL(NS), HULV(NS)
REAL HU(NS), DRL(NS) I LAIM(NS) I GLAI(NS) ,LAITOT
SAVE
IRUNL = SWILAI

IF (IRUNL.EQ.1) THEN
DO 10 IS=1,NS
GLAI(IS)

*

*

*
*

=

0.

IF(DOY.GE.DOYEM(IS)) THEN
IF (IRUNL.EQ.1) THEN
GLAI(IS)=SLA(IS)*GLV(IS)
IF (LAI(IS) .LT.0.75.AND.TS(IS) .LT.BOO.) THEN
GLAI(IS) = LAI(IS) * ( EXP(RGRL(IS) * HULV(IS))

$

IF (DOY.EQ.DOYEM(IS))
GLAI(IS)=LAO(IS)*NPL(IS)*1.E-4
END IF
IF (TS(IS) .GT.TSLAM(IS) .AND.LAI(IS) .GT.O.)

-1.)

END IF
CONTINUE

10
*
*
*
*
*
*
*

*

ELSE
DO 11 IS=1
IF (LAI(1) .LT.0.75.AND.TS(1) .LT.800.) THEN
GLAI(1) = LAI(1) * ( EXP(RGRL(1) * HULV(1)) -1.)
ELSE
GLAI(1)=SLA(1)*GLV(1)
ENDIF
CONTINUE

11

DO 12 IS=2,NSTB
GLAI(2)=LAID(2)-LAIY(2)
CONTINUE

*
*

*

GLAI(IS)=LAIM(IS)*DRL(IS)*HU(IS)

$

*

12

ENDIF
RETURN
END
*======================================================================*
*======================================================================*

*

*
*
*
*
*
*
*
*

SUBROUTINE LEAFPA
Date
March 1992
Version: 1.0
Purpose: This subroutine assumes a parabolic leaf area distributioni
height (HGHT), a point X and total leaf area index
(LAI) are inputi leaf area index of the canopy above
point X (LAIC) and the leaf area density (LD) at point X
are calculated.

*

*
*

*
*
*
*
*
*
*

*
*

*

* FORMAL PARAMETERS: (I=input, O=output, C=control, IN=init, T=time)
*
* name
type description
units class *

*

*
*
*
*
*
*
*

HGHT
X
LAI
LAIC
LD

R4
R4
R4
R4
R4

total height of a species in the canopy
selected height at point X
total leaf area index
total leaf area index above point X
leaf area density at point X

em
em
ha/ha
ha/ha
m2/m3

I
I
I

*

*
*
*
0
*
0
*
*
FATAL ERROR CHECKS (execution terminated, message) :
*
* X < 0.
*
* HGHT < 0.
*
*
*
* SUBROUTINES and FUNCTIONS called: ERROR
*
*
*
* FILE usage: none
*
*
*
*======================================================================*
*======================================================================*
SUBROUTINE LEAFPA (HGHT,X,LAI,
&
LAIC,LD)
IMPLICIT REAL (A-Z)
SAVE
IF (X .LT. 0 . . OR. HGHT .LT. 0.)
&
CALL ERROR ('LEAFPA', 'ERROR IN LEAFPA,
&
NEGATIVE X OR HEIGHT')
IF (X .LE. HGHT .AND. HGHT .GT. 0.) THEN
LAIC
LAI- ((LAI/HGHT**3) * X**2 * (3*HGHT- 2*X))
LD
= (LAI*6./HGHT**3) *X * (HGHT - X)
ELSE

LAIC
LD
END IF

0.
0.

RETURN
END
*======================================================================*
*======================================================================*

*

*
*
*
*
*
*
*
*

SUBROUTINE LEAFRE
Date
March 1992
Version: 1.0
Purpose: This subroutine assumes a rectangular leaf area
distribution; height (HGHT), a point X and total leaf area
index (LAI) are input; leaf area index of the canopy above
point X (LAIC) and the leaf area density (LD) at point X
are calculated.

*
*
*
*
*
*
*
*
*

*

*

*

*

* FORMAL PARAMETERS: (!=input, O=output, C=control, IN=init, T=time)
*
units class *
* name
type description

*

R4
R4
R4
R4
R4

total height of a species in the canopy
selected height at point X
total leaf area index
total leaf area index above point X
leaf area density at point X

em
em
ha/ha
ha/ha
m2/m3

I
I
I

*

*
*
* X
*
* LAI
0
*
* LAIC
0
*
* LD
*
*
* FATAL ERROR CHECKS (execution terminated, message)
*
*
* X < 0.
* HGHT < 0.
*
*
*
* SUBROUTINES and FUNCTIONS called: ERROR
*
*
*
* FILE usage: none
*
*
*
*======================================================================*
*======================================================================*
* HGHT

SUBROUTINE LEAFRE (HGHT,X,LAI,
&
LAIC,LD)
IMPLICIT REAL (A-Z)
SAVE
IF (X .LT. 0 . . OR. HGHT .LT. 0.)
&
CALL ERROR ('LEAFRE', 'ERROR IN LEAFRE,
&
NEGATIVE X OR HEIGHT')
IF (X .LE. HGHT .AND. HGHT .GT. 0.) THEN
LAIC
LAI * (HGHT - X)/HGHT
LD
LAI/HGHT
ELSE
LAIC
0.
LD
0.
END IF
RETURN
END
*======================================================================*
*======================================================================*

*

*
*
*
*

*

SUBROUTINE ASTRO
*
Date
March 1992
*
Version: 1. 0
*
Purpose: This subroutine computes daylength (DAYL) and photoperiodic *

daylength (DAYLP) from daynurnber and latitude.

*
*
*

*
*

*

* FORMAL PARAMETERS: (I=input, O=output, C=control, IN=init, T=time)
*
type description
units class *
* name

*

* DAY

R4
R4
R4
R4
R4

daynurnber since 1 January
latitude of weather station
daylength
photoperiodic daylength
intermediate variable in calculating
day length
intermediate variable in calculating
day length

T,I
degrees
I
T,O
h/d
T,O
h/d
I

*

*
* LAT
*
* DAYL
*
* DAYLP
*
* SINLD
*
*
*
* COSLD
R4
I
*
*
*
*
*
* FATAL ERROR CHECKS (execution terminated, message) : none
*
*
*
* SUBROUTINES and FUNCTIONS called: none
*
*
*
* FILE usage: none
*
*
*
*======================================================================*
*======================================================================*
SUBROUTINE ASTRO (DAY ,LAT,
&
DAYL,DAYLP,SINLD,COSLD)
IMPLICIT REAL (A-Z)
SAVE
*---- Conversion factor from degrees to radians
PARAMETER (PI =3.1415926)
PARAMETER (RAD=0.017453292)
*---- Declination of the sun as function of daynurnber (DAY)
DEC

= -ASIN(SIN(23.4S*RAD)*COS(2.*PI*(DAY+10.)/365.))

*---- SINLD, COSLD and AOB are intermediate variables
SINLD
COSLD
AOB

SIN(RAD*LAT)*SIN(DEC)
COS(RAD*LAT)*COS(DEC)
SINLD/COSLD

*---- Daylength (DAYL) and photoperiodic daylength (DAYLP)
DAYL
DAYLP

12.0*(1.+2.*ASIN(AOB)/PI)
12.0*(1.+2.*ASIN((-SIN(-4.*RAD)+SINLD)/COSLD)/PI)

RETURN
END

*======================================================================*
*======================================================================*

*

*
*
*
*
*
*
*
*

*

*

SUBROUTINE TOTASS
Date
March 1992
Version: 1.0
Purpose: This subroutine calculates daily total gross assimilation
(DTGA) by performing a Gaussian integration over time. At
three different times of the day, radiation is computed and
used to determine assimilation whereafter integration
takes place.

*
*

*
*
*
*
*
*
*

*

*

* FORMAL PARAMETERS: (!=input, O=output, C=control, IN=init, T=time)
*
type description
units class *
* name

*

* DAY
* DAYL
* KDF
* KS
* AMAX

*

* AMAXS

*

LA!

* SA!
* AVRAD
* SINLD

*

* COSLD

*

R4
R4

* EFF

*
*

R4
R4
R4
R4
R4

*
*
*
*

INS
HGHT
ATMTR
FRABS

*
*

FRD

* DTGA

R4
R4
R4
R4
R4
!4
R4
R4
R4
R4
R4

*

daynumber since 1 January
d
T,I *
daylength
h/d
T,I *
extinction coefficient for leaves
I
*
extinction coefficient for stems
I
*
actual maximum C02-assimilation rate for
kg/ha/h
I
*
individual leaves
*
kg/ha/h
actual maximum C02-assimilation rate for
I
*
individual stems
*
initial light use efficiency for
kg/ha/h/J m2 s IN *
leaves
*
leaf area index
ha/ha
I
*
stem area index
m2/m2
I
*
I
daily incoming total global radiation
J/m2/d
*
intermediate variable in calculating
I
*
day length
*
intermediate variable in calculating
I
*
daylength
*
number of species
I
*
total height of a species in the canopy
em
I
*
I
atmospheric transmission coefficient
*
fraction absorbed incoming global radiation
I
*
I
fraction global radiation used for drying
*
power in penman evaporation
*
daily total gross C02-assimilation
kg/ha/h
0
*

*

* FATAL ERROR CHECKS (execution terminated, message) : none

*

* SUBROUTINES and FUNCTIONS called: RADIAT, ASSIMC

*

* FILE usage: none

*

*

*

*
*

*
*
*

*======================================================================*
*======================================================================*
SUBROUTINE TOTASS (DAY,DAYL,KDF,KS,AMAX,EFF,
LAI,SAI,AVRAD,SINLD,COSLD,INS,HGHT,
ATMTR,FRABS,FRD,DTGA,FGROS,FGL)

&
&

IMPLICIT REAL (A-Z)
INTEGER I,INS,K,INGP,IMAX
PARAMETER (PI =3.1415926, INGP=3, IMAX=20)
REAL XGAUSS(INGP) I WGAUSS(INGP)
REAL DTGA(INS),FGROS(IMAX) ,FRABS(INS),KDF(INS) ,AMAX(INS) I
LAI(INS) ,EFF(INS),HGHT(INS),DRABS(IMAX) ,RADABS(IMAX)
&
REAL KS(INS),SAI(INS),
FGL (INS)
&
SAVE
DATA WGAUSS /0.2778, 0.4444, 0.2778/
DATA XGAUSS /0.1127, 0.5000, 0.8873/
*---- Assimilation set to zero and three different times of
*
the day (HOUR)

10

DO 10 K=1, INS
DTGA(K)
0.
DRABS(K}
0.
CONTINUE
DO 30 I
HOUR

1,INGP
12.0 + DAYL * 0.5 * XGAUSS(I)

*------- At the specified HOUR, radiation is computed and used
*
to compute assimilation

&

CALL RADIAT (HOUR,DAY,DAYL,SINLD,COSLD,AVRAD,
ATMTR,SINB,PARDIR,PARDIF)
RADDIF
RADDIR

&
&

2. * PARDIF
2. * PARDIR

CALL ASSIMC (AMAX,INS,HGHT,EFF,KDF,KS,
LAI,SAI,SINB,RADDIR,RADDIF,
FGROS,RADABS,FGL)

*------- Integration of assimilation rate to a daily total (DTGA)
DO 20 K=1,INS
DTGA(K)
DTGA(K) + FGROS(K)
* WGAUSS(I)
DRABS (K)
DRABS(K)+ RADABS(K) * WGAUSS(I)
CONTINUE

20
30

40

CONTINUE
LAITOT = 0.
TDRABS = 0.
DO 40 K=1,INS
DTGA(K)
DRABS (K)
TDRABS
LAITOT
CONTINUE

45

DO 45 K=1,INS
IF (TDRABS.GT.O.) THEN
FRABS(K)
(DRABS(K)/TDRABS)*(1.-EXP(-0.5*LAITOT))
ELSE
FRABS(K)
0.
END IF
CONTINUE

DTGA(K)
DRABS(K)
TDRABS +
LAITOT +

* DAYL
* DAYL * 3600.
DRABS(K)
LAI (K)

FRD = EXP(-0.5*LAITOT)
RETURN
END
*======================================================================*
*======================================================================*

*

*
*
*
*
*
*

*

SUBROUTINE RADIAT
Date
March 1992
Version: 1.0
Purpose: This subroutine computes diffuse and direct amount of
photosynthetically active radiation from average global
radiation (AVRAD), day of the year and hour of the day.

*
*
*
*
*
*

*

*

*

*

* FORMAL PARAMETERS: (I=input, O=output, C=control, IN=init, T=time)
*
* name
type description
units class *

*

*
*
*
*
*
*
*
*
*
*
*
*
*

HOUR

R4

DAY
DAYL
SINLD
COSLD
AVRAD
ATMTR
SINB
PARDIR
PARD IF

R4
R4
R4
R4
R4
R4
R4
R4
R4

selected hour at which C02 assimilation
is calculated
daynumber since 1 January
day length
intermediate variable
intermediate variable
daily incoming total global radiation
atmospheric transmission coefficient
sine of solar elevation
instantaneous flux of direct PAR
instantaneous flux-of diffuse PAR

FATAL ERROR CHECKS (execution terminated, message): none

h

T,I

d
h/d

T,I
T,I
I

J/m2/d
J/m2/s
J/m2/s

I
I
I
I
0
0

*

*
*
*
*
*
*
*
*
*
*
*
*
*

*

* SUBROUTINES and FUNCTIONS called: none

*

* FILE usage: none

*

*
*
*
*
*

*======================================================================*
*======================================================================*
SUBROUTINE RADIAT (HOUR 1 DAY 1 DAYL 1 SINLD 1 COSLD 1 AVRAD 1
&
ATMTR 1 SINB 1 PARDIR 1 PARDIF)
IMPLICIT REAL (A-Z)
PARAMETER (PI=3.1415926)
SAVE
*---- Sine of solar elevation (SINB)
integral of SINB (DSINB)
and integral of SINB with correction for lower atmospheric
*
*
transmission at low solar elevations (DSINBE)
1

AOB
SINB
DSINB
DSINBE=
&
&

SINLD/COSLD
AMAX1(0. 1 SINLD+COSLD*COS(2.*PI*(HOUR+12.)/24.))
3600.*(DAYL*SINLD+24.*COSLD*SQRT(1.-AOB*AOB)/PI)
3600.*(DAYL*(SINLD+0.4*
(SINLD*SINLD+COSLD*COSLD*0.5))+12.0*COSLD*
(2.0+3.0*0.4*SINLD)*SQRT(1.-AOB*AOB)/PI)

*---- Solar constant (SC) and daily extraterrestrial
*
radiation (ANGOT)

sc
ANGOT

1370.*(1.+0.033*COS(2.*PI*DAY/365.))
SC * DSINB

*---- Diffuse light fraction (FRDIF) from atmospheric
*
transmission (ATMTR)
ATMTR = AVRAD/ANGOT
IF (ATMTR.GT.0.75) FRDIF = 0.23
IF (ATMTR.LE.0.75.AND.ATMTR.GT.0.35)
&
FRDIF = 1.33-1.46*ATMTR
IF (ATMTR.LE.0.35.AND.ATMTR.GT.0.07)
&
FRDIF
1.-2.3*(ATMTR-0.07)**2
IF (ATMTR.LE.0.07) FRDIF = 1.
*---- Diffuse PAR (PARDIF) and direct PAR (PARDIR)
PAR
PARD IF
PARDIR

O.S*AVRAD*SINB*(1.+0.4*SINB)/DSINBE
AMIN1(PAR 1 SINB*FRDIF*ATMTR*O.S*SC)
PAR-PARDIF

RETURN
END
*======================================================================*
*======================================================================*

*

*
*
*
*
*
*
*
*
*
*

*
*

SUBROUTINE ASSIMC
Date
March 1992
Version: 1. 0
Purpose: This subroutine (for two or more species in competition)
performs a Gaussian integration over the depth of the
canopy for each species; selects five different points
(m above soil) and computes the leaf area index above each
point (LAIC) 1 and the leaf area density (LD) and local
assimilation rate at each point. The integrated variables
are FGROS and RADABS .

*

*
*
*
*
*
*
*
*
*
*

*
*

* FORMAL PARAMETERS: (I=input, O=output, C=control, IN=init, T=time)
*
type description
units class *
* name

*

* AMAX

R4

*

* AMAXS

*

* INS
* HGHT
* EFF

R4
I4
R4
R4

*

* KDF
* KS
* LAI
* SAI
* SINB
* RADDIR
* RADDIF
* FGROS
* RADABS

R4
R4
R4
R4
R4
R4
R4
R4
R4

actual maximum C02-assimilation rate
kg/ha/h
I
for individual leaves
actual maximum C02-assimilation rate
kg/ha/h
I
for individual stems
number of species
I
total height of a species in the canopy
em
I
initial light use efficiency for
kg/ha/h/J m2 s IN
leaves
extinction coefficient for leaves
I
I
extinction coefficient for stems
I
leaf area index
ha/ha
stem area index
m2/m2
I
sine of solar elevation
I
m2/m2
incoming global direct radiation
I
J/m/s
I
incoming global diffuse radiation
J/m/s
canopy assimilation
kg/ha/h
0
absorbed radiation by species in canopy
J/m/s
0

*

* FATAL ERROR CHECKS (execution terminated, message) : none

*

* SUBROUTINES and FUNCTIONS called: LEAFPA

*

* FILE usage: none

*

*
*

*

*
*
*
*
*
*

*

*

*

*

*

*
*
*
*
*
*
*
*
*
*
*

*======================================================================*
*======================================================================*

&
&

SUBROUTINE ASSIMC (AMAX,INS,HGHT,EFF,KDF,KS,
LAI,SAI,SINB,RADDIR,RADDIF,
FGROS,RADABS,FGL )

IMPLICIT REAL (A-Z)
INTEGER I,INS,IMAX,K,IG1,IG2,IGP1,IGP2

*

PARAMETER (SCV=0.2, IMAX=20)
PARAMETER (IGP1=5,
IGP2=3)
REAL XGAUS1(IGP1) ,WGAUS1(IGP1)
REAL HGHT (IMAX) I
EFF (INS)
REAL AMAX(INS)
REAL LAI (INS) I
SAI (INS)
REAL KDF (INS) I
KS(INS)
REAL FGROS (INS) I
RADABS (INS)
REAL FGL(IMAX) I
AFT(IMAX)
REAL LAIC (IMAX) I
SAIC (IMAX)
REAL LD(IMAX) I
SD (IMAX)
REAL KDFV (IMAX)
REAL KDRBLV(IMAX)
REAL KDRTV ( IMAX)
REAL FGRSH ( IMAX)
REAL FGRSUN ( IMAX)
REAL FGRS ( IMAX) I
VIS SUN ( IMAX)
REAL AFVV ( IMAX) I
AFVT ( IMAX) I
REAL AFVVS (IMAX) I AFVTS (IMAX)
REAL ABSNL ( IMAX) , ABSNS ( IMAX)

I

XGAUS2(IGP2)

I

AFVSHD ( IMAX)
AFVD ( IMAX) I
AFVDS ( IMAX)

I

WGAUS2(IGP2)

SAVE
DATA
DATA
&
DATA
DATA

XGAUS1 /0.0469101,0.2307534,0.5,0.7692465,0.9530899/
WGAUS1 /0.1184635,0.2393144,0.2844444,
0.2393144,0.1184635/
XGAUS2 /0.1127, 0.5000, 0.8873/
WGAUS2 /0.2778, 0.4444, 0.2778/

PARD IF
PARDIR

0.5 * RADDIF
0.5 * RADDIR

*---- Reflection coefficients of canopy for horizontal (REFVH) and
*
spherical (REFVS) leaves
REFVH
(1.-SQRT(1.-SCV))/(1.+SQRT(1.-SCV))
REFVS = REFVH*2./(1.+1.6*SINB)
*---- Extinction coefficients for direct component of direct flux
*
(KDIRBL), total direct flux (KDIRT), and diffuse flux (KDIF)
for each species; canopy assimilation is set to zero
*
DO 10 K = 1,INS
*--

Leaves
KDFV ( K)
KDF ( K)
KDRBLV(K)= (0.5/SINB)*KDFV(K)/(0.8*SQRT(1.-SCV))
KDRTV(K)
KDRBLV(K)*SQRT(1.-SCV)

*-*
*
*

Stems
KDFSV(K)
KS(K)
KDRBSV(K)= (0.5/SINB)*KDFSV(K)/(0.8*SQRT(1.-SCV))
KDRTSV(K)= KDRBSV(K)*SQRT(1.-SCV)
FGROS(K) = 0.
RADABS (K) = 0.

10

CONTINUE

*---*
*
*

Height (m) within canopy is selected; leaf area index
(LAIC, m2/m2) above each Gaussian point and leaf area
density (LD, m2/m3) at each point are calculated in
subroutine LEAFPA (or LEAFRE)
DO 100 K =1,INS
DO 50 IG1=1,IGP1
XGAUS1 (IG1) * HGHT(K)
X
EXSDFV
o.
EXSTV
0.
EXDV
0.
DO 20 I=1,INS
CALL LEAFPA(HGHT(I) ,X,LAI(I),LAIC(I),LD(I))
CALL LEAFPA(HGHT(I) ,X,SAI(I) ,SAIC(I),SD(I))

*---- Exponents for light distribution functions: sum of leaf
*
area indices above point X weighted by the extinction
*
coefficients for each species
EXSDFV
EXSTV
EXDV
20

EXSDFV + KDFV(I)
* LAIC(I)
EXSTV + KDRTV(I)
* LAIC(I)
EXDV
+ KDRBLV(I) * LAIC(I)

CONTINUE

*---- Absorbed fluxes (J/m2 leaf/s) per species at specified
*
height in the canopy: diffuse flux, total direct flux,
*
direct component of direct flux

*--

*-*
*

*

Leaves
AFVV (K)
AFVT (K}
AFVD(K}
Stems
AFVVS (K)
AFVTS (K)
AFVDS (K)

(1.-REFVH)*PARDIF*KDFV(K}
*EXP(-EXSDFV}
(1.-REFVS)*PARDIR*KDRTV(K} *EXP(-EXSTV}
(1.-SCV}
*PARDIR*KDRBLV(K}*EXP(-EXDV}

(1.-REFVH)*PARDIF*KDFSV(K) *EXP(-EXSDFV)
(1.-REFVS}*PARDIR*KDRTSV(K)*EXP(-EXSTV}
(1.-SCV}
*PARDIR*KDRBSV(K)*EXP(-EXDV}

*---- Total absorbed diffuse flux (J/m2 leaf/s) and rate of
*
photosynthesis (kg/ha/h)
*--

Shaded leaves
AFVSHD(K)= AFVV(K)+AFVT(K)-AFVD(K)
FGRSH(K) = AMAX(K)*(1.-EXP(-AFVSHD(K)*EFF(K)/NOTNUL(AMAX(K))))

*-*

Shaded stems
AFVSHS(K) = AFVVS(K)+AFVTS(K)-AFVDS(K)

*
*
*
*
*

IF (AMAXS(K) .GT.O.) THEN
FGRSHS(K) = AMAXS(K)*(1.-EXP(-AFVSHS(K)*EFF(K)/AMAXS(K)))
ELSE
FGRSHS(K) = 0.
ENDIF

*---*
*
*

Direct flux absorbed by sunlit leaves perpendicular to the
direct beam (VISPP) ; instantaneous assimilation of sunlit
leaf area (FGRSUN) integrated over the sine of incidence of
direct light, assuming a spherical leaf angle distribution

*--

Leaves
AFVPP = (1.-SCV)*PARDIR/SINB

30

*--

*

*

*
*
*
*
*
*
*31

*
*

*

FGRSUN(K}
0.
ABSNL(K)
0.
DO 30 IG2
1,IGP2
VISSUN(K) = AFVSHD(K) + AFVPP
* XGAUS2(IG2)
FGRS(K) = ~ffiX(K)*(1.-EXP(-VISSUN(K}*EFF(K)/NOTNUL(AMAX(K))))
FGRSUN(K)
FGRSUN(K) + FGRS(K)
* WGAUS2(IG2)
ABSNL(K) = ABSNL(K) + VISSUN(K) * WGAUS2(IG2)
CONTINUE
Stems
FGRSUS(K)
ABSNS (K)

0.
0.

IF (AMAXS(K) .GT.O.) THEN
DO 31 IG2 = 1,IGP2
VISSUN(K) = AFVSHS(K) + AFVPP
* XGAUS2(IG2)
FGRS(K} = AMAXS(K)*(1.-EXP(-VISSUN(K)*EFF(K)/NOTNUL(AMAXS(K))))
FGRSUS(K)
FGRSUS(K) + FGRS(K)
* WGAUS2(IG2)
ABSNS(K) = ABSNS(K) + VISSUN(K) * WGAUS2(IG2)
CONTINUE
ELSE
FGRSUS(K)
0.
ENDIF

*---- Fraction sunlit leaf area (FSLLA) and local
*
assimilation rate (FGL, kg C02/ha leaf/h)
FSLLAV
EXP(-EXDV)
FGL(K)
(FSLLAV*FGRSUN(K}+(1.-FSLLAV)*FGRSH(K)) *LD(K)
&
+(FSLLAV*FGRSUS(K)+(1.-FSLLAV)*FGRSHS(K))*SD(K)
*
*---- Integration of local assimilation rate to canopy
*
assimilation (FGROS)
FGROS(K) = FGROS(K) + FGL(K} * WGAUS1(IG1) * HGHT(K)
AFT(K)

*

50
100

&

(FSLLAV*ABSNL(K)+(1.-FSLLAV)*AFVSHD(K)}*LD(K)
+(FSLLAV*ABSNS(K)+(1.-FSLLAV)*AFVSHS(K))*SD(K)

RADABS(K)

=

CONTINUE
CONTINUE
RETURN
END

RADABS(K) + AFT(K) * WGAUS1(IG1) * HGHT(K)

*======================================================================*
*======================================================================*

*

*

*
*
*
*
*
*
*
*
*
*

SUBROUTINE PENMAN
*
Date
March 1992
*
Version: 1. 0
*
Purpose: This subroutine calculates potential evapo(transpi)ration
*
from a free water surface (EO), a bare soil surface (ESO), *
and a crop (ETO) in em/d. Input requirements are: daynumber,*
latitude, elevation in m, the coefficients a and b from the *
Angstrom formula, minimum and maximum temperature in degrees*
Celsius, daily total incoming radiation in J/m2, average
*
daily wind speed in m/s and vapour pressure in mbar.
*

*
*

*

*

*

*

* FORMAL PARAMETERS: (!=input, O=output, C=control, IN=init, T=time)
*
* name
type description
units class *

degrees Celsius I *
R4 daily minimum air temperature
* TMN
degrees Celsius I *
R4 daily maximum air temperature
* TMX
I *
R4 daily incoming total global radiation
J/m2/d
* AVRAD
I *
R4 atmospheric transmission coefficient
* ATMTR
I *
* WIND
R4 daily average wind speed
m/s
mbar
I *
* VAPOUR R4 average vapour pressure
R4 Penman evaporation of a free water surface
mm/d
0
* EO
*
* ESO
R4 Penman evaporation of a bare soil
mm/d
0
*
R4 Penman evaporation of a crop stand
mm/d
0
* ETO
*
*
*
*
* FATAL ERROR CHECKS (execution terminated, message): none
*
*
* SUBROUTINES and FUNCTIONS called: ERROR
*
*
*
*
* FILE usage: none
*
*
*======================================================================*
*======================================================================*
SUBROUTINE PENMAN (TMN,TMX,AVRAD,ATMTR,WIND,VAPOUR,
&
EO,ESO,ETO)
IMPLICIT REAL (A-Z)
SAVE
*----Albedo, reflection-coefficient, for water surface (REFCFW),
*
soil surface (REFCFS) and canopy (REFCFC) .
*
PAR: reflection=.10, transmission=.10, absorption=.80
*
NIR: reflection=.40, transmission=.40, absorption=.20
*
AVRAD consists of 50% PAR and 50% NIR, so
*
REFCFC = (.10 + .40)/2 = .25
DATA REFCFW /0.05/
DATA REFCFS /0.15/
DATA REFCFC /0.25/
*---- Latent heat of evaporation of water (J/kg=J/mm) and
*
Stefan-Boltzmann constant (J/m2/d/K), psychrometric
*
instrument constant (K-1)
DATA LHVAP /2.45E6/
DATA STBC /4.9E-3/
DATA PSYCON/0.000662/
DATA A /0.18/, B /0.55/
*---- Mean daily temperature and temperature difference (Celsius)
TMPA
(TMN+TMX)/2.
TDIF = TMX-TMN

*---- Coefficient Bu in wind function, dependent on
temperature difference
*
BU = 0.54+0.35*LIMIT(0.,1., (TDIF-12.)/4.)

*----

*

Barometric pressure (rnbar) , psychrometric constant (rnbar/K)
GAMMA is dependent on sea level (ELEV) .
PBAR
1013.
GAMMA = PSYCON*PBAR

*---*

Saturated vapour pressure according to equation
of Goudriaan (1977)
SVPA = 6.11*EXP(17.4*TMPA/(TMPA+239.))
IF (VAPOUR.GT.SVPA*1.1) CALL ERROR ('PENMAN',
'Actual vapour pressure greater than saturated')

&

*---- Derivative of SVPA with respect to temperature, i.e. slope
of the SVPA-temperature curve (rnbar/K)
*
DELTA= 239.*17.4*SVPA/(TMPA+239.)**2
*---*
*
*
*
*
*
*

The expression n/N (RELSSD) from the Penman formula is
estimated from the Angstrom formula: RI=RA(A+B.n/N) ->
n/N=(RI/RA-A)/B, where RI=AVRAD (daily total global
radiation) and RA=ANGOT (total daily radiation with
a clear sky, the Angot radiation), n =hours of sunshine,
N = daylength in hours. A= 0.25, B = 0.75 according to
de Wit et al., 1978, these values are general estimates;
for the UK, 52 NL: A=0.18 and B=O.SS
RELSSD =LIMIT (0.,1., (ATMTR-A)/B)

*---- Terms of the Penman formula, for water surface, soil
surface and canopy; net outgoing long-wave radiation
*
(J/m2/d) according to Brunt (1932)
*
RB
STBC*(TMPA+273.)**4*(0.56-0.079*SQRT(VAPOUR))*
&
(0.1+0.9*RELSSD)
*---- Net absorbed radiation, expressed in mm/d
RNW
(AVRAD*(1.-REFCFW)-RB)/LHVAP
RNS
(AVRAD*(1.-REFCFS)-RB)/LHVAP
RNC
(AVRAD*(1.-REFCFC)-RB)/LHVAP
*---- Evaporative demand of the atmosphere (mm/d)
EA
0.26*(SVPA-VAPOUR)*(0.5+BU*WIND)
EAC = 0.26*(SVPA-VAPOUR)*(1.0+BU*WIND)
*---- Penman formula (1948), and conversion to mm/d.
EO
(DELTA*RNW+GAMMA*EA)/(DELTA+GAMMA)
ESO
(DELTA*RNS+GAMMA*EA)/(DELTA+GAMMA)
ETO
(DELTA*RNC+GAMMA*EAC)/(DELTA+GAMMA)
RETURN
END

Appendix III Experimental design

2 Sorghum-varieties (CK60 en Tiemarifing)
2 Striga-levels (infected or not)
4 replicates per treatment
5 harvests
96 pots in total.

All pots were divided over two phytotrons (eel nr. 6 and 7); so there were 48 pots in each
phytotron. In both phototrons, the pots were divided in 2 blocks of 24 pots. The
treatments were randomized within this 24 pots.
Codes:
Block:
I- IV
Striga:
+andSorghum:
CK and Tie
Harvest:
1-6

eel
nr. 6
Block I
1 I Tie+2
4 I Tie+3
7 I Ck-5
10 I Tie-5
13 I Ck+5
16 I Tie-4
19 I Tie-6
22 I Ck+1

2 I Tie-2
5 I Ck-6
8 I Tie+4
11 I Ck-2
14 I Tie+1
17 I Tie+5
20 I Tie-3
23 I Tie-1

3 I Ck-3
6 I Ck+2
9 I Ck-4
12 I Ck-1
15 I Ck+4
18 I Ck+3
21 I Ck+6
241 Tie+6

Block II
25 Ck+6
28 Ck-1
31 Tie-1
34 Ck+2
37 Ck+3
40 Tie-6
43 Ck-2
4611 Ck-6

26
29
32
35
38
41
44
47

Tie+4
Tie-4
Tie+6
Ck+5
Ck+4
Tie+1
Tie+3
Ck-3

27
30
33
36
39
42
45
48

Tie-2
Tie-5
Tie+5
Ck+1
Ck-5
Tie+2
Ck-4
Tie-3

door
Cel
nr.7
Block Ill
49111 Tie+5
52 Ill Ck-5
55 Ill Tie -1
58 Ill Ck-3
61 Ill Tie-2
64111 Tie+2
67111 Tie+3
70 Ill Ck+3

50 Ill Ck-2
53 Ill Ck+1
56111 Tie+6
59111 Tie-5
62 Ill Tie-6
65 Ill Ck-1
68111 Ck+6
71 Ill Ck+4

51 Ill Tie+1
54 Ill Ck-4
57111 Ck-6
60 Ill Tie-4
63111 Ck+5
66111 Ck+2
69111 Tie+4
72111 Tie-3

Block IV
731V Tie-1
761V Ck-6
791V Ck-4
821V Ck+4
851V Ck+3
881VTie-4
91 IVTie+5
941VTie+6

741VTie+2
771V Tie+1
80 IV Ck+1
831V Tie-5
86 IV Tie-2
891V Ck+2
921V Ck+5
951V Ck-3

751V Ck+6
781V Tie+3
81 IV Tie+4
841VTie-3
871V Ck-5
90 IV Ck-2
931V Tie-6
96 IV Ck-1

door

