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INTRODUCTION 

Blast disease, caused by the Ascomycete Magnaporthe gnsea (anamorph 
Pyn·culana gnsea) (Rossman eta/., 1990), is generally considered the principal 
fungal disease of rice ( Oryza sativa), because of its wide distribution and its 
destructiveness under favorable conditions (Ou, 1985 ). Rice is most susceptible 
to P. gnsea in the seedbed. and during the tillering and heading stages of the 
crop (Anderson eta/., 1947). During early growth stages lesions are mainly 
formed on leaves, whereas after heading the pathogen infects the panicle or the 
neck node. Accordingly, the rice blast pathosystem is divided into two major 
subsystems: the leaf and the panicle blast pathosystems (T eng eta/. . 1991). Lesion 
formation on leaves is followed by premature leaf senescence of infected leaf 
tissue, especially in case of heavy infections. The highest fraction of leaf area 
covered by lesions is usually reached around maximum tillering. followed by 
a gradual decline in disease severity. This gradual decline has been attributed 
to adult plant resistance (Yeh and Bonman, 1986; Koh eta/., 1987; Roumen, 
1993 ). The resistance of newly formed leaf tissue increases with time. and leaves 
appearing on physiologically older plants obtain this property faster. Conse
quently, leaf blast is mainly present before flowering. 

After heading, P. grisea may infect the panicle or the neck node. Panicle blast 
causes direct yield losses, since filling of the grains on infected panicles is poor 
at best. For this reason, and because panicle blast occurs late in the season when 
the farmer has invested all of his production inputs for the crop, panicle blast 
is the more serious phase of the blast disease. Previous studies to estimate yield 
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loss due to panicle blast have shown that panicle blast incidence may be linearly 
related to yield loss, using simple empirical damage functions (Kuribayashi and 
Ichikawa, 1952; Goto, 1965; Padmanabhan, 1965; Katsube and Koshimizu, 
1970; Tsai, 1988; Torres and Teng, 1993 ). Comparison of the various studies show 
that the estimated yield loss ranged from 0.4 to 1.0% per percent infected 
panicles. Ou (1985) ascribed this variation to differences in the time of infection: 
the earlier the infection, the larger the loss. 

Estimation of yield loss due to leaf blast by means of correlation studies has 
proven more difficult ( Ou. 198 5). Leaf blast is mainly present before flowering. 
This period consists of the vegetative and the reproductive phase and is charac
terized by the formation of source and sink capacity for yield formation. It is only 
after flowering that the source is used to fill the grains. Leaf blast thus mainly 
affects grain growth indirectly, through a long-term effect of the disease on crop 
production. It was the aim of the present study to quantitatively explain the effect 
of leaf blast on growth and production of a rice crop based on insight into the 
physiological processes underlying damage (Bastiaans, 1993a). 

METHODOLOGY 

In the early 1970s Zadoks ( 197 3) reviewed attempts to relate yield loss to disease 
and categorized them as critical point, multiple point and area under the disease 
progress curve (AUDPC) models. The models differ in the epidemic characteristics 
that are used to predict crop loss. Critical point models use one measurement of 
disease severity, multiple point models use several measurements, and AUDPC 
models use the integrated level of disease for the entire epidemic. All models are 
used to derive empirical damage functions by applying regression analysis to field 
data. The models directly relate a measure of disease intensity to yield or yield 
loss, without considering the causes of yield reduction (Fig. 22.1, method a). For 
this reason, the question remains whether empirical damage functions are specific 
for the conditions (time, location, and cultivar) in which they were derived, or 
whether they have a more general applicability. 

In the 1980s awareness grew that a complete understanding of crop loss would 
not be possible without considering the physiological response of crops to disease 
(Gaunt, 1978; Madden, 1983). Therefore the crop, rather than the disease, was 
used as the basis for the determination of crop loss (Fig. 22.1, method b). Several 
papers appeared in which yield of infected crops was directly related to the green 
leaf area at a single growth stage (Lim and Gaunt, 1986), to green leaf area 
duration (Rotem eta/., 1983) or to the cumulative amount of radiation inter
cepted by the green leaf area of the crop (Haverkort and Bicamumpaka. 1986; 
Waggoner and Berger, 1987). Implicitly this type of relationship assumes that the 
effect of a disease on crop production is limited to a reduction in photosynthetic 
leaf area. For some pathosystems, like Phytophthora infestans in potato, this 
assumption has proven valid (van Oijen, 1990). However, apart from a reduction 
in the amount of intercepted radiation, diseases may also alter the utilization effi
ciency of intercepted radiation for crop growth Uohnson, 1987). In these situa
tions the relation between yield and intercepted radiation becomes more complex. 
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Fig. 22.1. Schematic representation of three methods for determining yield loss due to a 
foliar pathogen. With the third method research is conducted at two levels of integration: 
the process and the systems level. Mechanistic crop growth models are required to bridge 
the gap between both integration levels. 

Another methodology in line with a more crop-oriented approach was 
developed by Rabbinge and Rijsdijk ( 1981 ). In their approach, attention is first 
concentrated on the whole plant level, being the next lower level of integration 
(Fig. 22.1, method c). At this level the various ways through which a disease 
interferes with basic plant growth processes (photosynthesis, respiration) or 
existing biomass (leaf senescence) are identified (Boote eta/., 1983 ). Research is 
conducted to determine dose-response relationships between the amount of 
disease and the extent to which a process is affected. Subsequently, the relation
ships are introduced in a mechanistic crop growth model to determine the conse
quences of the disease effects for crop growth and production. The model enables 
the determination of yield reduction due to various epidemics under variable 
environmental conditions, therewith meeting the limitations of empirical damage 
functions. It is this approach that was used in the present study on yield reduction 
in rice due to leaf blast. 

EFFECT OF LEAF BLAST ON THE PHYSIOLOGY OF INDIVIDUAL LEAVES 

The main function of leaves is the absorption of light and the conversion of 
light energy into carbohydrates through photosynthesis. Foliar diseases reduce 
the photosynthetic rate of leaves, since lesion formation reduces the amount 
of photosynthetically active leaf tissue. For some pathosystems this is the only 
mechanism through which the pathogen reduces the leaf photosynthetic rate of 
the host (Puccinia recondita in wheat, Spitters eta/., 1990; and Phytophthora 
infestans on potato, van Oijen, 1990). For other pathosystems the leaf photo
synthetic rate is funher reduced through an effect of the pathogen on photo
synthesis of the green leaf tissue surrounding the lesions (En'syphe graminis on 
wheat, Rabbinge eta/., 1985; and A/ternan'a alternata on cotton, Ephrath eta/., 
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1989). As far as the effect of P. gnsea on leaf photosynthetic rate of rice is 
concerned, no direct observations have been reported. However, an indirect 
observation of Go to ( 196 5), who reported that yield loss due to leaf blast exceeded 
yield loss caused by cutting off of a percentage of leaf area equal to the percentage 
leaf covered by blast, indicated that leaf blast influences the host plant more than 
just through a loss in leaf area. 

A second effect on the physiology of leaves after infection by a pathogen is 
an enhanced rate of respiration. This increase can be attributed to the combi
nation of fungal respiration and an increased respiration of the host. Toyoda and 
Suzuki ( 195 7) reported an increase in the respiration of rice leaves after infection 
with P. gnsea. The increase was connected with a shift from the glycolytic to the 
penrose phosphate pathway, a phenomenon generally observed in plants infected 
by biotrophic pathogens (Shaw and Samborski, 1957; Smedegaard-Petersen, 
1984). In contrast, Burrell and Rees (1974) did not detect an increased respiration 
of rice leaves after infection by P. gnsea. 

A first step in the present analysis was the quantification of the effect of 
P. gnsea on photosynthesis and respiration, by measuring the C02 exchange rate 
of individual rice leaves. The experimental data were used to derive relations 
between leaf blast severity and photosynthesis and respiration. 

Leaf photosynthetic rate 

Photosynthesis is the use of energy from light for the production of glucose 
from water and carbon dioxide, and is generally measured as the rate of 
C02 uptake. In Fig. 22.2 the dependence of leaf C02 assimilation on absorbed 
photosynthetically active radiation (PAR) is given. This photosynthesis light 
response curve is characterized by the assimilation rate at light saturation (P max; 
J.tg C02 m - 2 s- 1

) and the initial slope or efficiency at low light intensity 
(E; j.tg C02 )- 1). 

The effect of leaf blast on leaf photosynthetic rate at high light intensities 
(P max) was measured and related to disease severity (the fraction of leaf area 
covered by lesions). Measurements were conducted in a field and a greenhouse 
experiment. The results indicated that the working hypothesis (leaf blast reduces 
leaf photosynthetic rate through a reduction in green leaf area only) was not valid 
(Fig. 22.3 ). The reduction in leaf photosynthetic rate of infected leaves, expressed 
as a fraction of leaf photosynthetic rate of healthy leaves, surpassed disease 
severity. The disease thus not only reduced the amount of green leaf area. it also 
reduced the photosynthetic activity of green leaf tissue surrounding the lesions. 
This observation resulted in the virtual lesion concept (Bastiaans, 1991). A virtual 
lesion consists of a visual lesion and a surrounding halo, in which the photo
synthetic activity is zero (Fig. 22. 3). The size of the halo is chosen such that the 
reduction in leaf photosynthetic rate is fully accounted for. Parameter {3 expresses 
the ratio between virtual and visual lesion area and characterizes the effect of the 
disease on leaf photosynthetic rate. The parameter can be used to relate the 
photosynthetic rate of diseased leaf tissue (Px) to disease severity (x): 
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Fig. 22.2. A typical C02 assimilation-light response curve for an individual leaf. The response 
curve is characterized by the initial light use efficiency (~:; f.J.g C02 r 1

) and the assimilation 
rate at light saturation (Pmax; f.J.g C02 m- 2 s- 1

). 

(1) 

in which P0 is the photosynthetic rate of comparable healthy leaf tissue. The 
reduction in P m-u and E were characterized by I)-values of 3. 7 ± 0. 6 and 
3.0 ± 0.7, respectively (Bastiaans, 1991, 1993b). This demonstrates that the 
effect of leaf blast on photosynthetic rate of rice leaves is three to four times as 
high as expected on the basis of visible lesion size. 

Differences in 13 among rice cultivars would imply genotypic differences in 
tolerance, which can be defined as the ability of the host to endure the presence 
of the pathogen with reduced disease symptoms and/ or damage (Parlevliet. 
1979). To investigate the presence of genetic variation in /3, three cultivars with 
a susceptible infection type were selected. The culcivars differed in relative 
infection efficiency (RIE), a major component of partial resistance to leaf blast 
in rice (Toriyama, 1975; Ahn and Ou, 1982; Yeh and Bonman, 1986; Roumen. 
1993 ). Photosynthesis measurements did not indicate the presence of genetic 
variation in 13 (Bastiaans and Roumen, 199 3). Therefore it was concluded that 
13 is not a suitable selection criterion in breeding rice for tolerance to leaf blast. 
This conclusion is emphasized in Fig. 22.4. where the impact of the observed 
genetic variation in 13 and the. impact of the genetic variation in RIE on leaf 
photosynthetic rate are compared. 
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Fig. 22.3. The assimilation rate at light saturation (P max; on a relative scale) of leaves infected 
by Pyricu/aria grisea in relation to disease severity as measured in a greenhouse experiment. 
The dotted line represents the working hypothesis: the effect of leaf blast is limited to a 
reduction in green leaf tissue. The solid line gives the best fit using equation 1. This equation 
is derived from the virtual lesion concept (see text). Parameter {3 expresses the ratio between 
virtual and visual lesion areas. 

Leaf dark respiration 

The effect of the disease on leaf dark respiration (Rd; J.Lg C02 m- 2 s- 1) was 
measured in two greenhouse experiments. Dark respiration was defined as the 
C02 production measured after a dark period of 25 min. Both experiments 
indicated clearly that the rate of dark respiration increased with increasing disease 
severity (Fig. 22.5 ). Dark respiration was related to disease severity by: 

Rx = Ro(l- x) + pRox (2) 
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Fig. 22.4. Relative infection efficiency (RIE) and parameter {3 as measured for three rice 
cultivars after inoculation with Pyricularia grisea, and the implications for relative leaf 
photosynthetic rate (Px/P0 ). Curves are isolines referring to combinations of RIE and {3 with an 
equal relative net leaf photosynthetic rate (Bastiaans and Roumen, 1993; reprinted by 
permission of Kluwer Academic Publishers). 

in which R0 and Rx are the rate of dark respiration of healthy and diseased leaf 
tissue, respectively. This function is based on the observation that in general a 
respiratory increase is restricted to the area of the lesion and its near surrounding 
area (Samborski and Shaw, 1956~ Bushnell and Allen, 1962). Here it is assumed 
that an increase is restricted to the visible lesion area. The parameter p expresses 
the ratio between the respiration of a lesion and that of an identical area of healthy 
leaf tissue. The increase in dark respiration was characterized by a p-value of 
!1.5 ± 1.3 (Bastiaans, 1993b). 

INTEGRATION STEP 1: FROM INDIVIDUAL LEAVES TO A RICE CANOPY 

The importance of the measured effects of leaf blast on leaf physiology, as 
determined by their consequences for crop production and yield, is difficult to 
assess. Effects on leaf physiology and effects on grain yie,ld represent two different 
levels of aggregation, and are therefore difficult to relate. Mechanistic crop growth 
models can help to bridge the gap between these two aggregation levels. The 
effects of the disease on basic plant growth processes are introduced in a crop 
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Fig. 22.5. Dark respiration (Rd; JLg CO:! m- 2 s-1
) of rice leaves infected by Pyricularia grisea in 

relation to disease severity, as measured in two greenhouse experiments. Vertical bars 
represent standard errors of the mean. 

growth model, in order to estimate the effect on yield (Rabbinge and Rijsdijk, 
1981; Boote eta/., 1983; Rabbinge and Bastiaans, 1989). Kropf£ (1989), in a 
study on the effects of S02 on production of a broad bean crop ( Vicia faba), 
refined the described approach. In between the quantification of effects of SO:! 
on leaf physiology and the use of the crop growth model for the estimation of 
effects on yield, he introduced a validation of the assimilation and respiration 
routines of the model. Canopy photosynthesis of control and fumigated crops was 
measured in the field and used to evaluate the performance of the specified 
routines. The validated routines were introduced later into a crop growth model 
to analyze and predict effects on crop yield. 

A similar procedure was used in the present study. The experimentally 
obtained relations between leaf blast severity and the assimilation rate at light 
saturation (P ma:x ), the initial light use efficiency (E) and the rate of dark 
respiration (Rd) of rice leaves were introduced into a model to simulate the 
effects of leaf blast on canopy photosynthesis. Photosynthetic rate of rice canopies 
infected with P. grisea was determined in a field experiment, to evaluate the 
performance of this model. In this way the first step in the integration from effects 
of leaf blast on individual leaves to effects of the disease on grain yield was made. 
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Table 22.1. Characteristics of rice canopies at the time of photosynthesis 
measurement and measured canopy CO~ exchange rate (CER) in a control plot 
(plot A) and in two plots inoculated with P. grisea at mid and early tillering (plots B 
and C. respectively). 

Plot A Plot B Plot C 

Leaf area index 4.49aa 4.80a 4.66a 
Disease severity b 0.003a 0.046b 0.044b 
Fraction dead leaf area 0.01a 0.03b 0.15c 
CER (J.tg C02 m- 2 s-1

) 1432.00a 1219.00b 953.00c 

a Means in the same row followed by the same letter are not significantly different 
according to t-test (P < 0.05). 
b Fraction of green (healthy + diseased) leaf area covered by lesions. 

Experimental determination of canopy photosynthesis 

Canopy C02 exchange rate (CER; IJ.g C02 m -z s- 1
) was measured for a rice crop 

at maximum tillering in three different plots. The control crop (plot A) was 
slightly infected with P. grisea. due to influx of spores from neighboring plots. 
A small amount of dead leaf tissue. found in the lower part of the canopy, 
consisted of naturally senescing leaves (Table 22.1). The other two plots were 
inoculated with P. grisea at mid (plot B) and early tillering (plot C), resulting 
in a higher disease severity and a higher fraction of dead leaf area at the time 
of measurement. The amount of dead leaf area was moderate in plot Band high 
in plot C, reflecting the differences in time of inoculation. Significant differences 
between the CER of the three plots were observed. Compared to the control plot 
the CERs of plot B and C were reduced by 15% and 3 3%, respectively. 

Modeling the effect of leaf blast on canopy photosynthesis 

More interesting than the observed differences in CER was whether the reduction 
in canopy photosynthesis could be explained by the adverse effects of leaf blast 
on photosynthesis and respiration of individual leaves and by the presence of dead 
leaf tissue. For that purpose a model for the calculation of instantaneous rates 
of canopy photosynthesis was constructed. The model comprised routines for the 
calculation of photosynthesis and respiration of an elementary model for crop 
growth (MACROS-LID; Penning de Vries eta/ .• 1989), and routines to generate 
diurnal trends of radiation and temperature on the basis of daily weather data. 
The model was run with a time interval of 0.25 h. A schematic representation 
of the model is given in Fig. 22.6. A detailed description of the model is given 
by Bastiaans and Kropff (1993 ). 

To account for the effect of leaf blast on photosynthesis and respiration, 
disease severity and the fraction of dead leaf area were introduced into the model. 
Photosynthesis-light response characteristics of green leaf tissue (healthy + 
diseased leaves) were related to observed disease severity, using parameter {3. 
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Fig. 22.6. Simplified representation of the most important calculation steps and typical input 
data for a model on canopy C0 2 exchange rate (CER). Special attention is given to the effect 
of leaf blast on CER. 

Dead leaves do not contribute to photosynthesis, but light interception by this 
part of the canopy was accounted for. Optical characteristics of diseased and dead 
leaf tissue were assumed to be identical to the characteristics of healthy leaf tissue. 

The effect of leaf blast on respiration was introduced as an increased rate of 
leaf maintenance respiration. Implicitly, this assumes that assimilate requirement 
of processes related to the presence of the disease have priority over growth. The 
increase in respiration was related to disease severity and characterized by 
parameter p. Maintenance requirement of dead leaf tissue is nil and was therefore 
not considered. 

Canopy C02 exchange rate for control and inoculated canopies was 
accurately simulated with the model (Fig. 22. 7). The observed reduction in CER 
can thus be explained by the adverse effect of blast lesions on leaf photosynthesis 
and respiration and by the existence of dead leaf tissue, resulting from disease
induced senescence. In Table 22.2 a more detailed analysis of the reduction in 
CER is given. The effects of blast lesions and dead leaf tissue were separated, 
and further dissected. Lesions cause a decrease in green leaf tissue, a reduction 
in photosynthetic rate of the remaining green leaf tissue. and an increased 
respiration. In successive runs these damage mechanisms were removed one after 
the other, and the subsequent increase in CER was defined as the reduction due 
to the newly removed damage mechanism. Clearly, the reduction in photo
synthetic rate of the remaining green leaf tissue was the most important effect 
of blast lesions, whereas the increased respiration contributed only marginally to 
the overall effect. 

Dead leaf tissue causes a reduction in photosynthetically active leaf tissue and 
reduces light intensity in lower leaf layers by light interception (shading). The 
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Fig. 22.7. Comparison of observed and simulated canopy CO~ exchange rate (CER; p.g C02 
m- 2 s- 1

) (Bastiaans and Kropff, 1993). 

Table 22.2. Contribution of blast lesions and dead leaf tissue to the overall 
reduction in canopy C02 exchange rate (CER; p.g C02 m -l s-1

) of rice crops 
inoculated with Pyricularia grisea. The contribution of the identified damage 
mechanisms related to blast lesions and dead leaf tissue are specified and expressed 
as a fraction of the total reduction due to blast lesions and dead leaf tissue, 
respectively. 

Plot Ba Plot ca 

Total reduction in CER 213 (100%) 479 (100%) 

Reduction related to blast lesions 173 (81%) 163 (34%) 
Contribution of identified damage mechanisms 

Decrease in green leaf tissue 54 (0.31) 49 (0.30) 
Reduction in leaf photosynthetic rate 109 (0.63) 104 (0.64) 
Increase in respiration 10 (0.06) 10 (0.06) 

Reduction related to dead leaf tissue 40 (19%) 316 (66%) 
Contribution of identified damage mechanisms 

Decrease in green leaf tissue 13 (0.32) 95 (0.30) 
Shading 27 (0.68) 221 (0.70) 

a Plot B inoculated at mid tillering and plot C inoculated at early tillering stage. 
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increase in simulated CER after removal of dead leaf tissue corresponds to the 
reduction due to shading. The further increase in simulated CER after replacing 
dead leaf tissue by an identical area of healthy leaf tissue, equals the reduction due 
to the reduction in photosynthetically active leaf tissue. The analysis showed that 
shading accounted for two-thirds of the overall reduction due to dead leaf tissue. 
The importance of this mechanism is determined by the position of dead leaf tissue 
in the canopy. In the case of natural leaf senescence dead leaf tissue is mainly found 
in lower leaf layers, and then shading is not an important mechanism. 

The three plots in the experiment represent rice crops at various stages of 
infection, offering the opportunity to theorize about the way a reduction in CER 
evolves after establishment of lesions of P. grisea. The most prominent effect of 
the lesions is an inhibitory effect on photosynthesis of the surrounding green leaf 
tissue, which causes a reduced utilization efficiency of intercepted radiation. 
Newly emerging leaves become infected, whereas earlier infected leaves are subject 
to an accelerated senescence. As a result, the fraction of diseased leaf area remains 
more or less constant, whereas the fraction of dead leaf area increases. Con
sequently, the reduction in CER will increase as a result of an increased reduction 
in the amount of radiation intercepted by green foliage. The difference in CER 
of plots B and C is thus mainly due to a difference in intercepted radiation, and 
reflects the difference in fraction of dead leaf area that existed due to a difference 
in onset of the epidemic. This analysis suggests that in the long run crop 
production suffers more from the accelerated senescence of infected leaf tissue 
than from the initial disturbances in leaf physiology. 

INTEGRATION STEP 2: FROM A SINGLE DEVELOPMENT STAGE TO A 

GROWING SEASON 

Determining the effect of leaf blast on canopy photosynthesis represents just an 
intermediate step in the extrapolation of the effects of leaf blast on leaf physiology 
to effects of the disease on crop production. Since the effect of the disease on 
canopy photosynthesis is well understood, a second integration step can be made. 
The effect of the disease on the performance of a canopy is integrated over an 
entire growing season, to determine the effect on yield. Similar to the previous 
integration step from individual leaves to a rice canopy, this second integration 
step was realized by combining experimental research and modeling. 

A special feature of leaf blast is that the disease is mainly present before 
flowering. In the development of a rice crop, flowering marks an important 
transition. The period prior to flowering is characterized by the construction of 
a canopy, and the formation of storage organs (grains). It is in this development 
phase that leaf blast severity is highest, and will have a direct effect on crop growth 
rate. After flowering, when leaf blast severity has generally dropped to a low level, 
the canopy is used to fill the grains and grain yield is determined. Leaf blast thus 
mainly affects grain yield indirectly, through a long-term effect of the disease on 
crop production. Experimental data were used to determine whether the long
term effect of the disease on crop production is passed on through an effect on 
the source (carbon or nitrogen economy) or through an effect on the sink. 
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Identifying the mechanism of yield reduction 

The effect of leaf blast on crop production was studied in an experimental field 
at the lowland research site of the International Rice Research Institute (IRRI), 
Los Banos, The Philippines. A randomized complete block design with three 
treatments in five replicates was used (plot size: 12 X 3.6 m). One treatment was 
used as the control (treatment A), while the other two treatments were inoculated 
with P. gnsea during mid (treatment B) and early tillering (treatment C), 
respectively. From maximum tillering on, fungicides were used to stop the 
development of the disease, since an undisturbed further development would 
have destroyed the crop. Neck blast infections were prevented in all treatments 
by applying fungicides at booting and heading. Disease development and the 
effect of the disease on crop growth was studied through periodic harvesting 
(Fig. 22.8). Further experimental details are given by Bastiaans (1993c). 

The first aim of this experiment was to identify the mechanism through which 
the initial reduction in crop growth rate during the presence of the disease affects 
the formation of grain yield later on. The observations on leaf and canopy 
photosynthesis demonstrated that leaf blast primarily reduces carbohydrate 
production. Associated with this reduction is a reduction in crop growth and leaf 
area formation. The positive feedback between crop growth, leaf area formation 
and radiation interception further enhances the negative effect of the disease on 
crop growth (Blackman, 1919). In the case of heavy infestations of leaf blast, the 
feedback mechanism is further enhanced by an accelerated senescence of infested 
leaf tissue. Ultimately, all processes result in a reduced amount of green leaf area 
during ripening, and accordingly carbohydrate supply during grain filling is 
reduced. This is the most obvious mechanism through which leaf blast, present 
before flowering, reduces grain yield formation. Lim and Gaunt ( 1986) reponed 
such a mechanism of yield reduction in the pathosystem barley-mildew in case 
of early epidemics. The observations on leaf area index (LAI) confirm that during 
ripening the LAI of the inoculated crops was clearly smaller than the LAI of the 
control crop (Fig. 22.8A). 

The utilization efficiency of intercepted radiation during grain filling is 
another important determinant of carbohydrate supply in this period. In rice, as 
in other crop species, this efficiency is largely determined by the N content of 
the leaves, since the maximum rate of leaf photosynthesis is almost proportional 
to the fraction ofN in leaves (Cook and Evans, 1983). Uptake ofN after flowering 
is generally low and N content of leaf tissue during grain filling is therefore mainly 
determined by N uptake before flowering. Moreover, N redistribution from leaf 
blades contributes considerably to N supply during grain filling. A reduced 
amount of accumulated N at flowering may thus eventually limit yield. This is 
the second mechanism through which leaf blast may have a long-term effect 
on yield. 

The results of the experiment demonstrate that leaf blast reduces the N 
uptake of the crop (Table 22. 3). This reduction resulted from differences in N 
uptake before flowering, since total shoot N during ripening was fairly constant 
in both healthy and inoculated crops. Despite the reduction in N uptake in the 
inoculated crops, the shoot N content at flowering and maturity was identical or 
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Fig. 22.8. Time course of total leaf area (LAitotal; ha ha-1
), disease severity, fraction of dead 

leaf area and shoot dry weight (Wshoot; Mg ha-1
) of rice in a control crop (treatment A) and 

in crops inoculated with Pyricularia grisea (treatments B and C) (Bastiaans, 1993c). 

higher and the same was found for theN content of individual shoot organs. This 
indicates that the reduced N uptake in the inoculated crops before flowering was 
not responsible for the yield reduction observed. 

A reduced sink formation is the third mechanism through which leaf blast 
may eventually reduce grain yield. Tiller number, floret number and spikelet 
number are all determined before flowering. Their numbers are regulated 
through the carbohydrate supply of the canopy in specific initiation periods 
(Penning de Vries eta/., 1989). Moreover, 1000 grain weight of rice is also deter
mined before flowering, since this characteristic is primarily controlled by the size 
of the hulls. The product of spikelet mumber and 1000 grain weight of rice is 
referred to as maximum eventual yield (Matsushima, 1970). If leaf blast reduces 
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Table 22.3. Nitrogen (N) uptake and nitrogen content of the shoot and relevant 
shoot organs of rice at flowenng and maturity. as observed in a control crop 
(treatment A) and in crops inoculated with Pvricuiana gnsea at mid and early 
tillering (treatments B and C. respectively). 
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Treatment A Treatment B Treatment C 

Total N uptake (kg N ha- 1
) 122.0a 88.0b 70.0b 

N content (mg g-1
) at flowering 

Total shoot 17.5a a 18.7a 18.9a 
Green leaf tissue 33.4a 36.4b 38.5c 
Stem tissue 11.2a 13.7b 14.4b 

N content (mg g- 1
) at maturity 

Total shoot 11.2a 12.1b 12.2b 
Panicle 12.9a 13.7b 13.6b 

a Means 1n the same row followed by the same letter are not significantly different 
according to t-test (P < 0.05). 

Table 22.4. Grain yield and yield components of rice cultivar IRSO as observed in a 
control crop (treatment A) and in crops inoculated with Pyricularia grisea at mid and 
early tillering (treatments B and C, respectively). 

Treatment A Treatment B Treatment C 

Panicle number (m - 2
) 581.0a a 605.0b 623.0c 

Spikelets per panicle 65.0a 45.0b 37.0c 
1000 grain weight (g)b 21.1a 20.1b 19.7b 

Maximum eventual yield (Mg ha - 1)b 7.9a 5.4b 4.5c 
Fraction filled grains 0.85a 0.80b 0.78b 
Actual grain yield (Mg ha-1)b 6.7a 4.3b 3.5c 

a Means in the same row followed by the same letter are not significantly different 
according to t-test (P < 0.05). 
b Rough rice at 140 g moisture kg- 1

. 

maximum eventual yield more than proportionally the reduction in grain yield 
may be sink determined. 

Yield component analysis demonstrated that leaf blast reduced maximum 
eventual yield through a reduction in spikelet number and a reduction in 1000 
grain weight (Table 22.4). More important, however, was the observation that 
in the inoculated treatments the relative reduction in actual yield surpassed the 
relative reduction in maximum eventual yield. This is reflected in a reduced frac
tion of filled grains of the inoculated crops and demonstrates that the reduction 
in grain yield is exclusively source determined. The observations are in line with 
data on yield reduction reported by Goto (1965), who also observed reductions 
in spikelet number, 1000 grain weight and fraction filled grains due to leaf blast. 
Based on this analysis it is concluded that the long-term effect of leaf blast on 
crop production is solely passed on through an effect on carbon economy. There
fore the model analysis will be restricted to this aspect of yield formation. 
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Table 22.5. Cumulative radiation interception (PARCUM), radiation use efficienC': 
(RUE) and harvest index (HI) of rice in a control crop (treatment A) and crops 
inoculated with Pvricu/aria grisea at mid and early tillering (treatments B and (_, 
respectively). 

Treatment A Treatment B Treatment C 

PARCUM ((MJ PAR)m-2
) 403.0a 315.0b 260.0c 

RUE (g dry matter (MJ PARr1
) 2.69a 2.16b 2.10b 

Total shoot dry weight (g m-2
) 1090.0a 710.0b 570.0c 

HI 0.53a 0.52a 0.53a 
Grain yield (g m -l)b 670.0a 430.0b 350.0c 

a Means in the same row followed by the same letter are not significantly different 
according to t-test (P < 0.05). 
b Rough rice at 140 g moisture kg-1

. 

Modeling the effect of leaf blast on crop production 

A simple model 

Crop productivity can be analyzed in terms of solar radiation interception by green 
leaf area (PARCUM; MJ m- 2

) and radiation use efficiency (RUE; g dry matter 
MJ- 1

) (Monteith, 1977). Accordingly, Johnson (1987) distinguished two broad 
categories of effects of pests and diseases on crop growth: effects on radiation 
interception and effects on radiation use efficiency. Multiplication of total shoot 
dry matter and harvest index (HI) yields grain yield. This simple model was used 
to make a first analysis of the effects of leaf blast on crop production (Bastiaans, 
1993d): 

Yield = Radiation Interception X Radiation Use Efficiency X Harvest Index 

= PARCUM X 

[ (MJ PAR) m- 2] X 

RUE 

[g (MJ PAR)- 1
] 

X 

X 

HI 

[-] 

Radiation interception of photosynthetically active radiation by green leaf foliage 
was calculated on a daily basis for every plot (RI; MJ m- 2 d- 1

), using a model 
that consisted of the radiation routines of an elementary model of crop growth. 
Leaf area index, disease severity and the fraction of dead leaf area were input to 
this model. Summation of intercepted radiation over the growing season resulted 
in the cumulative radiation interception (PARCUM; MJ m - 2

). Radiation use 
efficiency was calculated by dividing the observed total shoot dry matter by 
PARCUM. Harvest index was determined at maturity. 

The analysis with the RI X RUE model demonstrates that leaf blast in rice 
is a pathosystem in which the pathogen reduces the dry matter production of the 
crop through a reduction in cumulative radiation interception and a reduction 
in radiation use efficiency (Table 22.5 ). No significant difference was present 
between the RUE of the inoculated crops (treatments B and C). Therefore, the 
difference in dry matter production between B and C resulted mainly from a 
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difference in cumulative radiation interception. After initiation of the disease, 
lesion coverage and disease induced senescence caused a direct reduction of Rl. 
An indirect reduction of RI as a result of leaf blast was caused by a decline in 
new leaf area formation. This decline resulted from a reduced crop growth rate, 
which was caused by previous reductions of leaf blast in Rl and RUE. The 
importance of this mechanism depends strongly on the development stage of the 
crop, since the underlying positive feedback between crop growth. leaf area 
formation and radiation interception is strongest during early growth stages 
(Blackman, 1919). Previously. Lim and Gaunt (1986) and van Oijen (1991) 
pointed at the importance of the available leaf area at initiation of a disease for 
leaf area duration and cumulative radiation interception. It can be concluded that 
the difference in disease severity together with the difference in LAI at the 
initiation of leaf blast, caused by the difference in inoculation date, are the most 
prominent factors responsible for the observed differences in total dry matter 
production of the inoculated treatments in this experiment. 

Harvest index was not affected in this experiment. This is probably related 
to the timing of the inoculations. The crop was only inoculated during early 
development stages. A simulation study demonstrated that leaf blast epidemics 
late in the reproductive phase are expected to cause a clear reduction in harvest 
index (Bastiaans and T eng, 1994). 

A mechanistic crop growth model 

A mechanistic model of crop growth (MACROS-L1D; Penning de Vries eta/., 
1989) was used to analyze the causes of the reduction in the utilization efficiency 
of intercepted radiation (Fig. 22. 9). The effects of leaf blast on photosynthesis and 
respiration were introduced into this model in an identical way as in the model 
on canopy photosynthesis. To account for the effect of leaf blast on photosynthesis 
and respiration. disease severity and the fraction of dead leaf area were introduced 
in the model. Similarly, the measured LAI was input to the model. The model 
was initialized with dry weights of leaves and stems of the first harvest and run 
until final harvest. Model performance was evaluated by comparing the simulated 
and observed shoot dry weight over time (Bastiaans, 1993d). 

Simulation of dry matter production of the control crop resulted in a good 
agreement with the observed dry matter production (Fig. 22.10). This demon
strates the thoroughness of the basic crop growth model and indicates that any 
dissimilarity between simulated and observed shoot dry weight of the inoculated 
crops is likely to be due to an error in the simulation of leaf blast effects. 

Total dry matter production of the inoculated crops was overestimated 
(Fig. 22.10). The overestimation appeared during the first weeks after the onset 
of the disease. After that time the difference beteen simulated and observed dry 
weight stabilized at approximately 550 kg ha- 1

, in both treatments. The over
estimation indicates that during the establishment of the disease the effects of 
leaf blast on leaf photosynthetic rate and respiration were inadequate to explain 
fully the reduction in crop growth rate. The stabilization of the overestimation 
in the consecutive period till maturity indicates that later on the two effects gave 
a sufficient explanation of the reduction in RUE. 
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The utilization of intercepted radiation for dry matter production can be 
subdivided into three processes: C02 assimilation, allocation of assimilates and 
utilization of assimilates for dry matter production. The canopy photosynthesis 
measurements demonstrated that the effects of leaf blast on leaf photosynthetic 
rate and respiration satisfactorily explained the effect of leaf blast on C02 

assimilation. The overestimation of shoot dry weight after the onset of the disease 
observed in this study therefore most likely results from an effect of leaf blast on 
one of the last two processes. 

An increased allocation of assimilates to the roots would be an appropriate 
explanation for the observed dissimilarity between observed and simulated shoot 
dry weight. Since root biomass was not determined in the field experiment, this 
hypothesis could not be validated. However, according to the functional balance 
theory of Brouwer (1962), an attack by a foliar disease and the succeeding 
reduction in crop photosynthesis is more likely to be followed by an increased 
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allocation of assimilates to the shoot. Such a shift in the allocation pattern of 
assimilates was for instance observed in wheat after infection with Puccinia 
stniformis (Siddiqui and Manners, 1971 ). An increased allocation of assimilates 
to the roots after infection of rice with leaf blast is therefore considered to be 
unlikely. 

Consequently, the overestimation of shoot dry weight is probably caused by 
a less efficient utilization of produced carbohydrates for crop growth. In a study 
on the effect of leaf rust on crop production of winter wheat, van Roermund and 
Spitters (1990) introduced the uptake of assimilates by the fungus for spore 
production as a potential damage mechanism. They estimated that the pathogen 
used 230-570 kg CH20 ha- 1 for spore production and related processes. Data 
on the rate of sporulation of blast lesions are diverse, but data on the production 
pattern of lesions are rather uniform (Kato eta/., 1970; Kato and Kozaka, 1974; 
Ou, 1985; Kim eta/., 1987). Lesions stan to produce spores immediately after 
their appearance, and spore production may last for 20-30 days. Spore production 
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represent standard errors of the mean (Bastiaans. 1993d). 

reaches its peak between 3 and 8 days after lesion appearance. and 90% or more 
of the spores are produced during the first 14 days. These last observations were 
used to simulate the amount of actively sporulating leaf area in the various plots 
of the experiment. For each day the leaf area occupied with lesions (Diseased Area 
Index, DAI; Zadoks, 1961) was calculated through multiplication of the green 
leaf area index and disease severity. The newly colonized leaf area was calculated 
daily and derived from the increase in DAI. Next, the amount of actively 
sporulating leaf area for any particular day was estimated through summation of 
the amount of leaf tissue that was colonized during the last 14 days. Integration 
of the daily amount of actively sporulating leaf area over time yields the leaf 
area duration of sporulating leaf tissue (LADsp in days). The time course of 
this integral shows a striking similarity with the time course of the difference 
between simulated and observed shoot dry weight (Fig. 22.11). If the over
estimation of shoot dry weight was completely caused by the use of carbohydrates 
by the pathogen for spore production. the growth reduction per ha of sporulating 
leaf tissue would amount to approximately 150 kg dry matter d- 1

• This cor
responds to a carbohydrate withdrawal of around 200 kg CH~ 0 (ha sporulating 
lesions)- 1 d- 1• 

The present result illustrates the necessity of model validation. Comparison 
of observed and simulated shoot dry weight in the course of time indicated 
the absence of an important damage mechanism. Combined with the results 
of the independent validation of the subroutines on canopy photosynthesis, 
the missing damage mechanism could be identified. A direct measurement of 
the costs involved in the production of spores would further strengthen the 
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model. However. detailed information would then be required on the rate of 
spore production, the weight of individual spores and. most important. the 
energy efficiency of the spore production process. For the moment. the indirect 
estimation of the carbohydrate requirement for spore production and related 
processes seems a usable alternative. 

CONCLUSION 

The interaction between experimental research and model development resulted 
in a better understanding of yield reduction in rice due to leaf blast. This demon
strates the usefulness of the ecophysiological approach to yield loss assessment. 
Leaf blast was shown to reduce the yield of a rice crop through a reduction in 
cumulative radiation interception and a reduction in radiation use efficiency. The 
reduced radiation interception was caused by lesion coverage, premature leaf 
senescence and a reduced leaf area formation. The reduction in photosynthetic 
efficiency of the remaining green leaf tissue and the uptake of assimilates by the 
pathogen for spore production were the main factors responsible for the reduced 
utilization efficiency of intercepted radiation. 

The study resulted in a model that can be used to estimate yield reduction 
in rice due to leaf blast for various epidemics under variable environmental 
conditions. Therefore, the model is an appropriate tool in constructing damage 
functions, which are·of primary importance for applying the concept of integrated 
pest management in blast control. 

REFERENCES 

Ahn, S.W. and Ou, S.H. (1982) Quantitative resistance of rice to blast disease. 
Phytopathology 72, 279-282. 

Anderson. A.L., Henry, B.W. and Tullis, E.C. (1947) Factors affecting infectivity. spread 
and persistence of Pyn'culana oryzae Cav. Phytopathology 3 7, 94-110. 

Bastiaans, L. ( 1991) Ratio between vinual and visual lesion size as a measure to describe 
reduction in leaf photosynthesis of rice due to leaf blast. Phytopathology 8 L 611-615. 

Bastiaans, L. ( 1993a) Understanding yield reduction in rice due to leaf blast. PhD Thesis. 
Wageningen Agricultural University, The Netherlands, 127 pp. 

Bastiaans, L. (1993b) Effects of leaf blast on photosynthesis of rice. 1. Leaf photosynthesis. 
Netherlands journal of Plant Pathology 99, 197-203. 

Bastiaans, L. ( 1993c) Effects of leaf blast on growth and production of a rice crop. 
1. Determining the mechanism of yield reduction. Netherlands journal of Plant 
Pathology 99. 323-334. 

Bastiaans, L. (1993d) Effects of leaf blast on growth and production of a rice crop. 
2. Analysis of the reduction in dry matter production of rice due to leaf blast, using 
two models with different complexity. Netherlands journal of Plant Pathology 99. 
Supplement 3, 19-28. 

Bastiaans, L. and Kropff, M.). ( 199 3) Effects of leaf blast on photosynthesis of rice. 
2. Canopy photosynthesis. Netherlands journal of Plant Pathology 99. 205-217. 

Bastiaans, L. and Roumen, E. C. (1993) Effect of leaf photosynthetic rate by leaf blast for 
rice cultivars with different types and levels of resistance. Euphytica 66. 81-87. 



378 L. Bastiaans eta/. 

Bastiaans. L. and Teng. P.S. (1994) Simulation of yield reduction in rice due to leaf blast. 
Agncultural Systems: submitted 

Blackman, V.H. (1919) The compound interest law and plant growth. Annals of Botany 
33, 353-360. 

Boote, K.J., jones, J.W .. Mishoe. J.W. and Berger, R.D. (1983) Coupling pests to crop 
growth simulators to predict yield reductions. Phytopathology 73, 1581-1587. 

Brouwer, R. ( 1962) Nutritive influences on the distribution of dry matter in the plant. 
Netherlands journal of Agricultural Science 10, 399-408. 

Burrell, M.M. and Rees, T. (1974) Carbohydrate metabolism of rice leaves infected by 
Pynculana oryzae. Physiological Plant Pathology 4, 489-496. 

Bushnell, W.R. and Allen, P.J. (1962) Respiratory changes in barley leaves produced by 
single colonies of powdery mildew. Plant Physiology 3 7, 751-758. 

Cook, M.G. and Evans, LT. ( 1983) Nutrient responses of seedlings of wild and cultivated 
Oryza species. Field Crops Research 6, 205-218. 

Ephrath, J .E., Shteinberg, D .. Drieshpoun, ). , Dinoor. A. and Marani. A. ( 1989) 
Alternana alternata in cotton (Gassy plum hirsutum) cv. Acala: effects on gas 
exchange. yield components and yield accumulation. Netherlands journal of Plant 
Pathology 95, 157-166. 

Gaunt, R.E. ( 1978) Crop physiology: disease effects and yield loss. In: Proceedings of 
the APPS Workshop on Epidemiology and Crop Loss Assessment. Lincoln College, 
New Zealand, pp. 9/1-12. 

Goto, K. (1965) Estimating losses from rice blast in japan. In: The Rice Blast Disease. 
The johns Hopkins Press. Baltimore, Maryland, pp. 195-202. 

Haverkon, A.J. and Bicamumpaka. M. ( 1986) Correlation between intercepted radiation 
and yield of potato crops infested by Phytophthora infestans in central Africa. 
Netherlands journal of Plant Pathology 92, 239-247. 

Johnson, K.B. (1987) Defoliation, disease and growth: a reply. Phytopathology 77, 
1495-1497 0 

Kato, H. and Kozaka, T. (1974) Effect of temperature on lesion enlargement and 
sporulation of Pyn'culana oryzae in rice leaves. Phytopathology 64, 828-830. 

Kato, H., Sasaki, T. and Koshimizy, Y. (1970) Potential for conidium formation of 
Pyriculana oryzae in lesions of leaves and panicles of rice. Phytopathology 60. 
608-612. 

Katsube, T. and Koshimizu, Y. (1970) Influence of blast disease on harvests in rice plant. 
1. Effects of panicle infection on yield components and quality. Bulletin of the 
Tohoku National Agricultural Experiment Station 39. 55-96. 

Kim, C.K., Yoshino, R. and Lee, E.). (1987) Epidemiological studies of rice blast disease 
caused by Pyn'culan'a oryzae Cavara. II. Sporulation and conidia release from naturally 
infected lesions. Korean journal of Plant Protection 26, 37-41. 

Koh, Y.J., Hwang, B.K. and Chung, H.S. (1987) Adult-plant resistance of rice to leaf 
blast. Phytopathology 77, 232-236. 

Kropff, M.J. (1989) Quantification of S02 effects on physiological processes, plant 
growth and crop production. PhD Thesis. Wageningen Agricultural University, The 
Netherlands, 201 pp. 

Kuribayashi, K. and Ichikawa, H. (1952) Studies on forecasting of the rice blast disease. 
Special repon. Nagano Agn·cultural Expen.ment Station 13, 1-229. 

Lim, L.G. and Gaunt, R.E. (1986) The effect of powdery mildew (Ensyphe graminis 
f. sp. hordei) and leaf rust (Puccima hordei) on spring barley in New Zealand. 
I. Epidemic development, green leaf area and yield. Plant Pathology 35, 44-53. 

Madden, L.V. (1983) Measuring and modeling crop losses at the field level. Phyto
pathology 73, 1591-1596. 



Physiology and Yield 379 

Matsushima, S. (1970) Crop Science in Rice. Fuji Publishing Co., Tokyo, Japan, 3 79 pp. 
Monteith, J.L. ( 1977) Climate and the efficiency of crop production in Britain. 

Philosophical Transactions of the Royal Society of London, Sen'es B 281. 277-294. 
Oijen, M. van ( 1990) Photosynthesis is not impaired in healthy tissue of blighted potato 

plants. Netherlands Journal of Plant Pathology 96. 55-63. 
Oijen, M. van ( 1991) Leaf area dynamics of potato cultivars infected by Phytophthora 

infestans. Netherlands Journal of Plant Pathology 97, 345-354. 
Ou, S.H. (1985)Rice Diseases, 2nd edn. Commonwealth Mycological Institute, Kew, UK. 

380 pp. 
Padmanabhan, S.Y. (1965) Estimating losses from rice blast in India. In: The Rice Blast 

Disease. Johns Hopkins Press, Baltimore, Maryland, pp. 20 3-221. 
Parlevliet, j.E. ( 1979) Components of resistance that reduce the rate of epidemic 

development. Annual Review of Phytopathology 17, 203-222. 
Penning de Vries, F.W.T., Jansen, D.M., ten Berge, H.F.M. and Bakema, A. (1989) 

Simulation of Ecophysiological Processes of Growth in Several Annual Crops. 
PUDOC. Wageningen, The Netherlands, 271 pp. 

Rabbinge, R. and Bastiaans. L. (1989) Combination models, crop growth and pests and 
diseases. In: Rabbinge, R., Ward, S.A. and van Laar, H.H. (eds), Simulation and 
Systems Management in Crop Protectzon. PUDOC, Wageningen, pp. 217-239. 

Rabbinge, R. and Rijsdijk, F.H. (1981) Disease and crop physiology: a modeller's point 
of view. In: Ayres, P.G. (ed.), Effects of Disease on the Physiology of the Growing 
Plant. Cambridge University Press, Cambridge, pp. 201-220. 

Rabbinge, R., Jorritsma, I.T.M. and Schans, J. (1985) Damage components of powdery 
mildew in winter wheat. Netherlands Journal of Plant Pathology 91, 235-247. 

Roermund, H.J .W. van and Spitters, C.J .T. (1990) Simulation of yield reduction by leaf 
rust in winter wheat, applied to the analysis of genetic variation in panial resistance. 
Netherlands Journal of Plant Pathology 96, 17-28. 

Rossman, A.Y., Howard, R.J. and Valent, B. (1990) Pyricularia grisea, the correct name 
for the rice blast fungus. Mycologia 82, 509-512. 

Rotem, J., Bashi, E. and Kranz, J. ( 1983) Studies of crop loss in potato late blight caused 
by Phytophthora infestans. Plant Pathology 32, 117-122. 

Roumen, E.C. (1993) Panial resistance in rice to blast and how to select for it. PhD Thesis, 
Wageningen Agricultural University. The Netherlands, 108 pp. 

Samborski. D.J. and Shaw, M. (1956) The physiology of host-parasite relations. II. The 
effect of Puccinia graminis tritici Eriks. & Henn. on the respiration of the first leaf 
of resistant and susceptible species of wheat. Canadian Journal of Botany 34, 601-619. 

Shaw. M. and Samborski, D.J. (1957) The physiology of host-parasite relations. III. The 
pattern of respiration in rusted and mildewed cereal leaves. Canadian Journal of 
Botany 35. 389-407. 

Siddiqui, M.Q. and Manners, J-G. (1971) Some effects of general yellow rust (Puccinia 
stn'tformis) infection on 1 carbon assimilation and growth in spring wheat. Journal 
of Experimental Botany 22, 792-799. 

Smedegaard-Petersen, V. ( 1984) The role of respiration and energy generation in diseased 
and disease resistant plants. In: Wood. R.K.S. and ]ellis, G.]. (eds), Plant Diseases: 
Infection, Damage and Loss. Blackwell Scientific Publications, Oxford, pp. 73-85. 

Spitters, C.J.T., Roermund, van H.J.W., Nassau, van H.G.M.G .. Schepers, ]. and 
Mesdag, J. ( 1990) Generic variation in panial resistance to leaf rust in winter wheat: 
disease progress, foliage senescence and yield reduction. Netherlands Journal of Plant 
Pathology 96, 3-15. 

Teng, P.S., Klein-Gebbinck, H.W. and Pinnschmidt, H. (1991) An analysis of the 
blast pathosystem to guide modeling and forecasting. In: Rice Blast Modeling 



380 L. Bastiaans eta/. 

and Forecasting. International Rice Research Institute. Los Banos. The Philippines. 
pp. 1-30. 

T oriyama. K. ( 197 5'}) Recent progress of st~dies on horizontal resistance in rice breeding 
for blast resistance in Japan. ln: Galvez, G.E. (ed.), Proceedings of a Seminar on 
Honzontal Resistance to the Blast Disease of Rice. CIAT sen'es CE9. Cali. Colombia. 
pp. 65-100. 

Torres, C.Q. and Teng, P.S. (1993) Path coefficient and regression analysis of the effects 
of leaf and p~Aicle blast on tropical rice yield. Crop Protection 12, 296-302. 

Toyoda, S. and Suzuki. N. (1957) Histochemical studies on the lesions of rice blast caused 
by Pyriculan~ oryzae Cav. III. Changes in the rdpiration of infected tissues. Annals 
of the Phytopathological Society of japan 22, 173-177. 

Tsai, W.H. (1988) Estimation of rice yield losses caused by panicle blast disease. journal 
of Agncultural Research of China 3 7. 86-90. 

Yeh, W.H. and Bonman, J.M. (1986) Assessment of panial resitance to Pyncularia oryzae 
in six rice cultivars. Plant Pathology 35, 319-323. 

Waggoner, P.E. and Berger, R.D. (1987) Defoliation. disease and growth. Phytopathology 
77' 393-398. 

Zadoks, J. C. ( 1961) Yellow rust on wheat. studies on epidemiology and physiologic 
specialization. Tijdschnft over Planteziekten 67. 69-256. 

Zadoks, J.C. (1973) Modelling the models. Introduction to Symposium: Developing 
Models for Measun'ng Crop Losses (handout). 2nd International Congress of Plant 
Pathology, Minneapolis. 


