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especially when injuries due to pests are 
high. As a result, a biased perspective is 
offdred to the public (whether scientific or 
not) where (i) pesticides are efficient, and 
(ii) pests always cause yield losses, some- 
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A series of experiments was conducted where a range of injuries due to rice pests (pathogens, 
insects, and weeds) was manipulated simultaneously with a range of production factors 
(fertilizer input, water supply, crop establishment method, variety) in different seasons and 
years. These factors were chosen to represent lowland rice production situations characterized 
in surveys conducted in tropical Asia and theh corresponding range of attainable yield. Experi- 
ments complemented one another in exploring the response surface of rice yields to yield-lim- 
iting and yield-reducing factors. The resulting experimental data base consisted of 445 individ- 
ual plots and involved 11 manipulated injuries in a range of attainable yields of 2 to 11 t ha-’. A 
first, nonparametric, multivariate analysis led to a hierarchy of potential injuries, from margin- 
ally (e.g., bacterial leaf blight) to extremely harmful (e.g.. rice tungro disease). A second, 
parametric, multivariate approach resulted in a multiple regression model involving factors 
generated by principal component analysis on injuries that adequately described the variation in 
actual yield. One major finding was that some (attainable yield zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx injury factors) interactions 
significantly contributed to the description of variation in actual yield, indicating that some 
injuries (or their combinations) had a stronger or weaker yield-reducing effect, depending on the 
level of attainable yield. For instance, yield losses due to sheath blight, weed infestation, and 
rice tungro disease tend to increase, remain stable, and decrease, respectively, with increasing 
attainable yields. Back-computations using the principal component regression model estimated 

. yield losses caused by individual injuries, using the mean injury levels in a population of farm- 
ers’ fields surveyed across tropical Asia. The results indicate that sheath blight, brown spot, and 
leaf blast are diseases that cause important losses (between 1 and 10%) regionally. Among the 
insect injuries, only white heads caused by stem borers appear of relevance (2.3% yield losses). 
These injuries, however, do not match in importance those caused by weeds, whether outgrow- 
ing the rice crop canopy (WA) or not (WB), both types of injuries causing about 20% yield 
losses when considered individually. When all mean injuries were combined into one mean 
iujury profile occurring at a regional attainable yield of 5.5 t ha-’, a mean yield loss of 37.2% 
was estimated, indicating that injuries were less than additive in their yield-reducing effects. 
Scenario analyses were conducted in a set of (production situations x injury profiles) combina- 
tions characterized from surveys in farmers’ fields in tropical Asia. Depending on the scenario 
chosen, losses ranging from 24 to 41% were found. 
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Analysis of yield losses due to crop 
pests (pathogens, insects, or weeds) has 
become a diverse research domain (25),  
building upon landmark publications 
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(3,6,51,58). Much of the current data per- 
taining to the quantitative measurement of 
yield losses due to pests, however, is de- 
rived from simple experiments on biocide 
efficiency (27), where the conventional 
null hypothesis tested is that treatments are 
the same (i.e., that biocides are not effi- 
cient). Publications therefore rarely report 
nonrejection of such null hypotheses. Pub- 
lished reports thus tend to document in- 
stances where pesticides have shown sig- 
nificant efficiency in reducing yield losses 
and when, necessarily, yield losses in the 
unprotected treatments were large enough. 
Yield reductions, of course, happen more 
often and are more dramatic when the cir- 
cumstances of experiments are extreme, 

times under unrealistic conditions. 
Quantitative information on yield losses 

due to pests is vital to the development of 
sound plant protection management prac- 
tices. It is therefore surprising to see how 
limited our information is today in the 
particular case of rice-the most important 
food crop worldwide (14,26,50,52). The 
information currently available on yield 
losses due to rice pests is extremely het- 
erogeneous with respect to assessment 
meGods, production situations, and inju- 
ries (52). The sources of information are 
diverse, too, and the representativeness of 
this information has to be questioned (42). 
This situation is due to a number of rea- 
sons, among which is the extreme diversity 
of environments and cropping practices 
associated with rice production, as well as 
the wide array of harmful organisms af- 
fecting rice crops. A first objective of this 
study was to generate information stan- 
dardized in format and homogeneous in 
representativeness for lowland rice in 
tropical Asia. 

Fol!owing the theory of production 
ecology (35,56), three production levels 
(potential, attainable, and actual) may be 
distinguished in any production situation 
(the combination of production factors 
influencing agricultural production, from 
physical to socioeconomic: 10). Yield-de- 
fining, -limiting, and -reducing factors 
determine the potential, attainable, and 
actual yield levels, respectively. Quantifi- 
cation of yield loss requires that measure- 
ments of attainable yield (i.e., the yield 
output of a crop that did not suffer injuries 
from pests) are made (36,47,48). Meas- 
urement of attainable yield is next to im- 
possible under farmer’s field conditions. 
Measurement of both attainable and actual 
yield, so that the g a p y i e l d  loss due to 
pest injury-is measured, implies experi- 
mentation. A second objective was to de- 
velop a data base derived from a chain of 
yield-loss experiments using a standardized 
protocol (39). 

Two types of interactions are important 
to consider in multiple-injury yield-loss zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
studies. Interactions may first occur among 
injuries in their yield-reducing effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(17,lS). 
Interactions may also occur between injuries 
and attainable yield, i.e., the same level of 
injury may lead to different losses depending zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
on production situations; conversely, the 
same level of loss may be caused by 
different levels of a given injury depending 
on production situations (40,48). The 
experiments should thus cover a wide range 
of attainable yields, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas well as a wide range 
of each of the considered injuries (alone or 
in combination) in order to address these 
interactions. A third objective of this study 
was to quantify yield losses due to varying 
levels of injuries caused by rice pests, 
considering a range of attainable yields. 

A characterization study based on survey 
data (41,45) determined the links between 
production situations (represented by a set 
of pattems of cropping practices and asso- 
ciated to a given attainable yield), injury 
profiles (combinations of injuries due to 
rice‘pests in a crop cycle), and actual rice 
yields in farmers’ fields across Asia. The 
experimental data base reported here com- 
plements these survey data. A fourth ob- 
jective of this work was to link survey and 
yield-loss data in order to quantify current 
constraints due to rice pests in a range of 
rice production situations, and to provide a 
quantitative background to set priorities for 
rice pest management in tropical Asia. 

Table 1. Features of successive experiments involve’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MATERIALS AND METHODS 
Concepts and operational definitions. 

A given pest (whose population may vary 
over time) may lead to the appearance of 
injuries in a crop, which may in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAturn result 
in damage (yield loss; 57) as it interferes 
with the physiological processes of crop 
growth and yield accumulation. The func- 
tion that relates injury and damage was 
termed a damage function (57). This study 
focuses on damage functions in a multi- 
variate space defined by variations of (i) 
the environmental conditions under which 
yield builds up, and (ii) injury levels due to 
several pests, considered solely or in com- 
bination. Many organisms are potentially 
harmful to rice. Conversely, rice is grown 
under an extremely wide range of envi- 
ronments in tropical Asia (28,45,52,53). 
Empirical models have been derived to 
estimate damage for a number of individ- 
ual rice pests (52,55). However, a farmer’s 
rice crop does not usually experience only 
one injury during its cycle. More fre- 
quently, several injuries occur, in sequence 
or simultaneously. Analyzing survey data 
showed that these injuries usually do not 
occur independently, but as sets: “injury 
profiles” (38,39,45). Further analysis indi- 
cated that these injury profiles, as well as 
variation in actual yield, were strongly 
linked with patterns of cropping practices 
(45). 

in the development of a yield l oss data base for tropic: 

Development of the yield loss experi- 
mental data base. An approach (45) to 
address combinations of injuries and pat- 
terns of cropping practices (which corre- 
spond to given production situations and 
attainable yields) and their effects on rice 
yield variation was thus developed. As 
many injury combinations as possible had 
to be considered in the widest possible 
range of production patterns, resulting in a 
very large number of treatments. A chain 
of factorial, unreplicated experiments was 
established in farmers’ fields and at the 
IRRI Research Farm from the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdry season 
of 1991 until the dry season of 1995. The 
concept of yield response surface (4954) 
was used to specify the objectives of each 
experiment: each one was devised in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtum 
to explore a given sector of the rice yield 
response surface to variable inputs (yield- 
limiting factors) and injuries (yield-reduc- 
ing factors). The yield-limiting factors that 
were manipulated (Table 1) during the 
experiments included the amount of water 
supplied to the crop and the amount and 
regime of fertilizer (mostly nitrogen) input. 
Varieties with differing potential yields and 
different crop establishment methods were 
also used as factors. These factors were 
considered during the succession of sea- 
sons (rainy and dry) corresponding to large 
variations in radiation intercepted by the 
crop canopy. 

lowland rice 

Production factors 

Experi- Crop Injurie9 
mentb .Year Seasonc Varietvd Fertilizel-e Irrimtion‘ e s t g  BLB SHB RTD BS DH WH WM LB NB WA W B  .., 
F F I  1991 D VI FE3 w 3  TR x x  X x x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FE! 1992 R v 1 , v 2  FEo.FE3 w 3  TR x x  X x x  
FF3 1992 D v 2  FE3 w 3  TR x x  X x x  
IRR11 1992 R v 5  FE10 w 3  TR X x x  
IRRI2 1993 R V2,V3, FE2,FE9 W3 TR x x  X 

IRR13 1993 D v2,v3 ,  FEI.FE7 w3 TR x x  X 

IRR14 1993 D v 2  FE3 WI,W2, TR,DS X X X 

IRR15 1994 R v 3  FEO,FE6 W1, W2, TR X X X 

IRR16 1994 D v 3  FF.4 W1,W2, TR,DS X X X 

IRRI7 1995 R v 4  FEO,FE7 WI,W2, TR,DS X X X 

IRR18 1995 D v5 FEo,FE5, w 2 , w 3  TR X x x  

a BLB: bacterial leaf blight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Xanrhomonus campesrris pv. oryzne); SHB: sheath blight (Rhizocroniu soluni); RTD: rice tungro disease; BS: brown spot 
(Cocldiobolus miyabemus); D H  dead hearts (stem borers, Scitpopluzgu incertulus); WH: white heads (stem borers, S. incertulus); WM: whorl maggot 
(Hydrelliapliilippinu); LB: leaf blast (Pyriculuriu oryzae); NB: neck blast (P. pryzae); WA weed infestation above the rice crop canopy; WB: weed infesta- 
tion below the rice crop canopy. X indicates that the corresponding injury was part of the (subplot) treatments. 
FF: farmer’s field experiment, IRR1 experiment at the I RRl  research farm. 
D dry season; R rainy season. 
V1: PSBRc4 V 2  C4-137; V3: IRW, V4: IR74 V5: IR72. 
Fertilizer applications in kg N-P-K ha-’: FEO: no fertilizer application; FEI: fertilizer application at seedling stage ( 25- 0- 0) ;  FE2: fertilizer application at pani- 
cle initiation (30-0-0); Fu: fertilizer application at seedling stage (100-0-0); FE4: fertilizer application at seedling stage (120-0-0); FE5: fertilizer applicafkn 
at seedling stage (30-0-0) and at panicle initiation (30-0-0); FE6: fertilizer application at seedling stage (30-O-O), at panicle initiation (50-O-O), and at flowering 
stage (30-0-0); FE7: fertilizer application at seedling stage (40-O-O), at panicle initiation (50-O-O), and at flowering stage (45-0-0); FE8: fertilizer application at 
seedling stage (50-O-O), at tillering stage (50- O- O), and at panicle initiation (50-0-0); FE9 fertilizer application at seedling stage (100-30-30) and at panicle 
initiation (30-0-0); FEIO fertilizer application at seedling stage (85-25-25) and at panicle initiation (70-0-0). 
W1: field drained at 30 days after crop establishment; W 2  field dmined at 60 days after crop establishment; W3: field permanently flooded. 
Crop establishment TR: transplanted; DS: direct (wet) seeded. 

v 4  

v 4  

w 3  

w 3  

w 3  

w 3  

FE8 
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Eleven injuries caused by rice patho- 
gens, insects, and weeds were considered 
bacterial leaf blight (BLB), sheath blight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(SHB), rice zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt ungro disease (RTD), brown 
spot (BS), dead hearts caused by stem 
borers (DH), white heads caused by stem 
borers (WH), whorl maggot injury (WM), 
leaf blast (LB), neck blast (NB), and weed 
growth above (WA) or below (WB) the 
rice plants. These injuries were selected on 
the basis of their reported importance in 
tropical Asia (24,26,28,52,53) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon their 
observed occurrence in farmers’ fields 
(45). These injuries also differ in their 
corresponding damage mechanisms, which 
were reviewed by Pinnschmidt et al. (30). 
Using the classification terminology de- 
veloped by Boote et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3), the damage 
mechanisms covered by these 11 injuries 
are: stand reduction (RTD and DH), photo- 
synthetic rate reduction (BLB, BS, LB, 
WA, and WB), leaf senescence accelera- 
tion (BLB, SHB, BS, LB, WA, and WB), 
light stealing (BLB, SHB, BS, BS, LB, 
WA, and WB), and tissue consumption 
(BLB,SHB, BS, WH, WM, and NB). This 
array was considered representative of 
most of the damage mechanisms any rice 
pest may induce. 

These yield-limiting and yield-reducing 
factors could not, of course, be addressed 
simultaneously in a single experiment. 
Table 1 shows the sequence of experiments 
conducted. This study is based on 11 suc- 
cessive experiments, totaling 445 individ- 
ual plots. Three experiments were con- 
ducted in farmers’ fields in the neigh- 
borhood of Los Baños, Philippines, while 
eight were conducted at IRRI’s Central 
Research Farm. 

A typical layout of experiments of the 
data base simultaneously involved two 
production factors (Table 1). These (e.g., 
fertilizer with two levels and water man- 
agement with three levels) were arranged 
in a strip-plot design defining main units, 
in which subplots consisting of combina- 
tions of injury treatments were defined 
(39). Injury treatment subplots consisted of 
the eight possible combinations of three 
injuries (each of them at two levels) chosen 
among the 11 listed in Table 1. The two 
levels of each injury were (in most experi- 
ments): uninjured and injured due to artifi- 
cial establishment of a pest(s) in the plot. 
The levels of injury depended on varying 
initial inoculum doses (or initial insect or 
weed population introduced) and/or envi- 
ronmental conditions, and in many cases 
the same injury was cansidered two or 
several times in different experiments. One 
key feature of this design was the existence 
of one control plot (no injuries) in each of 
the main units (i.e., combination of pro- 
duction factors) of any experiment. These 
uninjured plots measured the attainable 
yield corresponding to each main unit. This 
design thus measured the yield loss associ- 
ated to each plot (i.e., the gap between 
individual plot yield and the attainable 

yield measured in the corresponding main 
unit) in any combination of injuries and 
production factors. 

Another feature of the experiments is 
that use of pesticides was avoided as much 
as possible. Pesticide use may generate 
undesirable effects in rice as well as in 
other crops, such as enhancing crop growth 
(and thus invalidating yield comparisons; 
51) or affecting populations of natural 
enemies of crop pests (24). The approach 
used in manipulating rice pests was based 
on artificial introduction of the harmful 
agents in the test plots, combined with 
large buffer areas between plots, rather 
than reliance on pesticides to control 
spontaneous development of diseases, 
weeds, and insect populations. One key 
issue was to minimize interplot interfer- 
ence (16) and thus achieve the desired 
injury treatments. This was especially im- 
portant for control plots, where injuries 
must be negligible and attainable yield 
measured. Isolated microfields (29,46,58) 
consisting of 12 x 12 rice hills at 20 x 20 
cm spacing (2.4 x 2.4 m plots for direct- 
seeded rice) were used. The area of indi- 
vidual plots was 5.8 m2, and an experiment 
typically involved 48 such plots estab- 
lished in a 3,750 m2 rice field, so as to 
provide large buffer areas between plots. 
This plot size represents a compromise 
between (i) the amount of work required to 
inoculate or infest a number of individual 
plants, (ii) the representativeness of yield 
measurements and injuries at the plot level 
(25,49,51), -and (iii) the time required for 
successive injury assessments. The choice 
of plot size,.also took into account the size 
and strength of the inoculum source. when 
inoculated (infested), a microfield becomes 
a source of inoculum (pest) for the entire 
experiment. Should the plot size be large, 
this source may become very strong, as for 
instance in the case of tungro, where mi- 
crofields were planted to a susceptible 
variety and were embedded in a compara- 
tively large field planted to a resistant one. 
A point-source of tungro inoculum (see 
below) was established at the center of the 
plots to be inoculated, so that the vectors 
would first spread on susceptible plants of 
the same plot prior to encountering resis- 
tant ones on the large surface that separates 
two test plots. 

Specific points on manipulation of indi- 
vidual injuries are listed below. These pro- 
cedures are described in more detail in 
Savary et al. (39). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Bacterial leaf blight (BU) .  Bacterial 
suspensions at a concentration of io9 cells 
ml -’  were prepared from 72-h-old cultures 
of Xanthomonas campestris pv. oryzae 
grown on a modified Wakimoto’s medium 
(20). Inoculations were done 7, 14, and 21 
days after crop establishment (DACE), 
either by the leaf clipping method (21) on 
50% of the leaves per plant or by spraying 
suspensions on the entire plot. 

Sheath blight (SHB). At maximum til- 

lering stage (about 45 DACE), all plants 
were inoculated by inserting into the center 
of each hill 5 g of a 10- to 14-day-old in- 
oculum consisting of Rhizoctonia solani 
mycelium growing on a31:4 rice grain-rice 
hull substrate (28,37). 

Rice tungm disease (RTD). Preparation 
of inoculum sources for RTD followed 
Ling (23): (i) individual 7-day-old seed- 
lings of the susceptible rice variety TNl 
were planted in pots; (ii) the pots were 
caged 30 days later; (iii) two to five 
viruliferous green leafhoppers (GLH) were 
introduced into each cage; (iv) 15 days 
later, when tungro symptoms were visible, 
the potted plants were transferred to the 
field, together with the vectors feeding on 
them. The pots (point sources) were placed 
at the center of each plot to be inoculated 
at 7 DACE. After about 10 days, the 
tungro source plants were removed, and 
the subsequent spread of RTD in the 
microfields depended on spontaneous GLH 
populations. 

Brown spot (BS). Spore suspensions (3 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IO4 spores ml-’) were prepared from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7- 
day-old cultures of Cochliobolics miya- 
beanus grown on potato dextrose agar and 
were sprayed on the plots in the late after- 
noon at tillering and flowering stages. 
Water was sprayed on the plots three to 
fom times daily to extend the leaf wetness 
duration during the following 5 days after 
inoculation. 

Leaf (LB) and neck blast (NB). Spore 
suspensions were sprayed in the late after- 
noon on the plots at different doses ( IO4 to 
3 x lo4 spores ml-’) and at different times 
during and after heading to obtain various 
levels of LB and NB (31). Blast-inoculated 
plots were covered with plastic sheets 
during the night following the inoculation. 
In the particular case of blast, fungicides 
were used to prevent interplot interfer- 
ences: tricyclazole or benomyl were 
sprayed on the noninoculated plots at the 
peak of blast epidemics in the inoculated 
ones. 

Dead hearts (OH). Artificial infestation 
of yellow stem borer Scirpophaga zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAincer- 
tidas followed Pongprasert et al. (33). 
Moths were collected in the neighborhood 
of experiments and placed in cages con- 
taining potted rice plants, where they ovi- 
posited. After 5 days, when eggs were 
about to hatch, leaf portions with egg 
masses were clipped and inserted between 
the stem and the 1eaf.sheath in plants to be 
infested. In each plot to be injured, one egg 
mass was inserted in each of the 20 plants 
per plot to be infested. Infestation was 
done at approximately 21 DACE. 

White heads (WH). To generate white 
heads, plants were infested at a later stage 
(panicle initiation to early booting) with 
eggs of stem borers as described above for 
dead hearts. In this case, however, 30 hills 
per plot were infested. 

Whorl maggot (WM). The method used 
follows Heinrichs et al. (15): 9 days after 
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
transplanting, adult flies of whorl maggot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(Hydrellia philippina) were collected. Ten 
hills in each plot were enclosed in separate 
cylindrical Mylar film cages at the early 
tillering stage, and infestation was done by 
releasing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 males and 10 females per 
cage. The cages were removed 7 days later. 

Weed infestation above (WAJ und below 
(WB) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe rice crop canopy. Seedlings of 
Echinochloa glabrescens and Leptochloa 
chinensis, which outgrow rice plants, were 
collected from nearby fields and planted in 
plots assigned to WA injury. Monochoriu 
vaginalis and Sphenoclea zeylanica were 
used to represent weed infestation below 
the rice crop canopy (WB). Infestations for 
both WA andor WB were done at 7 
DACE. Weed-free plots were weeded at 20 
to 25 DACE and again about 30 days later. 

Observations were done at four devel- 
opment stages of the rice crop: tillering, 
booting, flowering, and ripening. Using a O 
to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 development stage scale (P. S. Teng, 
unpublished), these stages correspond to 
20, 40, 60, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 development stage 
units (dsu), respectively. These stages were 
selected so that injuries caused by the 
range of pests considered could be ade- 
quately represented at any crop develop- 
ment stage (39). Some injuries occurring in 
the plots were the result of manipulations 
(and reflected imposed treatments), while 
others were spontaneous. All observed 
injuries, including those resulting from 
spontaneous infections or infestations, 
were assessed using a standardized proce- 
dure (39), which is summarized here. 
Standardization of observations allowed 
data sets from successive experiments to 
be combined. Except for weed infestation, 
measurement of injuries was based on 
standard samples of five rice hills (or 10 x 
10 cm quadrats in direct-seeded plots). To 
prevent tramping inside the plots, these 
samples were chosen at random in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan in- 
ner, circular strip in each experimental 
plot, 20 cm wide, immediately adjacent to 

a 20-cm-wide border (i.e., the square of 
plants inside each plot that were immedi- 
ately adjacent to the border row of each 
plot in the case of transplanted plots). I j u -  
ries were quantified depending on the or- 
gan considered. 

Injuries zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the leuves: (i) injuries caused 
by whorl maggots (WM), leaf folders (LF), 
and other defoliators (OTH) were assessed 
as the mean proportions of injured leaves 
in the sample; (ii) injuries caused by foliar 
diseases such as bacterial blight (BLB), 
brown spot (BS), and leaf blast (LB) were 
measured by their severity assessed in the 
sample, considering all leaves of three 
tillers chosen at random in the five hills (or 
quadrats); 

Injuries on tillers and panicles: (i) dead 
hearts (DH) and white heads (WH) were 
assessed as the proportion of injurqd tillers 
and panicles, respectively, in the five sam-  . 
pled hills (or quadrats); (ii) neck blast 
(NB) incidence was assessed as that of 
white heads, and panicle blast severity was 
assessed using the scale developed by Ahn 
and Mukelar (1); (iii) the sheath blight 
(SHB) injury was defined as: I x (Sl  + 
Ss) / 2,  where I is the proportion of infected 
tillers in the five sampled hills (quadrats), 
SI is the severity (proportion diseased area) 
on the leaves of three tillers in each of the 
five samples, and Ss is the severity on the 
sheaths of these tillers. 

Injuries affecting an entire crop srand: 
(i) the incidence (percent diseased hills) of 
rice tungro disease (RTD) was derived 
from counts of infected and healthy hills in 
a plot. Symptom intensity per hill was then 
assessed from the five sample hills using a 
O to 8 rating system (39). The injury due to 
tungro was then defined as the product of 
incidence by the mean symptom intensity; 
(ii) weed infestations above (WA) and 
below (WB) the rice crop canopy were 
assessed simultaneously using a O to 4 
rating scale (39) corresponding to propor- 
tions of ground coverage, either by weeds 

outgrowing the rice stand (WA) or not 
(WB). 

Injury data were synthesized over four 
successive development stages (20,40, 60, 
and 100 dsu) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto account for the overall 
injury caused by individual pests during 
crop development. Overall injuries were 
expressed differently, depending on the 
nature of the harmful agents. These syn- 
thetic i n j q  indices (Table 2) were defined 
as follows: (i) injuries affecting the entire 
development of the crop: BLB, BS, LB, 
WM, RTD. WA, and WB were represented 
by areas under injury progress curves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) 
over development (measured as stage units, 
dsu, from O to 100); (ii) injuries affecting 
the rice crop at a specific development 
stage or showing a definite peak in their 
progress over time: SHB, NB, DH, and 
WH were represented by the maximum 
injury observed over the four assessments. 

Assessment of individual plot yield was 
based on whole grain yield estimates 
(converted to a 14% moisture content) 
excluding the borders, i.e., an area of 4.84 
m-' (i.e., II x 11 hills or 121 quadrats, 400 
cm2 each). 

Data synthesis using nonparametric 
techniques. A multivariate approach 
similar to that used for analyzing survey 
data (38,43,44) was used to provide an 
overview of the structure of the data base. 
This approach involves three successive 
steps: (i) categorization of data, (ii) build- 
ing of contingency tables and chi-square 
tests, and (iii) correspondence analysis. 

The distribution frequencies of injury 
levels followed a common general pattem: 
a large number of plots with null or low 
injury levels, a fraction of the population 
of plots with intermediate injury levels 
(resulting in most cases from inoculation 
or infestation), and a fraction of plots with 
high injury levels (resulting from success- 
ful establishment of the pest population). 
The levels of a given injury, X, were thus 
initially categorized as XO (absence), XI 

Table 2. List of variables considered in the analysis of the experimental yield-loss data base for tropical lowland rice 

Variable type Symbol Variable description Unit 

SHB Maximum sheath blight severity (%I 
Injuries 

BLB 
RTD 

Area under the progress curve of bacterial leaf blight severity (4 assessments) (% dsua) 
Maximum rice tungro disease intensity (proportion of infected rice plants x symptom intensity on a O to (None) ' 

BS 
LB 
NB 
WM 
DH 
WH 
WA 

8 scale) 
Area under the progress curve of brown spot severity ( 4 assessments) 
Area under the progress curve of leaf blast severity (4 assessments) 
Maximum percentage of panicles with neck or panicle blast symptoms 
Area under the progress curve of mean percentage of leaves with whorl maggot injury (4 assessments) 
Maximum percentage of tillers with dead heart (stem borers) injury 
Maximum percentage of panicles with white head (stem borers) injury 
Area under progress curve of percent ground coverage of weeds growing above the crop canopy 

' 

(4 assessments) 

(4 assessments) 
WB Area under progress curve of percent ground coverage of weeds growing below the crop canopy (% dsu) 

Yield and yield loss 
Y Actual plot yield (grain yield, 14% moisture) (t ha-') 
Ya AttainabIe yield (t ha") 
n Yield loss: Ya -Y (t ha-') 

dsu: development stage units on a O to 100 scale. 
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(low), X2 (medium), and X3 (high). At- 
tention was paid to the definition of the 
numerical boundaries of each class to en- 
sure that each category would have a suffi- 
cient class filling, in order to enable statis- 
tically valid chi-square tests zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8) .  The initial 
categorization was thus altered to meet this 
prerequisite. For many injuries (RTD, BS, 
LB, NB, WA), a categorization in four 
classes would have led to too few plots 
falling into the medium (X2) category. 
Three categories were thus considered in 
these cases: XO (absence), X1 (low), and 
X2 (high). In one case (WM), only a few 
plots were free from spontaneous injury, 
and the absence and low classes were 
merged and three categories were defined 
XI (low), X2 (medium), and X3 (high). 
Table 3 summarizes the categories used in 
the next steps of the analysis. 

Variation in yield loss, YL, was repre- 
sented by five successive categories (Table 
3)  with numerical boundaries defined to 
achieve similar class sizes. A larger num- 
ber of classes allowed us to describe more 
accurately, and test relationships between, 
yield loss and individual injuries, as well 
as to better interpret multiple relationships 
in a correspondence analysis. 

Numerical boundaries were defined to 
categorize both actual (Y) and attainable 
(Ya) yields (Table 3) so that: (i) five 
classes would be defined for Y, from very 
low (YI) to very high (Y3,  (ii) similar 
class sizes would be achieved in each cate- 
gory, and (iii) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno attainable yield would 
fall below the numerical boundary defining 
lowest yields, i.e., no attainable yield 
would be categorized as very low. Thus, 
four categories were defined for Ya. 

A series of [ YL x injury] contingency 
tables was built to analyze relationships 
between injury levels and yield losses, and 

the corresponding chi-square tests were 
performed to test the null hypothesis of 
independence of distributions of injuries 
and yield loss levels. Correspondence 
analysis (2,9,13) was then used to synthe- 
size the structure of the data set in a picto- 
rial way and to hierarchize injuries with 
respect to their yield-reducing effect. This 
technique is convenient for synthesizing 
information contained in one or (as here) 
several contingency tables and where many 
relationships, while strong and statistically 
significant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(as can be tested by a chi- 
square), are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnot linear (43). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs in principal 
component analysis, correspondence anal- 
ysis generates a series of axes. These axes 
reflect the bivariate frequency distributions 
in each of the contingency tables used. In 
addition to their coordinates along axes, 
classes are represented by their relative 
weights, contribution to axis, and re- 
ciprocal contribution to axis (2,9,13,43). 
The relative weight (or mass) of each class 
represents the frequency of individuals in 
the corresponding row (or column). The 
contribution to an axis is the proportion of 
inertia of that axis derived from a specified 
class. The reciprocal contribution repre- 
sents the proportion of inertia of the class 
(row or column) that is accounted for by 
the specified axis. It is also the correlation 
between the axis and the class. Finally, the 
sign of the coordinate indicates the direc- 
tion along which each class deviates from 
the origin. Interpretation of graphs gener- 
ated by correspondence analysis can be 
outlined as follows (9,13,43). Proximity of 
points representing classes on a factorial 
plane indicates associations, i.e., corre- 
spondekes that can be checked using the 
shape of contingency tables and the associ- 
ated chi-square tests. When a series of 
classes representing successive levels of a 

categorized quantitative variable that re- 
flects a logical increase (e.g., yield loss, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y L O  to YLA) is considered, a path linking 
the successive classes can be drawn, and 
the movement along this path may be ex- 
amined in relation with positions of other 
'classes. The successive levels of a path for 
a given variable can thus be associated to a 
series of categorized levels (classes) of 
other variables. For instance, correspon- 
dences linking successive yield-loss cate- 
gories with various injury levels can be 
checked and outlined as domains on the 
graph using the underlying contingency 
tables and chi-square tests. 

Yield loss estimation and scenario 
analyses using multivariate parametric 
techniques. Numerous multivariate, para- 
metric methods are available to analyze 
such a data set (22). The approach has to 
estimate yield losses due to specific inju- 
ries and to combinations of injuries at 
specified attainable yields. The latter ob- 
jective is of prime importance, because 
interactions among injuries in their yield- 
reducing effects, which may vary in inten- 
sity depending on production situations, 
are to be expected. Results from surveys in 
various Asian sites (12,38,44), as well as 
across tropical Asia (43, indicate that in- 
jury profiles depend on production situa- 
tions. The approach to analyze this data 
' base should therefore also consider sce- 

narios where a production situation 
(represented here by a given attainable 
yield) is chosen, a given injury profile 
corresponding to this production situation 
is selected, and the resulting yield losses 
are estimated. 

The approach chosen (11) involves four 
steps: a principal component analysis, a 
multiple regression analysis, evaluation of 
the resulting empirical model, and analysis 

Table 3. Categorization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof variables involved in the experimental rice yield-loss data base for tropical lowland rice 

Variable type Symbola Categories Category definitionb 

Injuries 
SHB 

BLB 

RTD 
BS 
LB 
NB 
WM 

DH 
WH 
WA 
WB' 

Yield and yield loss 
YL. 

Y 

Ya 

SHBO, SHBl, SHB2, SHB3 

BLBO, BLBI, BLB2, BLB3 

RTDO, RTDl, RTD2 
BSO, BSI, BS2 
LBO, LB 1 I LB2 
NBO, NBl, NB2 
WMl, WM2, WM3 

DHO, DHl , DH2, DH3 
WHO, WHl, WH2, WH3 
WAO, WAl, WA2 
WBO, WBI, WB2, WB3 

YLO, YLl; YL2, YL3, Y U  

Y1, Y2, Y3, Y4, Y5 

Yal, Ya2, Ya3, Ya4 

SHBO SHB = 0%; SHBl: O < SHB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 6%; SHB2 6 < SHB 5 18%; SHB3: 18 < SHB 5 

BLBO BLB = 0% dsu; BLBI: O < BLB 5 80% dsu; BLB2 80 < BLB .< 370% &U; BLB3: 

RTDO RTD = O; RTDl: O < RTD 5 20; RTD2 20 < RTD 5 400 
BSO: BS = 0% dsu; BSI: O < BS 550% &u; BS2 50 < BS 5200% dsu 
LBO: LB = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0% dsu; LB1: O < LB 5 10% dsu; LB2 10 < LB 5 300% dsu 
NBO: NB = 0%; NBI: O < NB 530%; NB2: 30 < NB 5 70% 
WMI: O I WM 5 500% dsu; WM2 500 < WM 5 1 , OOO% dsu; WM3:1,000 < WM 5 

DHO: DH = O%, DH1: O < DH 5 2.5%; DH2 2.5 < DH 5 10%; DH3: 10 < DH 550% 
WHO: WH = 0 % WH1: O <WH 54%;  WHZ 4 <  WH 510%; WH3: 10 < WH 540% 
WAO: WA = 0% dsu; WAI: O < WA 2 1,100% dsu; WA2 1,100 < WA 5 4,000% d s ~  
WBO: WB = 0% dsu; WBI: O < WB 5 I,450% dsu; W B 2  1,450 < WB 5 2,500% &U; 

50% 

370 < BLB 52,500% dsu 

2, 500% dsu 

WB3: 2,500 < WB 56,000% dsu 

YLO YL <0.25 t ha-'; YLl: 0.25 < YL 5: 0.75 t ha-'; YL2 0.75 

YI: Y <2.40 t ha-'; Y 2  2.40 < Y 5 3.80 t ha-'; Y3: 3.80 < Y  55.20 t ha"; Y 4  5.20 < Y  5 

Yal: 2.40 < Y a  5 3.80 t ha-'; Ya2: 3.80 < Ya 5 5.20 t ha-'; Ya3: 5.20 <Ya  5 6.90 t ha-'; 

YL 5 1.25 t ha-'; YL3: 
1.25 < YL 5 1.90 t ha-'; YLA: 1.90 < YL 5 4.50 t ha-' 

6.90 t ha-'; Y5: 6.90 < Y 5 11.47 t ha-' 

Ya4  6.90 <Ya  511.47 t ha-' 
~ ~~~ ~ ~~ 

a Symbols for variables and their units are listed in Table 2. 
Categories for variables are defined by their numerical boundaries. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of scenarios using this model. First, a nor- 
malized principal component analysis was 
conducted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the injury variables (Table 
2), which led to the generation of a series 
of independent injury factors, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFi (i.e., inde- 
pendent linear combinations of injuries). 
Second, these factors, together with attain- 
able yield (Ya), were used in an upward, 
stepwise multiple regression analysis of 
variation in actual yield (Y), with the aim 
of generating an equation that describes the 
actual yield response surface. The tested 
equation (equation 1) had the following 
shape: Y = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaYu + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZbiFi + ZcjYa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 + 
2;GdklFk x FI, where the cjYa x Fj and the 
dklFk x Fl terms account for interactions 
between attainable yield and injury factors, 
and among injury factors, respectively. 
Third, the resulting equation was assessed 
by aptness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof residuals (Il), coefficient of 
determination, and F test. Fourth, the re- 
gression model was used to assess yield 
losses in various scenarios. Estimation of 
yield losses for all scenario analyses en- 
tailed back-computations using the yield 
response surface (equation 1). Each factor 
value was computed using its loadings and 
the considered (normalized) injury level(s); 
a preset attainable yield value was then 
entered in the equation; an estimate for 
actual yield was thus derived; and the dif- 
ference Ya - Y, i.e., yield loss, was calcu- 
lated. 

Three types of scenarios were consid- 
ered. The f i s t  type dealt with the potential 
losses a given injury may cause at varying 
injury levels and within a range of attain- 
able yields. Yield losses caused.by individ- 
ual injuries were computed within the 
range of injury levels achieved through 
manipulation of pests in the series of field 
experiments. The second type of scenario 
was derived from survey data in tropical 
Asia and was aimed at estimating overall 
yield losses and at ranking the relative 
importance of rice pests region-wide. One 
elementary result of the survey (45) con- 
sists of measurements of individual injury 
levels in a population of 456 farmers’ 
fields. The distribution frequencies of in- 
jury levels were not normal, and two dis- 
tribution parameters were used to represent 

each injury in this second type of scenario: 
its mean and its median. Another survey 
result is the mean actual yield in farmers’ 
fields: Ym = 4.12 t ha-’, with a standard 
deviation of 1.41 t ha-’. Estimates of at- 
tainable yield were not, of course, avail- 
able from farmers’ fields. A mean attain- 
able yield of about Ym + 1 standard 
deviation was considered a reasonable 
level, so that a fixed attainable yield of 5.5 
t ha-’ was used for the computation of 
yield losses. The third type of scenario 
dealt with losses caused by specified injury 
profiles. The survey of rice pests in tropi- 
cal Asia also led to the characterization of 
a series of injury profiles (IN), which were 
shown to be strongly linked with given 
production situations represented by spe- 
cific pattems of cropping practices (PR). 
While these clusters of PR and IN are as- 
sociated (i.e., a given IN predominates in a 
significant way when a specific PR is en- 
countered), it was also shown that these 
clusters of PR and IN were not site-spe- 
cific. When considered simultaneously zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 
new, synthetic variables, the IN and PR 
clusters also aptly described the variation 
in actual yield across the region. A set of 
scenarios was therefore considered where 
(i) a given injury profile IN was consid- 
ered, and (ii) an attainable yield level was 
chosen corresponding to the PR most fre-  
quently associated with the IN. As in the 
previous type of scenario, no estimates for 
attainable yields were available, and Ya 
was thus arbitrarily set to one standard 
deviation above the mean yield value for 
each PR-cluster. Only the PR x IN combi- 
nations represented by a sample of at least 
n = 30 fields were considered (45): PRl x 
IN1, PR3 x IN3, PR5 x IN2, and PR6 x 
M2. 

RESULTS 
Chi-square tests between injury levels 

and yield loss classes. Table 4 summarizes 
the successive tests made to assess the 
linkages between injury levels and yield- 
loss classes. In all cases, the null hypothe- 
sis of independence of yield loss and injury 
levels was rejected. Four types of signifi- 
cant linkages between injuries and yield 

losses were distinguished on the basis of 
bivariate frequency distributions (34) dis- 
played in the contingency tables (not 
shown): high injury levels associated (i) 
with low yield losses (BLB and WM), (ii) 
with medium to high yield losses (SHB, 
BS, LB, NB, and DH), (iii) with a range of 
yield losses, up to high or very high (WH, 
WA, WB), and (iv) with injuries at any 
level (low to high) that appear to be asso- 
ciated with very high yield losses only 
(RTD). 

Correspondence analysis. Among the 
several axes cbrrespondence analysis gen- 
erated, the two first ones accounted for an 
accumulated inertia (variance) of 82.3% 
(Table 5). These two axes therefore pro- 
vided a good description of the categorized 
levels of injuries, as well as of the levels of 
yield losses, and are discussed here. 

Examination of correspondence analysis 
results starts with the interpretation of 
axes, which i s based on the contributions 
to axes (9,13). Among the injuries that 
contribute much to the definition of the 
first (horizontal) axis (contibutions to axis 
1, Table 5), the successive levels of SHB 
have an important role. The levels of SHB 
exhibit a gradient of cdordinates (-0.099, 
-0.072, 0.210, and 0.364, for SHBO, SHBl, 
SHB2, and SHB3, respectively) along this 
axis, from absent (SHBO, with a negative 
coordinate and a large absolute value) to 
high (SHB3, with a positive coordinate and 
a large absolute value): movement along 
axis 1 thus coincides with increasing levels 
of SHB. Note that the extreme levels of the 
series (SKBO and SHB3) correspond to the 
largest contribution to axis 1 (1.55 and 
4.68, respectively), reflecting their in- 
creasing distance from the origin of axes, 
thus their inertia. Similar gradients are 
observed in the case of BS, WA, WB, and 
RTD. In the latter case, absence (RTDO, 
coordinate -0.079) is opposed to presence 
of tungro (RTDl and RTD2, coordinates 
0.531 and 0.641, respectively). Movement 
in the positive direction along axis 1, how- 
ever, corresponds to decreasing levels of 
BLB and WM. In the case of BLB, ab- 
sence of BLB (with a large BLBO contri- 
bution to axis in the positive direction) is 

Table 4. Chi-square tests on the effects of injuries (Y variables) on levels of yield losses (X variable) in the experimental data base for tropical lowland 
riCC 

Variablea x k n b  df P Comments derived from examination of contingency tables 
~~~ ~ 

SHB 40.2 12 <0.0001 High SHB associated with medium (YL2) to high (YL3) losses 
BLB 57.1 12 <0.0001 High BLB associated low (YLI) losses 
RTD 25.2 8 0.001 RTD, low or high, associated with high (YL3) or very high (YU) losses 
BS 26.2 8 0.001 High BS associated with high (YL3) losses 
LB 17.7 4 0.005 High LB associated with high (YL3) losses 
NB 16.0 4 0.005 High NB associated with high (YL3) losses 
WM 35.0 8 <0.0001 High WM associated with low (YLI) losses 
DH 20.8 12 0.05 High DH associated with medium (YL2) or high (YL3) losses 
WH 26.1 12 0.01 High WH associated with high (YL3) or very high (YU) losses 
WA 19.7 8 0.01 High WA associated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith high (YLd) losses 
WB 37.8 12 0. 0002 High WB associated with losses ranging from low (YL1) to very high (YL.4) 

a See Table 1 for variable list. 
Contingency tables for manipulated injuries (X) and measured yield losses (Y) were built using categories defined in Table 3. 
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opposed to successive levels of BLB 
(BLBl-3, in the negative direction). With 
respect to injuries, the first axis may thus 
be interpreted as representing increasing 
levels of SHB, RTD, BS, WA, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWB, 
but decreasing levels of BLB and WM. 
Similar gradients can be detected along the 
second vertical axis. This axis is associated 
with increasing levels of SHB, BS, LB, 
NB, DH, and WH. Prominent contributions 
of the highest levels zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof BS and NB (BS2 
and NB2) are indicated by very large con- 
tributions to axis 2. Decreasing levels of 
WB are also indicated along this axis, with 
comparatively small contributions, how- 
ever. The second axis may thus be inter- 
preted as representing increasing levels of 
several injuries (SHB, BS, LB, NB, DH, 

and WH), especially BS and NB, and 
slightly decreasing levels of WB. It is 
worth noting that most of the reciprocal 
contributions of injury classes accumulated 
over axes 1 and 2 exceed 70%. This indi- 
cates that the combination of these two 
axes provides good descriptions of levels 
of the various injuries. 

Interpretation of axes has also to be 
made according to the other set of classes, 
yield-loss levels. A gradient of coordinates 
of the yield-loss classes (YLO to YL4) is 
observed along axis 1, Y L O  and YLl hav- 
ing large, negative coordinates, whereas 
coordinates for YL2, YL3, and YL4 are 
increasingly positive. The contributions 
YLO, YLl, and YL4 to axis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 are particu- 
larly large. The first axis may thus be in- 

- -. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  

terpreted as representing increasing levels 
of yield losses. The second axis strongly 
opposes high losses, YL3 (in the positive 
direction), on the one hand, and very high 
losses, YL4, or negligible losses, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYLO (in 
the negative direction), on the other. These 
three yield-loss categories have large con- 
tributions to axis 2. The second axis may 
thus be interpreted as a contrast between 
extreme loss levels, either very high or 
negligible, and high yield-loss levels. The 
accumulated inertia zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof yield-loss classes 
accounted for by both axes is large, rang- 
ing from about 60% (YLO, YLl) to over 
90% (YL3, MA), except for medium yield 
losses, YL2 (22.11%). YL2 having the 
smallest coordinates (in absolute terms) on 
both axes, this yield-loss class is thus close 

Table 5. Correspondence analysis of injury levels and yield-loss levels achieved in the experimenta1 data base: relative weights and contribution to axes 

Axis 1 Axis 2 

Relative Contribution Contribution 
Classes weighta Coordinate To axisb Reciprocalc coordinate To axisa ReciprocalC 

SHBO 0.046 -0.099 1 .55 21.01 -0.184 5.88 72.24 
SHBl 0.022 -0.072 0.40 37.40 0.015 0.02 1.72 
sHB2 0.013 0.210 1.99 19.87 0.368 6.73 61.02 
sHB3 0.010 0.364 4.68 49.94 0.304 3.59 34.76 
BLBO 0.050 0.2.51 10.85 88.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 000 0.00 0.00 
BLB 1 0.020 -0.295 6.04 72.35 -0.067 0.34 3.71 
BLB2 0. 008 -0.25 1 1.83 60.18 0.180 1.04 30.89 
BLB3 0.013 -0.3 14 4.51 28.28 -0.025 0.03 0.78 
RTDO 0.080 -0.079 1.72 92.25 0.010 0.03 1.62 
RTDl 0.006 0.531 6.27 71.21 -0.269 1.77 18.26 
RTD2 0.005 0.641 7.13 94.75 0.148 0.42 5.05 
BSO 0.082 -0.021 0.13 9.07 -0.066 1.39 89.10 
BSI 0.004 0.020 0.01 0.20 0.390 2.32 79.75 
BS2 0.005 0.412 2.83 21.1 1 0.786 11.32 76.74 
LBO 0.084 0.013 .- 0.05 5.01 -0.055 0.95 94.68 
LB 1 0.004 -0.239 0.87 15.08 0.525 4.63 ' 72.70 

1 LB3 0.002 0.17.5 0.23 3.81 0.830 5.79 86.06 
N B O  0.084 0.010 0.03 3.34 -0.056 1 .o2 96.40 
NB 1 0.003 -0.336 1.02 85.40 -0.055 0.03 2.30 
NB2 0.004 0.100 0.13 0.67 1.166 19.73 9 1.25 
WMO 0.031 0.233 5.78 76.63 -0.076 0.68 8.15 
WMI 0.039 -0.219 6.50 55.54 0.186 5.17 40.13 
WM2 0.019 -0.093 0.58 25.75 -0.150 1.67 66.65 
DHO 0.017 0.052 0.16 3.29 -0.237 3.70 68.3 1 
DHI 0.028 -0.158 2.43 65.97 -0.072 0.57 13.94 
DH2 0.027 0.045 0.19 3 1 .O2 0.055 0.31 47.39 
DH3 0.019 0.140 1.29 24.64 0.237 4.07 70.46 
WHO 0.027 0.137 1.79 32.20 -0.192 3.86 63.06 
WH1 0.026 -0.128 1.46 98.18 -0.002 0.00 0.02 
WH2 0.019 -0.227 3.41 46.54 0.232 3.91 48.45 
WH3 0.019 0.216 3.11 81.94 0.039 0.11 2.68 
WAO 0.069 -0.032 0.24 10.22 0.057 0.87 33.85 
WAl 0.015 -0.050 0.13 2.50 -0.192 2.05 36.48 
WA2 0.008 0.412 4.58 72.97 -0.166 0.82 11.81 
WBO 0.034 -0.081 0.77 24.42 0.099 1.26 36.42 
WBl 0.021 -0.169 2.11 5 1.95 -0.127 1.32 29.43 

Rows 

WB2 0.020 -0.058 0.23 16.41 0.100 0.77 49.35 
WB3 0.016 0.481 13.00 73.50 -0.172 1.84 9.44 

YLO 0.209 -0.146 15.45 35.83 -0.123 11.99 26.66 
YLl 0.196 -0.185 23.18 57.48 -0.059 2.61 5.86 
YL2 . 0.203 -0.016 0.18 1.49 0.059 2.72 20.62 
YL3 . 0.209 0.071 3.66 6.03 0.276 60.67 90.70 
YL4 0.183 0.301 57.53 73.79 -0.178 22.01 25.62 

Columns 

Inertia accounted for by axes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a Relative weight (or mass) of each class represents the frequency of individuals in the corresponding row (or column). 

43.1% 39.2% 

Contributions to axes are the proportions of inertia of axes derived from classes. 
Reciprocal Contributions (or correlations between axes and classes) represent proportions of inertia of classes (row or column) accounted for by axes. 

Plant Disease I  March 2000 363 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
to the origin of axes and therefore cannot 
be expected to have a large inertia. The 
large fraction of accumulated inertia ac- 
counted for by axes 1 and 2 indicates that 
the variation in yield-loss levels is well 
described by this combination of axes. 

Figure 1 shows the projection of the 
various classes (injury levels and classes of 
yield losses) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the plane defined by axes 1 
and 2. In Figure lA, all classes are shown, 
so as to visualize their proximity (with a 
chi-square distance). In Figure lB, the 
successive yield-loss classes have been 
plotted again using the same scale and 
linked in a path of increasing yield-loss 
levels. Figure 1C provides an interpretation 
of relationships among injury levels and 
this path of increasing yield losses. In Fig- 
ure lA, the proximity between two classes 
indicates their linkage, which increases 
with increasing distance of classes from 
the origin of axes (9). While a number of 
injury levels seem associated with YLO, 
YL1, and YL2, fewer seem linked with the 
two other levels of yield losses, especially 
YL3. Figure 1B exhibits a regular path of 
increasing yield losses, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas suggested by 
examination of coordinates (Table 5). 

A pictorial interpretation of the analysis 
can be made using Figure 1C. Low yield- 
loss levels (YL1) are associated with low 
levels of some injuries (WB1, DH1, WH1, 
PB1) but variable levels of BLB (BLBl, 
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Axis 1 

BLB2, or BLB3). Medium yield losses 
(YLZ) are associated with low levels of 
some injuries (SHBl. WMl), medium 
levels of others (WB2, DH2, and WH2), 
and variable levels of BLB (BLB2 and 
BLB3). High yield losses (YL3) corre- 
spond to medium or high levels of SHB 
(SHB2 or SHBS), high levels of DH and 
NB (DH3, NB2), and any level-i.e., oc- 
currence-of LB and BS (LBl or LB2, and 
BS1 or BS2). Very high yield losses are 
associated with high levels of some inju- 
ries (WA2, WB3, WH3) and any level 
(occurrence) of RTD (RTD1 or RTDZ). 

Figure 1C therefore provides a good 
summary of the successive tests (Table 4) 
and of the interpretation of axes (Table 5). 
It offers a qualitative overview of the ex- 
perimental yield-loss data base, with four 
broad groups of injuries and four corre- 
sponding levels of yield losses. 

Principal component and multiple zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAre- 
gression analyses. Principal component 
analysis on injury variables yielded a series 
of 11 factors (totaling 100% variance ex- 
plained), Fi, that can be seen as independ- 
ent linear combinations of the (normalized) 
injury variables (l l) ,  and these were used 
in the next steps of the analysis. 

The results of the step-wise multiple re- 
gression analysis of the variation in actual 
yield, Y, using the Fis, the variation in at- 
tainable yield (Ya), and ttieir interactions 

B 
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are summarized in Table 6. Overall, a very 
good description of the variation of Y was 
achieved, with an R2 value of 97.8% and a 
Fisher ratio of 2269. Examination of re- 
siduals (Fig. 2) does not suggest that hy- 
potheses pertaining to the errors associated 
with this regression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare violated (1 1). 

The resulting regression includes several 
interactions that significantly contribute to 
describe variation in actual yield. Interac- 
tion terms of the form: Ya x Fi reflect 
yield-reducing effects that depend on the 
level of attainable yield. Interaction terms 
of the form: Fj x Fk refer to competition, or 
synergies, of injuries in their yield-reduc- 
ing effect. While the construction of the 
regression makes its interpretation in detail 
difficult, the significant contribution of 
these interactions to the tested model rep- 
resents a key result of the analysis: (i) inju- 
ries (or some of them at least) interact with 
attainable yield in the damage they cause, 
and (ii) some injuries interact in their 
yield-reducing effects. Interpretation of the 
regression as a whole can be addressed 
through its behavior and considered by 
means of scenario analysis. The outcomes 
of some of these scenarios are reported 
below. 

Yield losses caused by individual inju- 
ries. In the first set of  scenarios, a range of 
attainable yields was considered, and a few 
injuries were allowed to vary (one injury at 
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Fig. 1. Correspondence analysis of the relationships among categorized levels of injuries and yield losses for lowland rice. Categories are defined in Table 
3. Variables (injury levels and levels of yield losses) are plotted on the two first axes, accounting for 43.1 + 39.2 = 82.3% of total inertia (”able 5). (A) 
Biplot representation of all variabtes using their coordinates on the two first axes (Table 5). The units shown on the axes are chi-square distances. Proxim- 
ity of categories on the factorial plane indicates correspondences derived from, and tested on, contingency tables. (Ei) Location of the five levels of yield 
losses, from negligible (YLO) to very high (YU) on the same factorial plane. A path of increasing levels of losses is indicated. (C) Interpretation of the 
correspondence analysis, showing four broad domains of injuries and their relationships with the successive levels of losses. The successive levels of the 
yield-loss path are associated to a series of categorized levels of injun-es based on contingency tabIes and chi-square tests (Table 4). These multiple asso-  
ciations are outlined as domains. 
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a time). The results for three injuries are 
shown in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, where SHB, RTD, and 
WB were allowed to vary independently. 
Each curve indicates the response in rela- 
tive yield loss to increasing injury levels at 
specified attainable yields: 2, 4, 6, 8, and 
10 t ha-'. The results indicate that: (i) the 
maximum damage caused by RTD is the 
highest (confirming results from corre- 
spondence analysis), and (ii) while yield 
losses caused by SHB tend to increase with 
attainable yield, those due to RTD tend to 
decrease, and those due to WB are stable 
(in proportion). The latter point illustrates 
the importance of interactions (equation 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ya zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx Fj terms) between attainable yield and 
injuries in the yield response equation 
(equation 1; Table 6): SHB and RTD are 
involved in these interactions (with oppo- 
site final signs), whereas WB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s not. 

Yield losses caused by rice injuries 
across tropical Asia. Table 7 lists the re- 
sults of yield loss computations, consider- 
ing each injury separately or in combina- 
tion, assuming a fixed regional level of 
attainable yield Ya zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.5 t ha-'. When the 
injuries assessed in the survey are consid- 
ered in terms of means, four groups of 
injuries can be distinguished with respect 
to the damage they cause: RTD and DH 
cause undetectable or very low yield losses 
(below 0.1%); BLB, NB, and WM cause 
low damage (below 1%); SHB, BS, LB, 
and WH cause relatively high yield losses 
(between 1 and 10%); and WA and WB 
cause high losses (above 10%). When me- 
dians are considered instead of means, 
most injuries cause undetectable or negli- 
gible yield losses, except SHB, WH, and 
more importantly, WA and WB. 

Consideration of combined injury levels 
at their mean values-that is to say of a 
mean injury profile (45) observed in 456 
fields surveyed across the region-leads to 
a computed relative,.yield loss of 37.2% 
using the empirical model (Table 7). If 
yield losses caused by mean individual 
injuries were considered independently, an 
accumulated yield loss of 63.4% would be 
obtained. The estimated damage corre- 
sponding to combined injuries at their 
mean levels reflects interactions among 
injuries in the actual yield response equa- 
tion (equation l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFk x F'l term; Table 6, F4 
x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF7 interaction), indicating an overall, 
less-than-additive effect of injuries in their 
yield-reducing effect. The same calculation 
based on median injuries, however, would 
lead to an accumulated damage of 21.5%, 
which compares to the yield loss computed 
with a median injury profile (19.9%, Table 
7). Absence of interaction effect in this 
case is attributable to the small number of 
injuries considered (SHB, WH, WA, and 
WB only) and their small numerical 
(median) values (Table 7). 

Yield losses caused by specific injury 
profiles in given production situations in 
tropical Asia. Table 8 summarizes the 
inputs (injury profiles and set Ya values) 

1 

and outputs (yield losses) corresponding to high BS and also SHB, LB, NB, DH, WH, 
the third type of scenario, i.e., combina- and relatively high WA and WB, i s associ- 
tions of production situations and injury ated with comparatively lower yield losses: 
profiles. The latter are expressed both in 1.2 t ha-' (24.5%). 
absolute (Ya - Y) and relative ([Ya - YIN 
%) terms in the four scenarios, totaling n = DISCUSSION 
328 fields (i.e., 71.9% of the survey sam- Methodology used to develop and 
ple). These four scenarios can be described analyze the rice yield loss data base. 
as follows: (i) the combination PRI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx INl, Considering yield variation as a response 
which corresponds to fairly high attainable surface to a number of yield-limiting and 
yields (Ya = 5.9 t ha-'), with high SHB, yield-reducing factors i s an approach that 
occurrence of RTD, and relatively high has long been advocated by plant patholo- 
WM, WH, WA, and WB, is associated gists (49,54), but has seldom been used. 
with high yield losses: 2.4 t ha-' (41.2%); This article reports an effort to address in a 
(ii) the combination PR5 x IN2, with me- systematic way damage due to an array of 
dium-low attainable yields (Ya = 4.9 t ha- rice pests, alone or in combination, under a 
'), with high BS, LB, WA, and WB and range of production situations. 
relatively .high WM, is associated with The approach to analyze this data base 
medium yield losses, 1.7 t ha-', when con- aimed at allowing the analysis of scenarios 
sidered relative to Ya (35.4%); (iii) the where yield losses associated with a given 
combination PR6 x IN2, with relatively injury profile in a given production situa- 
high attainable yields (Ya = 5.6 t ha-') and tion (represented by its attainable yield) are 
t he same injury profile, is associated with simultaneously considered. The hypothesis 
medium yield losses: 1.9 t ha-' (33.5%); used in analyzing these scenarios is that the 
and (iv) the combination PR3 x IN3, with variation in experimentally measured at- 
low attainable yields (Ya = 4.7 t ha-'), with tainable yield accounts to a large extent for 

Table 6. Multiple regression analysis: coefficients, standard error, and probabilities for each variable 

Variablea Coefficient Standard error P (2 tails) 

Yab +O307 0.007 <0. 00001 
F2c -0.175 0.039 0.00001 

< 0.00001 F4 - 0.305 o 0.039 
FG +0.212 0.091 0.019 
FI +0.238 0.113 0.035 
Ya x F3 -0.044 0.007 <0.00001 
YaxF6 - 0.079 0.016 <0. 00001 
YaxF7 -0 .1  06 0.020 <0. 00001 
F4xF7 +0.121 0.030 0.00008 

~~ ~~ ~ 

a The regression equation tested is of the form: Y = UYU + Z(biFi) + C(cjYu x 6) + CE(dklFk x FI), 
with R2 = 0.978, F (regression) = 2,269.04, and P (regression) < 0.00001. 
Ya i s the attainable yield achieved in each production situation. 
The F's are factors generated by a normalized principal component analysis on injuries (Table 2). 
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Fig. 2. Plot of residuals of the yield response surface equation generated from the experimental yield- 
loss data base for lowland rice. The equation was derived from a principal component regression 
(Table 6), where actual yield varies with attainable yield, injuries, and their interactions. 
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Fig. 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVariation in relative losses (%) in response to varying levels of attainable yield and injuries. 
Five levels of attainable yield (Ya) were considered (2, 4, 6, 8, and 10 t ha-'), with a range of (A) 
injury due to sheath blight (SHB), (B) rice tungro disease (RTD), and (C) weed infestation below the 
rice crop canopy (WB). Each scenario (Ya and injury level) was considered using the principal com- 
ponent regression model shown in Table 6. Units for injuries are listed in Table 2 and explained in 
the text. 
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variations in patterns of cropping practices 
and, more broadly, of production situa- 
tions. Three points justify this simplifica- 
tion and allow us to derive conclusions 
from the analysis of these scenarios: (i) the 
production factors that were considered in 
these experiments do reflect key compo- 
nents that triggered agricultural change in 
rice production across Asia (14); (ii) at- 
tainable yield is only seen as one indicator 
of production situations; several analyses, 
in the Philippines, India, and Vietnam, as 
well as across Asia ( 43,  indicate that the 
link between production situations and 
actual yield is very strong; presumably the 
link between variations of actual and at- 
tainable yields is also very strong; (ii) in 
this analysis of a farmers' fields survey, 
only a few components of production 
situations were considered (45); this sim- 
plification of production situations into a 
few. elements (patterns of cropping prac- 
tices and weather types) is congruent with 
the simplification used here to define pro- 
duction situations in the development of 
the experimental yield-loss data base. 

Each of the experimental components of 
the data base was designed in such a way 
that injury-damage relationships would be 
adequately represented: efforts concen- 
trated on establishing injury treatments h a t  
would mimic a spontaneous development 
in the field and on carefully measuring the 
crop response. Yield losses caused by indi- 
vidual injuries that are higher thm 30% 
probably are infrequent in farmers' fields 
(24,50,52,55). Achieving a wide range of 
injury levels, from low to extreme, was an 
important objective of these experiments, 
in order to allow the analysis of a set of 
scenarios. The wide range of damage lev- 
els covered by this experimental data base 
is therefore a reflection of its design: inju- 
ries were artificially introduced in plots at 
differing levels, depending on the experi- 
ment, and a series of injuries and their 
combinations were considered. 

Plot yields in the experimental data base 
varied from 2 to 11 t ha-', a range that 
extends far beyond that of lowland rice 
yields assessed in farmers' fields across the 
region (45). 

Relative importance of rice pests. Cor- 
respondence analysis (Table 5; Fig. 1) 
provides a means of ranking rice pests with 
respect to their importance in terms of the 
potential losses they may cause. Four , 

groups of injuries can be associated with 
(i) low to medium yield losses: WM and 
BLB; (ii) medium to high yield losses: 
SHB and DH; (iii) high yield losses: BS, 
LB, and NB; (iv) medium to very high 
yield losses: 'WH, WB, and WA. The be- 
havior of RTD is outstanding, being asso- 
ciated only with very high yield losses. 
RTD therefore represents a fifth group of 
injury of its own. This categorization is 
based on yield loss experiments and only 
refers to potential yield losses-i.e., it 
refers to yield losses that would occur at a 



range of injury levels, including extreme 
ones, and it disregards the frequency of 
occurrence of injuries in farmers” fields. 

The empirical yield response surface 
model (equation 1; Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6) allowed US 

first to consider simple scenarios where 
one injury is addressed at a time and where 
the variation of percent yield loss with 
varying levels of injury and of attainable 
yield i s computed. Depending zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the injury 
considered (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3),  different yield loss 
responses were obtained with increasing 
attainable yield, the percent losses in- 
crease, decrease, and are stable, in the case 
of SHB, RTD, and WB,  respectively. 
These injuries differ in their corresponding 
damage mechanisms: while SHB may be 
associated with several mechanisms 
(senescence acceleration, light stealing, 
and tissue consumption), RTD corresponds 
to stand reduction, and WB is mainly asso- 
ciated with light stealing (compounded by 
a reduction of photosynthetic rate and a 
senescence acceleration if the crop is con- 
strained by a limited supply of water 
and/or nutrients). The multiple damage 
mechanisms of SHB may be expected to 
have greater impact on yield reduction as 
attainable yield increases; whereas de- 
crease of percent yield loss due to RTD 
with increasing attainable yield can easily 
be explained by an increased crop compen- 
sation capacity; and light interception 
caused by WB represents a constant attri- 
tion in energy inflow and thus remains 
proportional in its effects with increasing 
attainable yield. The different yield loss 
curves are thus consistent with differing 
damage mechanisms and support the bio- 
logical validity of the empirical model 
used, in addition to statistical tests and 
residual plot (Fig. 2). 

Further quantitative analysis of experi- 
mental data in combination with farmers’ 
field survey information provide a more 
documented and quite different picture of 
losses caused by rice pests. When an esti- 
mate of the mean attainable yield in farm- 
ers’ fields, 5.5 t ha-’, is considered simul- 
taneously with the mean level of each 
injury across the region (Table 7), yield- 
loss estimates for RTD and DH are very 
low (below 0.1%); for BLB, NB, and WM 
are low (below 1%); for SHB, BS, LB, and 
WH are relatively high (below 10%); and 
for WA and WB are high (above 10%). 
RTD no longer assumes its prominent po- 
sition because of its rarity in the survey 
sample. On the contrary, a disease such a 
sheath blight gains increasing importance 
in this scenario because of its ubiquity. On 
the other hand, in farmers’ fields, NB sel- 
dom reaches the levels attained in the data 
base experiments and thus does not have 
the importance one might expect. This 
second view may appear counterintuitive. 
It is, however, based on a relatively large 
sample of farmers‘ fields in six sites in 
tropical Asia (45), and the regression 
model used to derive these calculation does 

not exhibit any major flaw. One may ques- 
tion, too, the level of attainable yield con- 
sidered. The actual yield observed in the 
survey has a mean of 4.12 with a confi- 
dence interval zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(P = 0.05) of 0.13 t ha-’ 
(45). This is within the range of commonly 
cited lowland rice yield levels in farmers’ 
fields (14). The estimate of the corre- 
sponding attainable yield at about 5.5 t ha-’ 
seems therefore reasonable. This second 
reasoning, where both experimental and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

survey information are combined, gives 
import to chronic or recurrent injuries that 
cause moderate damage but are omnipresent. 
It is important to stress that this reasoning 
does not imply that sporadic epidemics of 
rice tungro disease or blast (causing neck 
and panicle injuries) would not cause 
considerable losses-they certainly can 
(5,26,28), but they are infrequent (45). 

Consideration of medians further 
changes this regiopal picture (e.g., with 

1 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. Relative yield losses (%) at an attainable rice yield of 5.5 t ha-’ in scenarios of various indi- 
vidual injuries: at their individual mean levels observed in a survey at six sites in tropical Asian (n = 
456 farmers’ fields), at their individual median levels in this survey, and combined at their mean or 
median levels 

Mean survey Median survey 

Levelsb Losses (%) 

SHB 10.0 6.1 5.0 3.1 
BLB 21 0.2 O O ’  
RTD 0.4 0.0 O O 
BS 387 5.0 13 O 
LB 33 5.0 O O 
NB 1.6 0.3 O O 
WM 117 0.3 36 O 
DH 2.1 0.1 0.8 0.1 
WH 3.2 2.3 1.7 1.2 
WA 318 23.0 133 10.1 
WB 382 21.1 133 7.0 
CombinedC 37.2 19.9 

a Data from (45). 

Injuries Levelsb Losses (%) 

Injuries are expressed in units given in Table I. 
Yield-loss estimates based on combined levels of injurigs at their mean or median levels. 

Table 8. Absolute and relative yield losses (%) due to rice pests in a sei of patterns of cropping prac- 
tices x injury profiles (PR x IN) characterized in a survey at six sites in tropical Asia” 

Combinations of injury profile (I”-) by patterns of cropping practices (PRc) 

Iniuriesd IN1 x PRl IN2 x PR5 IN2 x PR6 IN3 x PR3 

Injury levels (IN) by profiles 
SHB 12.1 6.1 6.1 9.9 
BLB O 75 75 O 
RTD 1.35 O O O 
BS 7 628 628 727 
LB O 49 49 79 
NB O 0.9 0.9 4.7 
WM 161 145 145 36 
DH 1.5 1.9 1.9 3.4 
WH 2.4 1.9 1.9 5.8 
WA 291 429 429 282 
WB 300 557 557 325 

Ya*= 5.9 4.9 5.6 4.7 
YLf 2.4 i- 0.3 1.7 i- 0.2 1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAzk 0.2 1.2 zk 0.2 
YL(%) 41.2 35.4 33.5 24.5 

a Data from (45). Only PR x IN combinations that were represented by more than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn = 30 fields in t he 
survey were considered IN1 x PRI: n = 135; IN2 x PR5: n = 56; IN2 x PR6 n = 32; IN3 x PR3: n 
= 105 farmers’ fields. 
Injury profiles (IN) consist of combinations of injury levels (SHB, BLB, RTD, BS, LB, NB, WM, 
DH, WH, WA, and WB). 
Each PR group refers to patterns of cropping practices characterized from a survey in tropical Asia 
(45): PRl: transplanted rice, good water management, rice-rice rotation, long fallow, medium 
pesticide use, medium fertilizer use; PR3: transplanted rice, poor water management, rice-wheat 
rotation, short fallow, low pesticide use, low fertilizer use; PR5: direct-seeded rice, poor water 
management, rice-rice rotation, short fallow, medium pesticide use, medium fertilizer use; PR6 
direct-seeded rice, medium water management, rice-rice rotation, short fallow, high pesticide use, 
high fertilizer use. 
Injuries are expressed in units given in Table 1; the mean values in each injury profile characterized 
in the survey are used. 
Attainable yields were estimated as Ya* = mean Y + 1 x (Standard error) for each pattern of crop- 
ping practice and are expressed in t ha-’. 
Yield losses (Ya* -Y) are expressed in t ha-’. 

Yield and losses by IN x PR combinations 
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respect to brown spot), but to a lesser ex- 
tent. In that case, computation suggests 
that only SHB, WH, WA. and WB should 
be considered significant yield-reducing 
injuries region-wide (Table 7). From the 
statistical standpoint, nonnormal distribu- 
tion frequencies of injuries would encour- 
age one to consider medians rather than 
means. Field experience, however, sug- 
gests that medians across such a large 
sample would not always properly account 
for the diverse sites, climate types, and 
production situations considered in the 
survey. A series of scenario analyses by 
production situations was thus undertaken. 

When all injuries zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare considered at their 
survey mean levels, i.e., when a mean, 
region-wide injury profile is considered, a 
mean yield-loss estimate of 37.2% is com- 
puted (Table 7). This figure corresponds to 
the (unassessed numerically) range re- 
ported by Greenland (14) and is well below 
the commonly cited estimate by Cramer 
(55.1%; 7),  which Teng et al. (55) consid- 
ered quite high. Table 7 indicates that inju- 
ries interact and that their yield-reducing 
effects are less than additive, a result often 
found in studies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon yield losses caused by 
multiple pests on various crops (17,19,48). 
One important difference in our results 
from reports by Cramer (7) and Greenland 
'(14) is in the ordering of harmful agents: 
these authors consider insects to be the 
most important rice pests, while weeds and 
pathogens cause similar damage. This 
study, on the contrary, strongly points to 
weeds as the most damaging type of harm- 
ful agents by far, followed in sequence by 
pathogens and insects. 

Scenario zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanalyses by production 
situations and injury profiles. Compared 
with the overall view presented in Table 7, 
consideration of specified production (PR) 
by injury profile (IN) combinations (Table 
8) generates a more documented view of 
the problem of yield-loss assessment, and 
more generally, of the issue of ranking 
yield-reducing factors. The outputs of the 
considered scenarios refer to very different 
injury profiles, from which it is possible to 
infer hypotheses on the specific importance 
of some pests in differing production 
situations. 

The PRl x IN1 combination, which pre- 
vails in relatively high-input rice-rice ro- 
tations of rainy seasons in the humid trop- 
ics, illustrates the importance of SHB and 
RTD, with a background of recurring, 
chronic problems caused by insects (WM, 
WH) and, probably to a greater extent, 
weeds (WA, WB). The yield losses in this 
scenario are quite high. The PR5 x IN2 
and PR6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx IN2 combinations, which also 
prevail in the humid tropics of Asia, but 
where direct seeding predominates and 
there are frequent water supply problems, 
in spite of otherwise relatively high input 
(PR5), or where the rice-rice rotation is 
extremely fast and input is very high 
(PR6), highlight the importance of weed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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infestation (WA and WB) as well as that of 
BS and LB. In these t wo scenarios, yield 
losses can be high and presumably are 
mainly attributable to weed infestation. 
The combination PR3 x IN3 refers to 
production situations and injury profiles 
prevailing in the subhumid tropics of 
tropical Asia (i.e., the rice-wheat system 
of southern Asia). In these production 
situations, input-including control of the 
water supply to the crops-ften is very 
low and environmental constraints are 
harsh (especially with erratic rainfall pat- 
terns). A whole array of injuries contrib- 
utes to damage in the PR3 x IN3 combina- 
tion, among which BS appears to play a 
prominent role, in combination with other 
injuries (SHB, LB, NB, DH, WH). 

Rice research priorities in plant pro- 
tection. Setting priorities for plant protec- 
tion research in rice can be based on sev- 
eral standpoints. Four of them are briefly 
discussed below. 

Yield attrition due to chronic injuries is 
commonly underestimated. This is partly 
due to the fact that yield losses in farmers' 
fields are virtually undetectable: they zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare 
below the precision of any yield estimation 
methodology (32). The present study de- 
rived such estimates from a series of ex- 
periments analyzed using a multivariate 
approach, and their importance becomes 
apparent, as was suggested by a risk-ana- 
lytical approach (40). Dead hearts, caused 
by stem borers and possibly leaf-damaging 
insects, represented in the present study by 
whorl maggots, belong to this category. 
When considering chronic, omnipresent 
pests that cause a systematic yield attrition 
across the region, weeds, whether infesting 
the crop above or below its canopy, obvi- 
ously represent the first and main con- 
straint. 

Another standpoint is that of the spo- 
radic, devastating effects of some injuries. 
This study shows how devastating rice 
tungro disease can be, from an experimen- 
tal standpoint. It fails to show, however, 
that RTD actually is a key constraint across 
the region, possibly because of the location 
of the sites chosen in the survey. A similar 
reasoning-a potentially devastating dam- 
age, mitigated or not, by its frequency of 
occurrence over time and space-could 
apply to blast (LB and NB) as well as to 
BLB, with the appearance of new genotypes 
of the pathogens that are aggressive to the 
currently deployed genotypes of the host. 

A third standpoint is that of the change 
of agricultural patterns toward more favor- 
able production situations, i.e., higher at- 
tainable yield. Some injuries may become 
constraints to agricultural change toward 
higher productivity, and this study points at 
sheath blight as one of them. When 
achieving high attainable yields assumes a 
higher level of priority, so would injuries 

Much has been written on the need to 
increase rice yield production to meet 

of this type. 

Asia's demand by 2015 to 2020 (a yield 
increase of about 50% is necessary; 14). 
Most of this increase will have to be gen- 
erated by agricultural lowlands already 
under cultivation. It i s likely that a large 
fraction of rice farmers will not contribute 
to this increase and will face the same 
problems they encounter today. The PR3 x 
IN3 scenario is characterized by low at- 
tainable yields due to insufficient infra- 
structure (e.g., irrigation systems) and 
input. It typifies production situations run- 
ning the risk of being left out of agricul- 
tural development. Alleviation of yield- 
reducing factors in such unfavorable 
production situations is perhaps one means 
to improve the well-being of many, and 
thus it should be seen as a priority. Inter- 
estingly, this scenario corresponds to a 
unique, complex combination of yield- 
reducing factors and will presumably re- 
quire a specific approach to pest manage- 
ment. 
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