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AN INDEX to EVALUATE THE EFFECT OF WATER SHORTAGE ON THE YIELD OF WETLAND RICE 1 

ABSTRACT 

Economic evaluation of existing or potential in- 50 cm serve as observation wells from which these 

vestments In irrigation can be enhanced by a di- measurements can be taken. Daily values of the 

rect measure of the effect of water on yields of depth to standing water, scaled from 0.0 to 1.0, 
been used to are multiplied by daily pan evaporation to givewetland rice. A stress day Index has 

estimate this effect. In this paper we report on daily water shortage factors. The water shortage 

efforts to develop an improved index suitable for index is calculated by summing these daily factors 

use in estimating water-relaterd yield reductions from the day ot transplanting to 20 days before 

of wetland rice grown in nonexperimental fields, harvest. For analysis involving data from a single 
crop season, for which pan evaporation shows lit-

The literature on previous efforts to develop tie daily variation, the Inclusion t( pan evapora­

growth-related moisture indices consistent with tion in the formulation of the index is not neces­

knowledge of plant-soil-water relationships is re- sary.
 

viewed, and alternative formulations of a water 
shortage index (WSI) are specified. Data from five Although the proposed index performs modestly bet­

data sets from the Phil ippines are used to test ter than the stress day index, the resulting esti­

the alternatives, and to compare them with the mates of yield reduction remain fairly specific to 

standard stress day index, the pattern of water shortage from which they are 

derived. The water shortage index is thus most ap-

The index proposed is based on daily measurements propriately used as a device to assess the effect
 

of the depth to the perched water table. Perfora- cf water shortage on rice yields in specific situ­

ted tubes placed in the paddy to a depth of about ations. 

lBy Leslie E. Small, associate professor of Agricultural Economics, Rutgers University, and former 

visiting agricultural economist, IRRI, and Celia Capule and Merito Oallares, research assistants, De­

partment of Agricultural Economics, IRRI. The authors are grateful to J. C. Flinn and S. I. Bhiulyan for 
helpful comments on earlier drafts of the manuscript, and to F. R. Bolton, S. I. Bhuiyan, and A. Suma­

yao for providing the data sets used in the analysis. Submitted to the IRRI Research Paper Series Com­
mittee August 1981. 
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AN INDEX TO EVALUATE THE EFFECT OF WATER SHORTAGE ON THE YIELD OF WETLOND RICE 

Economic evaluation of investments in irrigation 

is often hampered by the difficulty of identifying 

the effect of such investments on yields. A common
 
approach is to compare yields in the area of a 
project before and after the investment is made. 
Alternatively, comparisons sometimes mde
are 

between yields in a project area and yields in 
some nearby comparable area. In both cases, the 
difference in yields -- sometimes adjusted for 
differences that can be attributed to variables 
not related to irrigation -- are assumed to be due 
to the irrigation investment. Any effects of un-
measured variables may cause a bias of unknown 
magnitude and direction in the resulting estimate 
of the effect of the irrigation investment. 


An alternative approach is to obtain a mor, direct 
measure of tha effect of irrigation on yields 
through the use of a water shortage index, to 
which both yields and irrigation flows are rela-
ted. Such an index needs to be conceptually sound 
-- incoiporating known plant-soil-water relation-
ships -- and empirically feasible -- utilizing 
variables that can be measured over large areas by 
irrigation project 
field personnel with relatively 
little training. In this paper, we report on 
efforts to develop such a water shortage index. 

CONCEPTUAL APPROACH 

For several decades, scientists in many disci-
plines have attempted to establish functional re-
lationships between water and the growth and yield 
of agricultural planu,. NP'o broad apiroaches can 

be identified, based on the nature of 
 the variable 
'used to represent the effect of water. One ap-
preach is to use water itself as the input varia-
ble. Host efforts to use this approach have been 
limited to analyses of experimental data (Hexem
and Heady 1978, Hogg and Vieth 1977, linhas et al 
1174). Although this analytical approach is at-
tractive in its simplicity, it has serious practi-
cal and conceptual drawbacks, particularly because 
of the role of atmospheic conditions in affecting 
the amount of water needed to obtain maximum yield
and the role of the timing of water application on 
yield. 

The alternative approach is to incorporote into 
the production function one or nore variables re-
flecting the degree of moisture adequacy or mois­
ture stress encujntered by the crop. Such a varia­
ble may be called a maisture-related growth index, 
or a moistire stress index. An ideal index would 
incorporate information on five items: 

e the intensity of stress; 

* the rate of recovery when stress of a given 
intensity ends; 

* th,. effect (either positive or negative) of 
stress in one growth stage on the crop's 
ability to withstand stress in a later 
growth stage;
 

e the effect or stress in one growth stage on
 
the crop's ability to grow and develop in 
stressed conditions in a later growth 
stage; and 

growth stage differences in the crop's sus­
ceptibllity to stress.
 

Most stress indices are limi ted to the first item 
of information (the intensi y of stress). There is 
a considerable body of literatire -- reviewed by 
Salter and Goode (1967) -- on growth stage differ­
ences in the response of plants to moisture 
stress; however, only a few investigators (Knetsch 
1959, Dale and Shaw 1965, Hiler and Clark 1971, 
Mapp and Fidman 1976) have attempted to incorpo­
rate growtn stage effects into a moisture scrss 
lnde: The other three items have generally not 
been cons idered. 

.lost attILepts to develop an agriculturally useful 

moistte stress index are based on the concept
that plant growth is a function of the ratio ofthu actual transpiration or evapot ranspirat ion 
(ET) of t crop to the potential rate (ETon 

- • 
In much of the early work, it was assumed that 
plant growth would not be limited by moisture 
stress as long as ET, was equal to ET but 
that growth would c61se whenever ETar pped 
below ETE (van Bavel 1953, van Bavel and Verlin­
der 1956, Knetsch 1959, Dale and Shaw 1965, Flinn 
and Musgrave 1967, Alles 1969). Penman (1962) pro­
sented experimental evidence supporting this as­
sumption and suggesting that, at least for grass 
crop,., growth was in proportion to the total ETp 
occurring during periods of no water stress (i.e. 
when Eia was equal to ET,). Because all of 
these sudles focus an th- duration of water 
stress (or duration during a critical growth 
stage) as the measure of the stre..s intensity,
they may be called, using the term introduced by 
van Bavel (1953), drought day studies, with a
drought day occurring when ET falls below 
ET 

In the early work, It was assumed that the ET -
FT ratio was a function of soil moisture con­
tent only. turthermore, van Bavel (1953), Ba­van 
vel. and Verlinder (1956), Knetsch (1959), and 
Alles (1969) all assumed that ETa remains at the 
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potential rae.' mll I the so 11 moisture content crease In soil moisture tension. Reutlinger and 
falls to some crttici, value, at which point ET Seagraves (1962), using the assumption of Thornth­
falls to zero. This issumption is consistent wAiti waLte and Hather ( 1955) that the ET-ET ratio 
the early work of Thornthwaite (1948), who pro- is equal to the ratlo of the actual so11 i.oisture 
posed a moisture index for climatic classifica- conLent to the soil moisture content at field ca­
tion. Penman (1962) also used this assumption. But pacity, assumed that growth would not be substan­
as Denmead and Shaw (1902) pointed ouz, many tially reduced as long as the ET -ET ratio 
investigators observed that the ETa -ET. ratio had it value grteater tian 0.5. Between this value 
declined with Increasing soil moistue Pension, and zero, growth was assumed to decrease linearly 
rather than remaining constant until some critical to zero. Flinn (1971), using an ET -ET ratio 
value was reached and then dropping to zero. By es titmated on tLhe basis of the approaciFof-Denmead 
1955, Thornthwaite had modified his moisture index aid Siaw (1962), assumed LAt growth iK reduced 
to incorporate the assumption tnat the ETa -ET p linearly from the nonstress level to zero as ET, -
ratio was a linear function of the ratio of a-tunT ET ratio drops from 1.0 to 0.5. iler and ClarV 
soil noisture content to the soil moisture content 171) proposed a similar stress index, with the 
at field capacity ('Thornthwaite and Mather 1955). assumption that growth is linearly reduced to zero 

as the ET I-ETp ratio goes from 1.0 to zero. 

Other work has uggested that the ETa-ET ra­
tio is a function of both soil moisture nd -evap- WiM the exception of the Tayl r (1952) study, all 
orative demand. Closs (199M) and L.owrey (1959), as of these appruoclies are equivalent to the use of 
cited by Flinn (1971), tuist,-d that for any we[gited drutgit t ays, Where tle weigit for a 
given plant-soil compl e, there is a functional give day s , wered th wh, ex­
relationship between the maximum rate at which the given dtay re ioresent redi otinl in growth, ex­
plants can remove moisture from the soil (termed pressed as ;lfr,,t iint o tie stdressed growth, .lt-
FQ), and the soil roisture content. This sug- gIeteil to hoh Lh dn[ttday. onsW the int0 sLy o 
gpsts that the ETa-Ep ratio is a function of 
ET and soil moisture content, since, stress il each day, wi I, tim lott.r measured in 

terns of the T-FT, ratlIo. 
= FT_ if ET < f 

= ~ If ETh > F The assumption that stress intnsity oil a given 
. . . .- day is related to both soil moisture tension and 

atmospheric demand, cnnpled with the difficulty of 

Using evidence from greenhouse experiments with determining FT, bi ld some investigators to 
maize, Denmead and Shaw (1962) suggested that the attr.wdt to i,'c -pnrate separate variables for soil 
ET.-ETp ratio is a function of both soil mois- moisture and atmnspleric demnd Int a stress in­
tore content and evaporative demand, Although dex. Nix and Fltz patrick (1969), work ing A Lh 
Ritchie (1973) presented results indicating that wheat and or1h(1 in .,,st raliti, developed a stress1 sri 
in the field, the form of this functional rela- index by dividing the amount f wator in the root 
tionship may differ considerably from the results zone iat the hegi"1in. if at rritical period by the 
of Denmead and Shaw (1962), the basic concept that mean durirg thN period. Hller and ClarkET1 
the ET-ETI ratio is a function of both soil (1971) Mtigges td that if d:ta w FT are not 
moistur-- tensl n and evaporative demand was not avallahi,, qtrts intensity might he, Qlroximated 
challenged. The approach ot Denmead and Shaw by a multiplicative relationship between 0F and 
(1902) was used by Dale and Shaw (1965) to deter- soil moisture tension. Mapp and Eidman (1976 in­
mine the number o drought days occurring in a corporated soil moisture deficits and evaporative 
maize crop ouring a 9-week period around tassel- demand as separate additive variables reflecting 
ling. The period was chosen because it was be- stress intensity, assittming linear relationships 
lieved to represent the critical growth stage for between yield reductton and the absolute atount of 
maize with respect to me 'tore stress. They intro- soil moisture depletion, and between ylcld reduc­
duced tie term nonstress days for the number of tton and pan evaporation in excess of a threshold 
days during this period that were not drought val . 
days. Flinn and Musgrave (1967) followed a similar 
approach. 

An contrast to the ab,,ve studies, which developed 
Not all investigators have accented the concept Indices that could he calculated withoi' data on 
that plant growth proceeds at t maximum rate E1,O, Stewart and Hlagen (1973) considered only 
until E drops below ET at which point _.., which they measured experimentally. They 
growth ceases. Taylor (1952) developed a moisture rejiorted a linear relationship between yields of 
stress index based oii soil moisture tension men- maize and sorghm and total FT1 of the crop, up 
surements, which he successtully -elated to to the point where water is no-longer a limiting 
yields. lHis work led him to reject the commonly factor in crop growth. Moisture stress is thus 
accepted hypothesis that moisture is equally defined on a seasonal basis as the difference be­
available to plants for growth throughout the en- tween the amount of evapnotrinspirat inn necessary 
tire plant growth range from field capacity to to achileve maximum yields, nod the LTa of the 
permanent wilting percentage." Moore (1961) devel- given crop. The difficultiv:s of determTning Ea 

"=oped a plant growth index based on the assumption in the field, however, would seem to limit the ex 
that growth dc :reased in proportion to tHie In- tent to which thiq approach can he used. 
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A water shortage index for rice Although attempts were thus made to include separate
 
measures of the effects of duration, intensity, and
 

All the studies reported above were conducted on growth stage on stress, the stress day approach ac­
crops grown in dryland soils, i.e. the soils con- tually incorporates only the duration of water short­
tained structural aggregates and were reasonably age. Despite this limitation, the concept has been 
well drained. The work focused on soil moisture- used successfully in several IRRI studies involving 
plant relationships between field capacity and the production functions (Tabbal and Wickham 1978, Rose­
permanent wilting point. But this work is of grant 1978, llerdt and Mandac 1981). The concept has 
limited applicability to wetland rice, which is proved useful, and is attractive because of the sim­
grown generally on puddled flooded soils. In those plicity of the measurements involved. This latter
 
soils, the soil aggregates have been deliberately factor is an important consideration for any stress

broken down in the puddling process. A well-pud- index used in the evaluation of water conditions in
 

dled soil will initially have water in excess of large irrigation projects in rice-growing regions
 
field capacity, so that there shruil d he concern of Asia.
 
with relationshiips of soil moistare and plant from The objective of the work we report here was to
 
the saturated coidition to field capacity, as well develop, building on the stress day work, an im­
as from field capacity to wilting point. Further- proved water shortae index (WSI) for irrigated
 
more, the water-release characteristics of a rice that could be w;ed in nonexper imental fields
 
structureless puddled soil may be considerably (e.g. in large irrigation projecLs) to estimate
 
dfferent from those of dryland soils. the yield losses attributable to water shortage.
 

We attempted to Incorporate into the WSI measures
 
Work on the development of a water shorta,,e index of the duration of water shortage, of the intensi­
for rice has been limited mostly to that of Wick- ty of shortage during each day period, and of the
 
ham and his colleagues at IRRI (Wickham 1971, IRRI relative susceptibility of the crop to water
 
1973). Building on the work of Dale and Shaw stress at different growth stages.
 
(1965), Wickham attempted to develop a stress day
 
concept that would include the total duration of Following ltiler and Clark (1971), we define the
 
water stress, the stress intensity during each water shortage index in general terms as follows:
 
stress period, and the effects of different growth n
 
stages on the susceptibility of the crop to WSI - (WSF.) (Cs.) (1)
 

=
stress. The duration of stress was based on the 1 - 1
 
assumption that a stress period began on the
 
fourth consecutive day with no standing water on where n is the number of growth stages,
 

the paddv, and continued until the paddy was
 
flooded again. 2 During each stress period, soil WSFi is the water shortage factor for
 
hardness, rather than soil moisture tension, was - growth stage i, and
 

used as a proxy for stress intensity, due to dif­
ficulties of measuring the latter on farmers' C is a factor reflecting the relative 
fields; however, efforts to incorporate this in- susceptibility of the crop in growth 
tensity information into the stress index were un- stage i to water shortage. 
successful. Growth stage effects were considered 
by incorporating 1 variable retlecting stress du- From our review of literature we feel that the 
ring the vegetative phase (from transplanting to ideal viriable to use as the water shortage factor 
60 days before harvest (lM), and another reflect- (WSFi) would he based either on FET or on the , 
Ing stress during the reproductive stage, from 60 FT ratio. For rice grown in Tlooded pad­
to 30 DBHI. In later work at IRRI, these variables di~s, many studies on the relationship between pan 
were called early and late stres; days, respec- evaporation and ETa have been conducted (see 
tively (IRRI 1973). But this approach to the Ln- Tomar and O'Toole 177 9a). But in flooded paddies, 
co:poration of growth stage effects was not on- there is no water stress and the EI -ET ratio 

tirely successful, because usually only one -- equals I.. It appears that until rec n-V there 
not both -- of the two stress day variables was were no published field studies that provide data 
found to be significant. In part, this may be on the behavior of this ratio during periods of 
attributed to the high correlation between water drought (Wickham and Sen 1978). Bolton (1980) pre­
shortage in the reproductive stage and water sent data Or two soils in Iloilo, Philippines, 
shortage in the vegetative stage in the available that suggest a linear relationship bhtween the 

ET -ET ratio and soil moisture content be­data. Attempts Lo treat water shortage as two inde- =q "=-_-E 
pendent variables are, therefore, likely to produce tween saturation and the point at which transoira­
inconsistent and misleading results. tion ceases. Angus (1979) developed a rice growth 

simulation model by assuming that the ET -LTP 
ratio declines at an exponentially decreasing-rat­
as soil moisture content falls from saturation to 
the point at which transpiration ceases. 

The figure of 3 days prior to the onqat of stress 
can in part be justified on the grounds that at As we are unable to use either fLa or E­the 
typical rates of evapotranspiration, the amount ET ratio for the water shortage fA-tor, we have 
of free water in the saturated puddled soil mo ifled the suggestion of hliler and Clark (1971) 
(i.e. the amount in excess of field capacity), that stress intenmity could be approximated by a 
is enough to last for about 3 days. multiplizative rel tionship between ETp and soil 
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moisture tension and defined the water shortage 
factor for growth stage i in general terms as: 

d. 
= S -- (ED.) (SW.) (2)

S= 1 (ED. (S) (at 

where di is the number of days in growth stagei,--

ED. is some variable reflecting the environ-

mental water demand on the plant during 

day 1, and 


SWj is a variable reflecting the supply of 
water in the soil available to the plant on 
day .. 

Considering only plant-soil-water relationships, 
it appears from the literature that it would be 
best to use FT for ED- and either integrated 

soil moisture tension or soil moisture content for
SW1 . Considering the difficulties of field meas-
urement, however, we propose using pan evaporation 
to represent environmental demand, and scaled 
depth to the perched water table to represent the 
water supply in the soil. More specifically, our 
proposal for the water shortage factor for growth 
stage i is: 

d. 

WSF. = E (PAN.) (DSW.) (3)
i = 1 

where PAN- is tire pan evaporation on day j, and 

DSW is the scaled depth to the perched 
water table on day j. 

For a water shortage index for rice, pan evaliora-
tion (as measured by a Class A pan) appears to be 
a good proxy for potential evapotranspiration. Al­
though there is disagreement in the literature 
concerning tihe details of tire relationship betw?en 
pan evaporation and potential evapotranspiration,
there is general agreement that the two are highly 
cocrelated (Tomar and O'Toole 19 7 9 a, Yoshlida 1978, 
Wickham and Sen 1978). The absolute magnitude of 
pan evaporation relative to ETp need not concern 
us, as we need only a relative measure of environ-
mental demand. 

The use of depth to standing water as a proxy for 
soil water is more problematic. We have chosen to 
use it because it appears to be a feasible measure
 
to obtain over large areas in field conditions. 
Obtaining and analyzing soil samples from dry and 
cracked paddies for soil moisture content do not 
seem feasible on a large-scale basis. Difficrltips 
with tihe uge of tensiometers in hravy, crar.king
clay soils led Wickham (1971) to r:onclide that 
widespread field measrrements of soil moisture 
tension with tensiometers were not feasible. As 
noted above, his approach was to measure soil 
hardness with a penetrometer, but the resulting 

data were not suecessfrtly incorporated into his 

stress day analysis. Depth to the perched water 
table is a relatively easy variable to measure. 
The reading is made using a perforated tube ins­
talled in the ground after land preparation has 
been completed. The bottom of the tube should be 

some reasonable depth with respect to 
the rice
 

root zone (such as 50 cm below the surface of the 
ground). This tube serves as an observation well. 

In our analysis, depth to the perched water table 
was scaled from zero (perched water table at or
 
above the ground surface) to 1.0 (perched water
 
table at or below ihe bottom of the perforated 
tube). Thus, the daily contribution to the water 
stress factor zero on whenis any day there isstanding water on the paddy, or when the paddy is 
completely saturated (i.e. when the perched water 
table is at the surface). When the perched water 

table is at or below the bottom of the perforated 
tube, the contribution to the water shortage fac­
tor is equal to the pan evaporation for the day.
This Implicitly assumes that the effect of soil 
moisture stress an the plant reaches a maximum 
when the perched water table has dropped to 'he 
bottom of the perforated tube. 

Little work has been done (in the question of how 
the rice plant varies in its susceptibility to 
water stress at different growth stages; however, 
there is general agreement that the most critical 
period relative to water stress occurs In the re­productive growth stage (Salter and roode 1967, 

hat,;ushima 1962, 1966; Yoshida 1975; Neales 1976; 
I_ Datta et at 1973; Reyes and Wickham 1973; TRRIDe 
1973, 1974; hirrakami 1975; Tomar and O'Toole 
1979b; Namurcn et nI 1980). Some investigators
(Matsushima 1962, YasIr ida 1975) have suggested 

that the reduction division stage is the most cri­tical; other work has suggested that the critical 
period centers on flowering (Namuco et al 1980). 
In either case, the period from about 20 days be­
fore flowering to 10 days after flowering would 
include this critical period. 

The above discussion suggests tire possibility of 
using three growth stages in the stress Index. The 
first stage would cover the vegetative and early
reproductive period, from transpi,.nti ,g to about
 
20 days before flowering. The sczond stage would
 
be the late reproductive stage, from 20 days be­
fore flowering to I0 days after flowering. The 
third stage would be tire ripening stage, beginning
 
I t days after flowering
 

DATA AND PROCEDURES
 

In the development of a water shortage index, we 
have made use of several data sets generated by
TRRI researchers in the Philippines (Table 1). Two 
of these data sets came from experiments in rain­
fnd fields at Tlollo, and were provided by Bolton 
(1980). A third data set, which came from IRRI's 
Irrigation Water Management Department, was col­
lected in the command area of Lateral C of the Pe-
Faranda River Irrigation System in Central 
Luzon (Tabbal 1975, Tabbal and Wickham 1978). Two 
other data sets were from an irrigated experiment 
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Table 1. Information on the data sets analyzed.
 

Number of
 

Data set Season Type of data 
observa­
tions 

in the 
--­ alysis 

Iloilo plain 1977-78 dry Experimental 32 

Iloilo plateau 1977-78 dry Experimental 28 


Lateral C 1973-74 dry Farm 
 200 


Central Luzon 1977-78 dry Experimental 90 


1978
 

Central Luzon 
 1978-79 dry Experimental 30 

1979
 

in 	 Central Luzon, and were provided by the IRRI 
Irrigation Water Management Department. 


The Iloilo data are for the two rainfed siteswhere Boton had experiments in 1978-79 on the ef-
fects of different planting anddates nitrogen
levels on rice yields. The experiment at the low 
site (the plain) involved 8 transplanting dates
between I September and 30 Noembr 1978. For each 
planting date, 4 treatments for nitrogen (0, 30,
60, and 90 kg N/ha) were established. iR36 was 
grown in all cases and the plots were harvested 89
dayr after transplanting. The treatments on tle 
high site (plateau) were identical to those on the 
plain, except that only 7 planting dats were 
used, because plateau soils were too dry to permit 
transplanting 30 Novemhr. 

At the plain site, the fields had standing water 
through 30 November and then were without standing
water through 13 December. Rainfall at that time
flooded the fields again from 14 	December through
31 	 December. Beginning I January 1979, the fields 
were continuously without standing water. At the 

plateau site, water
standing remained on the 
fields only through 20 November. The rainfall in
December resulted in standing water on 	 the fields 
from 15 December through 19 December, after which 
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Variety 
 Data used to construct alternative
 
water shortage indices
 

IR36 1) Depth to standing water (cm from ground
 

surface) in observation wells inserted
 
into ground soil to 120-cm depth (daily) 

2) 	Soil moisture content (mm per 30 cm)

based on volumetric readings (daily)
 

3) Presence or absence of standing water
 
in the paddy (daily)
 

4) Pan evaporation (mm/day) (daily)
 

IR36 Same as Iloilo plain
 

Mostly 1) Depth to standing water (cm from ground
 
IR20 surface) in observation wells inserted
 

2
into ground soil to 5-cm depth (daily)
 

2) 	 Presence or absence of standing water 
in 	 the paddy (daily) 

3) Pan evaporation (mm/daily)
 

IR36 1) Soil moisture content (% dry weight)(daily)
 

2) Pan evaporaiion (mm/day) (daily)
 

IR36 Same as Central Luzon 1978
 

the fields were continuously without standing 
water.
 

Two alternative measures of the water supply In
 
the soil were avaiable from the Iloilo data pro­
vided by Bolton. The first was the depth to tand­
lg water in observation wells inserted into the


soil to a dcith of 120 cm. These wet Is did not 
ave perforations above the so[l surface and the
 

depth to water in the observation ell at the time
 
sding water fi disappetred from the surface

ofadi water first disappeared from We scae
 
of he paddy was 75 cmIn both sites. We scaled
 
tie water depth readings between 75 and 120 cm
 
linearly from 0.0 to 1.0. ultiplying these depths

by the daily pan evaporation values (m/day), and
 
summing over the appropriate period, gave water
 
shortage factors based on depth to standing 
water. 

The second measure of soil water conditions avail­
able was the soil moisture content. Although field
 
measurement of soil 
moisture content in Irrigation

projects In Southeast Asia is probably not gene­
rally feasible, soil moisture is presumably a bet­
ter proxy for availability of moisture to the
 
plants than Is the depth to standing water. For
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this reason, we used these data to evaluate cer- The measure of the supply of soil moisture availa­tain alternative formulattons of short- for 	 wasthe water ble these data sets the soil moisture con­
age index. Bolton measured the soil moisture con- tent, which was recorded daily during the period
tent on a volumetric basis at several points in when a plot was without standing water. Although
time after the field was no longer flooded. We oh- some measurements or the depth to standing water
rained daily values by Interpolating hetween the were taken, the close proximit y of the various wa­
dates on which actual measurements were taken. The ter treatments within a given replication made It
daily water shortage factor was given a scale val- impossible to obtain meaningful water depth infor­
ue of zete when the soil moisture content was at matton on individual treatments. 
saturation. A scale value of 1.0 was assigned to
 
represent the soil moisture content prevailing at Preliminary analysis of the data from both the

the time the crop was essentially dead. Multi- 1978 1979
and irrigation experiments in Central
 
plying the resulting daily scaled depths 
 La stand- Luzon revealed that in one site (Santa Cruz) there
ing water by the daily pan evaporation vlues were no statisticallv significant differences in
(mm/day), and summing over the appropriate period, yield among the water treatments. Furthermore, 
gave the water shortage factors, as defined by all treatmints showed low values for the various
 
equation 2, based on soil moisture content, water shortage indices tested. The apparent 
 reason 

for this was that subsurface water flows from a
 
The third data set used in the development 
 of the nearby canal at the site defeated the experimental
water shortage index involved farm data In 5,700 attempt to impose any substantial degree of water
ha in the command area of Lateral C the 	 the plots. Withof strets no 	 no Pignificant degree of 
Pearanda project in Nueva Ecija. Using 
 a water stress imposed at the Santa Cruz site, it

grid, Tabbal and Wickham (1978) selected sample was not possible to use the Santa Cruz data to 
paddies, in each of which they installed a perfo- test the relative merits of alternative formula­
rated tube to a depth of 25 cm. 3 They used crop- tions of a water shortage index. As a result, data 
cut samples to determine yield and interviewed from that site were not included in the analysis.
fan ers o g t info nation on the amount of 
nitrogen used. We used the data generated from the We also ohserved that tim yi ,I do obtained theon
1973-74 dry season, for which the total number of plots that wore managed at the farmer's Input
sample paddies was 284. After eliminating cases level tended to he considerably lower than would 
with missing values, we had a data set based on ot'erwist he predicted from the stress and ferti­
observations for 200 paddies. According to Tabbal lizer treatments. This can he attrlbuted to consi­
(1975), more than 90% of the area which these derablyfrom poorer insect and disease control under 
paddies were sampled was planted to 1120. the farmer's muanagemnt love l. The farmer's r­

nagement level generally involved less fertilizer 
The two sets came from than the other two ma nagement packages, resultingfinal data 	 e:-:periments in in a tendency for a negat iye relati.nship heteen
the 1978 and 1979 dry seasons at sites in Bulacan fertilizur use and pest damage. With no explicit
and Nueva Ecija in Central Luzon. )ata were thisavai l- measure of post damage in the yield equation,
able for three sites in 1978 and two sites in introduced a bias i" i est imated coefficients. 
1979. In both years the variety grown was IR36. I the 1978 data set, were able to withne deal 
The experiment involved five water treatments. Con- this sat isfactorily by inluding an Intercept­
trol plots were continually flooded apd plots of shifting dummy variahle in the response equation.
the remaining treatments were drained and kept un- The variable took ou a value of one if the plot
flooded for 12, 19, 26, and 33 days (11, 24, 31, involved the farmer's management level, and zero
and 38 days at 1 site). All the stress treatments If otherwise. In the 1979 data set, even with the
in a given site were reflooded on the same date, Inclusion of the dummy va'riable, ti estimated
which was about 30 DBH. Three managcment lowlevels euat ioos alpeared to give ;in onreasonably
each involving a group or package of techniques intercept and oi unreasoilably large coefficient to 
were superimposed on each treatment. Two of these nitroge". For this reason, the farm-level irvinage­
management packages were determined by the ment plots were dropped from t',e analysis of the
researchers, and differed primarily in the amount 1979 data. The analysis reported below is thus
of fertilizer used. The third management treatment based on 90 observations from 	 1978 (45 from
 
was based on decisions of the local participating Maburek and 45 from Camachillhan), and 30 from
fanner. The major differences between his treat- 1979 (from Maburak, excluding the farmer-managed
ment and the others were in fertilizer use and plots). The data for the two sites in 1978 were 
pest control. All treatments were replicated 3 pooled after an individual analysis of each site 
times, resulting In 45 observations per site. 	 showed no significant difference in the estimated 

coefficients of the water shortage index. 

3 We began our analysis of the five data sets to dev-
This depth was probably shallower than desirable elop a water shortage index by hypothesizing the

for the vater shortage index. In more recent following functional relationship between yield (Y),
work at IRRI, 40-cm depth was used for obser- nitrogen (N), and the water shortage index (WSI): 
vation wells (Early 1980; Alagcan, 1981, pers.
 
comm.) and a 50-cm depth was used in related work Y = a + b N + b N2 + b WSI + b W4Sl 
 +

in West Java (Pasandaran, Gadja Mada University, 
 - -3- ­
1981, pars. comm.). b N.WSI 

-5--_ 
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In the estimated equations, none of the the lowest. However, the differences in the iR2 
coefficients for either quadratic term were ever were small among the indices using 10, 20, and 30 
significant; these terms were, therefore, dropped. DBiias the cutoff points. 
Both the estimated yield
For three data sets -- Iloilo plain, Lateral C, reduction at the mean stress level and the confi­
and Central Luzon 1978 -- the coefficient for the dence interval around this estimate increased as 
interaction term between nitrogen and water short- the cutoff point approached the date of harvest, 
age was not significant and was also dropped. For with the largest increase occurring between the 
the other two data sets -- Iloilo plateau and index using 10 DBI and that using 0 DB. For the
Central Luzon 1979 -- the estimated coefficients [loil plateau site, there was little difference 
for the nitrogen-water R2shortage interaction tern in the of the 4 alternatives, although the 
was usually significant, and the term was retained indices basred on 20 and 30 DBt gave a slightly
throughout the analysis ol these data sets. igher R2 . As in the case of the p0 in, the 

plateau Index based on surrmations to 0 DBI1gave a 
In developing a water shortage index, we had to somewhat higher estimate of the reduction in yield
deal with several issues. For eich issue, except caused by stress and a wider confidence interval.
 
soil texture, we considered alternative frrmrula- For the Lateral C data set, there were no differ­
tions of the index. in each case the analytical ences In the R2 for 
 indices based on 10, 20, and 
procedhre was ti calerlaet the values for the al- 30 DBII. All stress treatments in the data sets
 
ternative indices boeing considered, and then to from the Central Luzon experiments ended by 30
 
use those dati to estimate a series of regression therefore, information be
DltIi, no could obtained 
equations. The equations In each series were fromiden- these data sets on the performance of alter­
tical in form, number, and type of variables in- native cutoff points. Given these results, and
 
cluded. The orly difference was in the formulation considering that the critical period for sensitiv­
of 
the water shortage index. We the evluateid the ity to water shortage presuniably ends about 10
 
relative merits of the various formulations of the days after flowering, which for most modern varie­
index by considerlrg both how well the equ:tions ties is about 20 
days before maturity, we conclude

2
fit the data, as measured by the R values, and that the water shortage index should be calculated
 
how precisely the equation estimated the yield at least until 20 DBt, but should not extend
 
loss due to water shortage, as measured by the beyond ID DBH.
 
size of the confidence interval for the point es­
timate of this loss. 4 

A in
second issue the formulation of a water 

shortage index is the determination of the crop
 
susceptibility factors for the various growth
RESULTS 
 stages (the CSi in equation I). None of the work
 

reported in Ihe literature on tie differential
The first issue 
we had to deal with in the devel- growth stage effects of water stress was .1esigned
 
opment of the water shortage index is the determi- to give quantitative estimates of these crop sus­
nation of the appropriate time over which the ceptibility factors; however, a few of che studies
 
index is to be calculated. The index is calculated 
 shed see light on this rratter. In K Itsushima's 
by summing daily water shortage values beginning (1962) study, the yield reduction from water 
at the date of transplanting, and continuing to stress in critical period aroundthe flowering was 
some appropriate cutoff date. One possibility 
is three to five times tie aruntio of reduction of a 
to continue the calculation up to the date of lar- presrmhly similar stress 
 imposed in the
 
vest. But moderate levels of water stress during vegetative phase. A field experiment IRRI
at with
 
the last 10 Dbi are not likely to reduce yield, as IR20 resulted in stress during the reproductive

the piotosynthates have already been produced by stage reducing yields by slightly 
 more than twice 
that time and need only to be translocated to the 
 as much as when stress was imposed durring the 
grains. Where farmers have control over the water, vegatative scage (Reyes and Wickham 1973; IRRi 
a common practice is to drain the paddy field at 1973). in an experiment by Tomar and O'Toole 
least 10 days before nmturity, so that it will be (1979b,c), the yields of three cultivars (1R20,
dry at harvest. Kinandang Patong, and lR6115-1-1-1) stressed 

during the reproductive stage were reduced 2 to 5We tested four alternative cutoff points for the times as ucih as the yield reduction of 
water shortage index: 30 DBH, 20 DIIBH,1I DIH, and 1R1525-680-3-2 stressed In tHe vegetative stage.
) I)BH (Table 2). For the data from the Iloilo No firm conclusions ah ,it the relative susceptibi­
plain site, tire index based on 20 1)11 gave the lity of different growth stages to water stress 
highest R2 , and tie index based on 0 I)BIIgave can be rarde, however, iecirse iA no case was the
 

same cultivar stressed in both growth stages. Al­4 e a n dthough 
 far from deotini ive, these studies suggestWe also considered the F-tests 
for the s;ignifi- that in the reproductive stage, tie yield loss 
cance of the equations and the standard errors of from water stress may be two to five times the loss 
the estimate of Y. All equations were signifi- for a comparable amount of stress in the vegetative
cant at the .001 level, and for all equations stage. No information criold he Found that ourild be 
being campared, larger F-va]ue and smaller interpreted itna sillar fashion for the ripening 
standard errors of the estimate were associated stage.
 
with larger R2 values. We do not, therefore,
 
report the F-values or the standard errors of 
 For convenience, we chose a value of 1.0 for the
 
the estimate of Y in this paper. crop susceptibility factor for tire vegetative
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stage (from transplanting to 51 DII), and then dence intervals occurred as the weights Increased,tested values ranging from 1.0 to 5.0 for the pre- no consistent pattern in these changes is appa­srimed critical reproductve period (50 to 20 DBlII). rent. We are thus unable to find any empirical ba-The ripening period ( from 19 to 10 DBlI) was either sis for using a different crop susceptibility fac­excluod from tre arralysis (Table 3) or included tor for the reproductive growth stage.

with a weight to I.0P (Table 4). 
 For the Iloilo
 
plateaui and tihe Lateral C data sets, there is a 
 Hlaving established that in the field 20 antone(rry for slight improvement DBIt isin the j,2 of tie acceptable cutoff date, ard that a crop suscepti­
estimrited prodrc t ion function a.; tire woight on tire billty factor of 1.0 for all growth stages givesreproductive period increases from 1.0 to about 

R2 
results comparable to those obtained when tire re­3.0. No impprvemenit in tire Occurs with tire productive stage is given a larger weight, we nowother data sets. The estimates of yield reduction turn ato comparison of our measures of waterdoe to water struess are stable witi tire alterna- shortage with tire traditional stress day concept,tive wetghtc. Although some changes in the conft- Tis comparison is complicated by tire fact that 

Table 2. Comparison of alternatie cutoff poin s for the water shortage index on production function
estimates of yield loss due to water shortage. a 

2
R 1 of estimated production 
 Estimated yield reduction at mean
 
oesiae prdfunction levels of stress and N (point esti-


Cutof 1)/ 
 mate and 95% confidence limits)

points- Iloilo Iloilo (t/ha) 

plain plateau Lateral C Iloilo Iloilo
 
plain plateau Lateral C 

30 1)BII .81 .86 .24 .78 ± .14 .79 ± .39 .35 - .11 
20 DBH .84 
 .86 .24 .90 ± .15 
 .77 - .39 .36 - .11
 

10 DBII .81 .84 .24 .95 + .17 .80 ± .44 .39 ± .12 

0 DBII .76 .85 .23 1.07 ± .21 .91 ± .47 .42 ± .14 

a/ The water shortage indices for tire Iloilo plain and plateau are based on the summation (over the period fromtransplanting to tile cutoff date) of the product of daily soil moisture content values and daily pan evapora­tion values. The index for Lateral C is the same except that daily depths to standing water were used insteadof daily soil moisture content values, which were not available. b/DBII = days before harvest. 

Table 3. Effects of different crop suscept.- ility factors for 50-20 days before harvest (DIi) on productionfunction 9stimates of yield loss due to water shortage (water shortage index calculated from transplanting to 
20 DII)t)a 

Estimated yield reduction at mean levels of
 
R2
Factor suscep-
 of estimated production function
t i b i l i t y f a c to r stress and N (point estimate and 95% confi­d n e l m t ) t h
for reproduc-
 dence limits) t/ha


tive periodb, Iloilo LateralIloilo Central Central Iloilo Lateral Central
Iloilo Central 

(50-20 DBlii)- b plain plateau C Luzon Luzon plain plateau C Luzon Luzon
 

1978 1979 
 1978 1979
 
1.0 .84 .86 .24 .76 .55 .90!.15 .77±.39 .36!.ll .76±.16 
 .84±.35
 

2.0 
 .84 .88 .25 .76 .54 .89±.15 .82±.37 .37±.11 .78±.17 
 .85±.32
 

3.0 .84 .89 .25 .76 
 .54 .89±.14 .84±.32 .35±.10 
 .79±.17 .85±.34
 

4.0 .84 
 .89 .25 .76 .54 .89±.14 .85±.35 .34±.09 
 .78±.18 .85±.37
 

5.0 .84 .90 .24 .54
.76 .88±.15 .86±.39 .33±.i1 .79±.16 .85±.40
 

a/The water shortage indices for the 
Iloilo plain and plateau and 
for the Central Luzon experiments for 1978
and 1979 are based on th summation (over the period from transplanting to tire cutoff date) of the product ofdaily soil moisture content values and daily pan evaporation values. The index for LateraJ C is the same ex­cept that daily depths to standing water were used instead of daily soil moisture content values, which werenot available. b Vegetative phase (from transplanting to 51 DB) is given a crop susceptibility factor
 
of 1.0. 
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the traditional 
stress day analysts involves the expected in many field srtuatlons which are not 
calculation of two separate variables -- early experimentally controlled, however, it also oc­
stress days and late stress days. In analyzing the curred in all of the experimental data sets which
 
various data sets, it became apparent that regard- were available to us. We conclude that in the ab­
less of whether the traditional stress day measure sence of experiments pecifically designed for se­
or one of the indices we developed was used, at- parating the effects of 
 early and late stress, it 
tempts to separate the measure of water shortage is empirically dW ficult to separate stress
a

into two separate variables for and index twoearly late Into separate variables. In the
 
stress led to difficulties in estimation. The following comparisons between the shortage
water
problem was caused by the lack of independence be- Indices we developed and the stress day approach,
 
tween the values of the early 
 and late stress var- we have modified the latter to incorporate early
iables. In some the data sets
of the Pearson 
cor- and late stress into a single variable. The stress

relation coefficient between these variables was day index referred to in this section is defined 
greater than 0.9. This lack of independence can 
be as the total number of days between transplanting 

Table 4. Effects of different crop susceptibility factors for 50-20 days before harvest 
(DBH) on production

function stimates of yield loss due 
to water shortage (water shortage index calculated from transplanting to
 
10 DBH).ati
 

2
Crop suscep- R of estimated production function Estimated yield reduction at mean levels
 
tibility factor 
 of stress and N (point estimate and 95%
 
for reproductive Iloilo Iloilo 
 Lateral confidence interval) (t/ha)

period (50-20 
 Iloilo Iloilo Lateral
 
DBII)b/ plain plateau 
 C plain plateau C
 

1.0 .81 .84 .24 .95 ± .17 .80 ± .44 
 .39 ± .12.
 

2.0 
 .84 .87 .25 .94 ± .15 
 .84 ± .43 '9 V 11
 

3.0 
 .84 .88 .25 .92 ± .15 
 .85 ± .36 .2 ± .10
 

4.0 .84 
 .89 .25 
 .92 - .15 .86 ± .38 .35 ± .10
 

5.0 .84 .89 
 .25 .91 ± .15 .86 ± .42 .34 ± .l0
 

a-/The water shortage indices for the Iloilo plain and plateau are based on the summation (over the ?eriod from
 
transplanting 
to the cutoff date) of the product of daily soil moisture content values and daily pan evapora­
tion values. The inden for Lateral C is 
the same except that daill depths to standing water were used instead
 
of daily soil moisture content values, which were 
not available. I Vegetative phase (from transplanting to
 
51 DBHI) and ripening phase (19-10 DBH) are given crop susceptibility factors of 1.0.
 

Table 5. Comparison of performance of water shortage indices based on alternative measures of water shortage,
 
Iloilo plain.a/
 

b /  

Estimated regression coefficients Estimated yield redction
 

Measure of water 
 2 Alean value at mean stress level 
shortage Constant Nitrogen R of WSI (point estimate and 95% 

(t/ha) (t/kg N) WSI confidence limits) 
(t/ha) 

SMC * PAN:- 3.84 .0103*** -.0313*** .84 28.7 
 .90 ± .15
 
(.0033) (.0026)
 

DSW * PAN'- 4.01 .0103*** -.0262*** .80 40.7 1.07 ± .20
 
(.0038) (.0025)
 

Stress days- 4.19 .0103*** -0851 .68 14.6 1.24 ± .36 
(.0048) (.0113)
 

a/All indices based on a cutoff point of 20 days before harvest 
(DBH) and a crop susceptibility fgtor for 
the reproductive period of 1.0. b/Figures in parentheses are standard errors of the estimates. - Index based 
on summation from transplantig to 20 DBHiof the product of daily soil moisture content values and daily pan
evaporation values. d/Index based on summation from transplanting to 20 DBHI of the product of daily depth to

standing water values and daily pan evaporation values. 
- Index based on summation from transplanting to
 
20 DBH of the number of days without standing water, less the first 3 days in each dry period. ***Signifi­
cant at the 1% level.
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and 20 D1311 that the paddy is without staniing three alternatives, although the DSW gave thewater, excluding thw first 3 days of each dry highest value (Table 6). At both sites,period. the stress 
day index gives somewhat larger point estimates of 

For the Iloilo data set, 
the yield reduction due to water shortage. Theit is possible to compare confidence interval around these point estimatesIndices of water shortage based on three alterna- is considerably larger for the stress day indextive measures: 1) daily 
scaled soil moiture con- (Table 5 and 6).


tent values ultiplied 
 by daily pan evaporation

values (SMlC*P'AN); 2) daily scaled depth to stand-

Iug water values multiplied
tton 

by daily pan evapora­values (DSW*PAN); and 3) the stress day For lateral C, data are available only forindex (SD). For t hie plato, the index based on 
the 

water shortage index basedSMC*PAN gave the highest R2 (.84), 
on DSW*PAN and for thewhereas the stress day index (Table 7). Compared to the stressIndex based 'n I)SW*PAN gave an R2 of .80. Both day theindex, )SW*PAN Index increased the R2 

were improvenents over the stress day Index, which from 
gave an 12 of 

.15 to .24, and gives a slightly higher esti­.68 (Table 5). For the lateaui, mate of the yield reduction due to water shortage,
there was little difference 
 inu the R of the 

Table 6. Compari.,on of performance of water shortage indices based on alternative measures
/ of water shortage,

Iloilo plateu.-

Estimated yield
 
Measure of water Constant Nitrogen N 2 reduction at mean 

shortage (/ha) (t/kg N) 
Mean value leyels of stress and 

WSI N*WSI of WSI N1-(point estimate and 
95% confidence limits) 

(t/ha) 
SMC * PANd/ 2.65 .0098*** -.0118*** -.000084** .86 
 49.3 .77 ± .39
 

(.0028) 
 (.0022) (.00004',
 
-
DSW * PAN !' 
 2.70 .0102*** 
 -.0105*** -.000076** 
 .89 60.3 
 .84 ± .37 

(.0026) (.0018) (.00003)
 

Stress daysf / 
 2.75 .0112*** -0327*** -.0026** .85 
 21.1 .94 ± .50
 
(.0032) (.0067) (.00012)
 

--All indices based on a cutoff 
point of 20 (lays before harvest 
(D1311), a crop susceptibility factor for
the reproductive period 
and

of 1.0. b/Figures in parentbeses are standard errors of the estimates. -/Mean valueof N was 45.0 kg/ha. A/Index based on summation from transylanting to 20 DBH of the product of daily soilmoisture c'ncent values and daily pan evaporation values. 2 Index based on summation from transplanting20 I)1BIof the product of daily depth to standing water values and 
to 

daily pan evaporation values, k/Index basedon summation from transplanting to 20 DBH of the number of days without standing vwter, less the first 3 daysin each dry period. ***Significant at the 1% level. **Significant at the 5% level. 

Table 7. Comparison of performance of water shortage indices based on alternative measures of water shortage,
Lateral C.
 

Estimated regression coefficientsa/ 
 Estimated yield reduction
Measure of water 2 

Mean value
shortage Constant Nitrogen 

at mean stress level 
of WSI (point estimate and 95%

(t/ha) (t/kg N) 
 WSI confidence limits)
 
(t/ha)
 

DSW * PAN b / 
 2.30 .0103*** -. 00564*** .24 64.7 .36 ± .11 
(.0026) (.00088)
 

Stress days- / 

2.21 .0109"** -.0123*** .14 
 25.0 
 .31 ± .15
 

(.002C) (.003])
 

a/Figures in parentheses are standard errors of the estimates. - lIndex basedto 20 days before harvest (DBH) of the product of daily depth to 
on summation from transplanting

standing water values and daily pan evapora­tion values. /ndex based on summation from transplanting of 20 DBH of the number of days without standingwater, less the first 3 days in each dry period. ***Significant at the 1% level. 



and a slightly narrower confidence interval around 
this estimate. 5 

For the Central Lezon sites In 1978 and 1979, data 

are available for a comparisno only of the water 
shortage index baied on SMC*PAN and that based on 
stress days (Tables 8 and 9). Again, the index 

R2 
based on SC*PAN results In somewhat higher 

values than the stress day index. Furthermore, for 
the 1978 data, the SMC*PAN lndex gives a lower 
point estimate of the yield reduction due to 
stress, and a narrower confidence interval. 

Another question to he considered in the formula-
tiol of the water shortage index ia that of tile 
benefit of including pan ev-poration in tile calcu-
latin of the daily water shortage fctors used in 
the index. fThe results from eqiations estimated 
for water shortage indices which incorporate tile 

daily pan evaporation values are compared to those 
estimated for indices which dc not incorporate pan 
evaporation in Table 10. it is apparent that for 
these only marginal gains in tile t12 are obtained 
by incorporating pan eval-oratLon into the index. 
This might not be true, however, for data sets 
that involve both wet and dry seasons, where 
variability in pan evaporation would be greater. 

For the Lateral C data set, we attempted to incor-

porate information on differences in soil texture 
into our equations. Of the 284 paddies cropped in 

the 1973-74 dry season, 188 are heavy clay soils 

(from 55 to 88% clay in tile upper 15 cm of soil), 

and another 54 are either clay, or clay loam with 
a my T1 ar mnims of 35 clay. 'te remining 42 paddies 
are classified as sandy clay leans. 

We hypothesiz., that the yield reduction per "nit 
of "water shortage" (aq mlols l-rd by the water 
shortage index) might be less in heavy-textured 
sois 1 than in light-textured sol Is beralse at any 
given depth to standing watar, a greater Amount of 
moisture would be availalble to tit,' plants in the 
heavier-txtlurpd soils. To test tihis hylrithnsis, 
we created a "lopI-hiifting" dummy varial that 
took on a value of n 1 i th percentage of clay was 
below a apecified level, and a value equal to the 
water shortage index if the percentage of clay was 
equal to or greater than the ;psncifId level. The 
effect of this varile in the eqnation is to 
group tile soils into t'w, rategories, and to allow 
tle coefficient for tie water shortage index to 
differ between the two. We teted alternative per-
centages of clay ranging from 35 to 60 as the spe-
cified level used to group the soils into two 
categories. fni) cnase was the estimated coeffi-
cient of tile dummy variable significantly differ-
ent from zero. We also tried Incorporating tile 

percentage of clay as a separate continuous varia-

ble in the regression equation, along with nitro­
gen and the water shortage index. Again, the esti-
mated coefficient was not significant. 

5The low R_ obtained wil the Lateral C data 
set reflects the fact that the data represent 
farm rather than experimental condtitons, with 
many uncontrolled and unmeasured factors (unrela-
ted to water conditions) affecting yield 
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We conclude thit for the Lateral C data set, at 
least, either the differences in the texture of 
tile surface soils are un important for expli. ning
the srfnces i ls a ndui n yieldt o s e to 
dlfreneps in yields and in yield loss due to 
water shortage, or else tlm ffect of these dif­
ferences is already incorporated (via the depth to 

standing water) in the ater shortage index. 

T'o further evaluate the relative merits of the 
proposed water-shortage index and the stress day 
index, we compared the estimates of yield reduc­
tion across sites. An ideal index that fully in­
corporates al I the effects of water shortage on 
yield should result In similar estimates of yield 
reduction, when these estimates are expressed as a 
percentage of the estimated stressed yield *6 
For each of the equations reported in Tables 5-9, 
we calculated the yield reduction per unit of 
stress as a percentage of the stressed yield at 

the mean nitrogen level (Table 11). To facilitate 
comparisons among the sites, tile yield reductions 
for each site are also expressed as percentages of 
the corresponding figure for the Iloilo plain 
('fable II). 

Although tilere are differences In the estimated 
rates of yield reduction among the data sets, the 

most striking difference is between tit estimated 

rate for tit Lateral C data set and the rates for 

the others. The 0.6 yield reduction per stress 
day for Lateral C is less than half as large as 

the corresponding figure for any of the other data 

sets, and is only 25% as large as the 1.83% for 
the Mloilo plain. This resllt can be explained onthe basis of tile differences In the intensity of 
stress per stress day, an1d in the extent to which 

tile duration and tile intensity of stress were cor­
related in these data sets. It is likely thait the 
average intensity of stress imposed 0n the exper i­
llental sites per stress day was greater than that 

encountered on the L.ateral C plots, since one of 
the objectives of the exper incnt s was to observe 
the yield effect of severe stress. FurtLhermnrc, by 
tile nature of the experimental treatments, dura­
tion and intensity of stress were hi hly correla­
ted in the experimental sites, so that the esti­
mated coefficicnts for stress days on these sites 
tend to reflect intensity as well as duration. In 
the controlled farm conditions f Lateral C, the 
correlation between duration and intensity was 
less so that the coefficient of the stress day 
variable was less likely to reflect the yield 
effect of intensity. For example, a given number 
of stress days might occur in a single period of 
stress (high intensity) on some fields, whereas 
the same number of days might have resulted from 
several short (low intensity) periods of stress on 
another farm.
 

T) tis extent tiat tile prpo se water shrtage t 
dex is able to incorporate tilt effect of stress 

t 
This iples that the number of units of stress 

resulting in a zeroI yield would be the same 
at all sites. 
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intensity 
on yield, the difference between the 
'e-
 CONCLUSIONS
silts for Lateral C and the other data sets should
by reduced. 
The estimated yield reduction for the 
 The water shortage index we 
developed for wetland
index based on DSW*PAN shows Lateral C to be still 

considerably less than the other sites for which a 

rice can be expressed as:
 
comparison is 
possible; however, 
with the figure
for Lateral C which is 36% 20 DBIof that 
for tile Iloilo 
 WSI = E
plain, the discrepancy is less than in the case of 

(PAN.) (DSW.) (4) 
tha stress day index. 7 j = DOT 2These results again sug-
 where 
DOT stands
gest that although far from being ideal, the pro- DBI 

for the day of transplanting, 20
standsposed water shortage index is a modest 
for 20 days before harvest, PAN-improvement is
over the stress the pan ev poration'tar index. 

f
on day j serving as a mea-sureof the environmental demand-placed 

standing water 
on the plantson that day, and DSWj is the scaled depth toin the perched water
The fact that the measurements of the depth table serving
to 
 as
standing water in the Lateral C data sets were 

a proxy for the supply of water in the soil

limited to available to the plant on day j25 cm below the ground surface This formulation
 
reduced the was based on the assumptionextent to which the I)SW*PAY index that the intensity ofwater shortagecould measure intensity of stress. If the obser-

would be measured by the multipli­cative relationship betweepvation wells had been installed to a depth of environmental demandand depth
50 cm, the discrepancy to standing water; however, the results
in the yield reduction 

estimates probably would have been less. 

Indicate that within a single 
season stress inten­sity is measured equally weil by the water depth 

Tab]e 8. Comparison of perforlmance of water shortage indices, based on alternative measures of water shortage,Central Luzon, 1978 La/
 

Estimated regression coefficients-/
Measure of water Estimated yieldshortage 
 Constant 
 Nitrogen R2 

______________________du~mmy 

WS[ Management Mean value reduction at meanof WSI WSI 
(point estimate

and .95 confidence
 
limits) 


(t/ha)
 
SMC * PAN- / 


3.89 
 .0086*** 
 -.0218*** 
 -1.92*** 
 .76 
 34.8 
 .76 ± .16
 
(.0020) (.0024) (0.14)
 

Stress days 
 4.27 
 .0065*** 
 -.0509*** 
 -1.91*** 
 .74 
 17.0 
 .86 ± .20
 
(.0021) (.0061) (0.15)
 

- Based on 90 observations t 2 sites (Maburak and Camachilihan).
errors of the estimates. cjIndex bases on summat:ion from 
b/Figures in parentheses are the standardtransplanting 
to 20 days before harvest (DBH) ofthe product of daily soil moisture content values and daily pan evaporation values.
from transplanting to 
 d/Index based on summation
20 DBH of the number of days without standing water, less the first 3 days in each dry
period. ***Significant at 
the 1% level.
 

Table 9. 
Comparison ?f performance of water shortage indices based on alternative measures of water shortage,
Central Luzon, 1979- 1
 

Measure of water 
 EstimateC: regression 
coefficientsb / 

asoshortageter Estimated yield reduction
Constant 
 Nitrogen N * 2 Mean valueWSI at mean N and stress-­of WSI 
 (point estimate and 
.95
 

confidence 

limits) 
(t/ha)
 

SMC * PANd / 

1.85 
 .0146*** 
 -.000139*** 
 .55 
 47.2 
 .84 ± .35
 

(.0045) 
 (.00003)
 
Stress days- / 


1.85 
 .0145*** 
 -.000396*** 
 .48 
 16.4 
 .83 ± .33
 
(.0048) (.00008)
 

aiased one Oobservations at Ihsited Maburak).1-Mean level of N was 127.5 kg/a. e Index -bFigures in parentheses arebased on standard errors of the estimates.of the product sumation fron transplanting to days before harvest (DBH)of daily soil moisture content values and daily pan evaporation values.
summation from transplanting to 20 DBHlof the number of days without standing water, less tihe first 3 days in
 

2 Index based on
 
each dry period. ***Significant at 
the 1% le-el.
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Table 10. Comparison of production functions variablc alone. Stress duration is incorporated
using water shortage indices developed with and through the summation of the daily water shortage
without data on pan evaporation.- factors 
between transplanting and 20 DBH. The in-


Estimated yield 
 dex does not incorporate any growth stage effects
restia yied because the data we used did not provide any clear
2

R of estimated reduction at mean
 

Data set and Rdstress leve. (point basis for including such effects. 
type of index production estimate and 95%

function confidence limits) A comparison of the index we developed with the 
traditional stress day approach to measuring the(t/ha) effect of water shortage showed our index to give 

Iloilo plain R2a somewhat higher . Considering that the index 
is specifically designed for use oil farm (i.e.nonexperimental) data, 
 it is notable '-hat the
 

DSW 2
.77 1.13 ± .23 largest relative increase in the R (from .14 to
 
Iloilo plateau .24) orccurred in the only data set based on farm
 

conditions (Lateral C). Although we thus prefer
DSW * PAN .89 .84 ± .37 
 the use of the index we have developed over the
 
stress day measure, the improvement is modest, and

where data for 
 this WSI are not available, the
 

Lateral C 
 stress day approach is a reasonable alternative. 
DSW * PAN .24 .36 ± .11 We suggest, however, that the stress day index be 

a single value based on the summation of the ap-
DSW .23 .35 ± .11 propriate days from transplanting to 20 DBH be-

Central Luzon, 1978 
 cause using early and late stress days as separate
 
independent variables has led to inconsistent 

SMC * PAN .76 .76 ± .16 rebults. 

SMC .78 .78 ± .15 
We also tested the proposed WSi as defined in
Central Luzon, 1979 
 equation 4 against an alternative formulation 

SAC * PAN .55 .84 ± .35 which dropped pan evaporation from the calculation
 
SMC .56 of the index. Tile results showed that for the data
.82 ± .30
 sets we used, incorporating 
pan evaporation 
into
 

a/A 
 the index did little to improve it. This result is
 
All water shortage indices based on a cutoff probably caused by the 
fact that each of the five
 

point of 20 days before harvest (DBH), and with a data sets represents a single season only, within
 
crop susceptibility factor of 1.0 for the repro-
 which there is relatively little variability in
 
ductive stage. DSW = depth o standing water, pan evaporation. For data sets involving both wet
 
SMC = soil moisture content. 
 and dry season crops, the inclusion of pan evapo­

ration would be more likely to improve the index. 
Because data on pan evaporation are generally col­
lected for other purposes, excluding pan evapora­
tion from the water shortage index would not 

Table 11. Estimates of yield reduction per unit of water shortage, by site and type of index.- /
 

Reduction as 

Data set 
percent of nonstressed 
yield at mean nitrogen 

Reduction as percent of 
reduction for loilo plaink/ 

SMC I PAN DSW * PAN SD SMC * PAN DSW * PAN SD 

Iloilo plain 0.73 0.59 1.83 100 100 100 

Iloilo plateau 0.50 0.44 1.36 68 75 74 

Lateral C n.a. 0.21 0.46 n.a. 36 25 

Central Luzon, 1978 
Researchers' 
management 0.44 n.a. 1.00 60 n.a. 55 

Farmers' 
management 0.74 n.a. 1.65 101 n.a. 90 

Central Luzon, 1979 0.48 n.a. 1.37 66 n.a. 75 

a/Derived from the regcesstion equations reported in Tables 5-9. L/n.a. = data not available. 
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usually result in any reduction in the cost of da-
ta collection; however, excluding evaporation de-
creases thc complaxity of the calculation of the 
index. In cases where this is an important consi-
deration, and where the analysis involves a single 
season, an index ci.ld be calculated simply on the 
basis of the depth to standing water. 

The proposed water shortage index is most applica-
ble to the analysis of the effects of water short-
age for a specific time and place. The yield re-
duction coefficient estimated from a given data 
set -- whether expressed in absolute terms or as a 
percentage of the nonstressed yield -- is not 
likely to be highly generalizable, although this 
limitation is probably somewhat less severe than 
in the case of the stress day index, which totally 
ignores stress intensity. Factors that contribute 
to this specificity include variety, soil type, 
and the general pattern (timing and intensity) of 

water shortage. Coefficients developed from sites 

planted to relatively drought-tolerant varietie. 

could be expected to be smaller than those devel-

oped from sites planted to less drought-tolerant

varieties. Likewise, coefficients developed with 

data from a site with predominantly sandy soils 

may be larger than those (ierived from sites with 

heavy clay soils. The general pattern of water 

shortage is important because the water shortage

index is only partially effective in incorporating 

the effects of differing Intensities of water 

shortage. Concentrated periods of water shortage 

are likely to have a larger impact on yields than 

scattered periods of shortage which sum to the
 
same value of the water shortage index. Although

this lack of generalizability is an unfortunate 

limitation of the water shortage index, it should 

not detract from the usefulness of the index as a 

device to assess the 
 effect of water shortage on 
yields in specific situations. 
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