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INTRODUCTION 

I t  is very f i t t i n g  that th is  session on 
methods for  evaluating crop y ie ld  models be dedi- 
cated to the work and memory of H.O. Hartley. His 
contr ibut ions to the theory and appl icat ions of 
s t a t i s t i c s  included those devoted to the Large 
Area Crop Inventory Experiment (LACIE). This ex- 
periment, sponsored by the tr i -agency group, NASA- 
NOAA-USDA, was designed to demonstrate how sate l -  
l i t e ,  weather instrumentat ion, and computer tech- 
nology could be combined to estimate wheat produc- 
t ion on a country-wide basis. Dr. Hartley con- 
t r ibu ted to the sampling methodology employed and 
peer reviews of resul ts .  He posed questions, sum- 
marized progress, and defined remaining problems 
in his own in imi tab le manner. He w i l l  be missed. 

I t  was during the LACIE program that a number 
of us had an opportunity to become involved in 
problems surrounding the development of weather/ 
crop y ie ld  models. Seven years ago, at the begin- 
ning of LACIE, we asked many questions about such 
models not the least of which were: 
( i )  How much of the y ie ld  increases of the past 
25 years should be a t t r ibu ted  to weather and how 
much to technology and could they be separated 
out? 
(2) I f  weather and technological ef fects could be 
separated, could we fu r ther  subdivide technologi- 
cal e f fects  into the contr ibut ions due to improved 
va r ie t i es ,  f e r t i l i z e r s ,  herbicides, pest ic ides,  
cropping pract ices,  and others? What i f  one sim- 
ply used "time" as a surrogate fo r  the i r  combinea 
ef fect? 
(3) Relative to the weather contr ibut ion would i t  
be possible to determine a mathematical re la t ion  
of y ie ld  to weather events that would hold univer- 
sa l ly  for  the major wheat growing areas of the 
world? - - -  or would i t  be necessary to bui ld a 
mini-model for  each region? I f  the l a t t e r  were 
the case, what about sparse data sets for  parame- 
ter  estimation in foreign areas? 

Seven years of work has produced ins ight  and 
understandinq~but questions of approach, methodol- 
ogy, variables to use, mathematical form, size of 
observation uni t  for  model development and predic- 
t ion ,  and others s t i l l  remain. 

In th is  paper we discuss development and 
test ing of a crop/weather model to predict  spring 
wheat y ie lds on a large-area basis with special 
appl icat ion to the state of North Dakota. Follow- 
ing th i s ,  we make a few comments on evaluation. 

SPRING WHEAT YIELD MODEL 

Data Set fo r  Development. We approached the 
problem of developing a spring wheat y ie ld  model 
from the viewpoint that i t  was possible to develop 
a universal model but to determine the re la t ion  
would require: 
( I )  a un i t  of observation be selected to maximize 
the number of primary sources of var ia t ion (weather 
events, applied ni t rogen, var ie ty  planted, crop- 
ping pract ice,  soi l  factors ,  pests, hail and other 
episodal events) about which h is to r ica l  informa- 
t ion is ava i lab le ,  
(2) the data set to estimate parameters should 

contain values of weather variables with a wide 
range of va r ia t ion ,  
(3) standardizing some of the var iables so that  
they carry the same weight at a l l  locat ions. 

These condit ions led us to use repl icated 
p lot  y ie lds of var ie ta l  performance t r i a l s  as our 
response var iable for  model development. Such 
t r i a l s  have been conducted at experiment stat ions 
in the United States for  50-60 years at some loca- 
t ions.  The stat ions were located throughout the 
spring wheat area of Montana, North Dakota, South 
Dakota, and Minnesota. The breadth of data over 
many years and across c l imat ic  zones helped to in-  
sure a range of var ia t ion of values of weather 
variables not l i k e l y  to be exceeded e i ther  in fu- 
ture years or in other spring wheat areas of the 
world. 

Standardizin 9 Variables. The fo l lowing stan- 
dardizat ion procedures, though somewhat crude 
helped to reduce experimental error  and biases. 
( i )  Yields from d i f f e ren t  var ie t ies  were adjusted 
to a "standard" or "base" var ie ty .  
(2) Weather var iables were measured wi th in simu- 
lated stages of plant development rather than 
wi th in specif ied weeks or months. 
(3) Yields were cul led to remove those reduced by 
disease, ha i l ,  pests, and other nonmodeled factors.  
Further reduction in experimental error  was accom- 
plished through use of simulated evapotranspira- 
t ion amounts rather than p rec ip i ta t ion  per se to 
measure ef fects of drought. 

Form and Substance. Our y ie ld/weather re la-  
t ion took on the form shown in Eq. I .  Coeff i -  
cients were determined from n=249 vectors of ob- 
servations. 
(Eq. I )  Standardized Plot Yield = Location con- 

stant + 1.0 (CN-P) - 0.08 (PR-PJ) 2 + 3.8 (ET-JD) 
- 0.23 (ET-JD) 2 - 0.25 (TX-JF) - 0.36 (TX-FH) 
- 0.01 (TX-HM) * (PR-HM) - 0.003 (TX-HM) 2 - 
7.0 (TX-MD) + 0.04 (TX-MD) 2 + 0.065 (NITROGEN). 

where the le t te rs  a f te r  the hyphen designate stim- 
ulated phenological stages; that  i s ,  P = p lant ing,  
J = j o i n t i n g ,  F = f lag leaf ,  H = heading, M = mi lk,  
D = dough. 

The model shown in Eq. i fo r  a standardized 
p lo t  y ie ld  indicates the deleterious e f fec t  of 
high daytime temperatures (TX terms) from the 
jo in t ing- to-dough stages (roughly through June and 
July for  most of the spring wheat region). Any- 
thing less than a f u l l  soi l  moisture p ro f i l e  at 
plant ing (CN-P) and too much p rec ip i ta t ion  between 
plant ing and j o i n t i n g  (PR-PJ) also reduces y ie lds .  
The convex quadratic funct ion for  evapotranspira- 
t ion (ET) indicates too l i t t l e  or too much mois- 
ture can lead to less than optimum y ie lds .  

The e f fec t  of applied nitrogen is r e l a t i ve l y  
small for  spring wheat with an estimated I0 pounds 
required to provide an addi t ional  0.65 bushel per 
acre. 

We consider th is  part of the model to be uni- 
versal and appl icable to other areas of the globe 
where wheat is planted in the spring. 

Large-Area Estimates. To estimate y ie lds on 
a state-wide basis, we s ta r t  wi th the model shown 
i nEq .  2. 
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(Eq. 2) Yield (state-wide) = ~ + ~ * WX + IT + 
y*UIT + Error 
where 

= locat ion constant fo r  given state,  
WX = weather e f fec t  = weather related 

terms in Eq. i ,  
IT = i den t i f i ed  technology = DYA + .065 * 

NI + FALINC, 
UIT = un ident i f ied  technology 

= ( t  - 55) i f  55 < t < 64, 
= 9 i f  t > 64, 

where 
DYA = average d i f f e r e n t i a l  y ie ld ing  a b i l i t y  

of a set of va r i e t i es ,  
NI = amount of applied ni t rogen, 

FALINC = y ie ld  increment due to fa l lowing.  
We assume that a y ie ld  is the sum of a constant 
pecul iar  to a given state,  weather e f fec ts ,  tech- 
nological components i d e n t i f i e d  wi th agronomic 
factors ,  non-identi  f i  ed components for  which we 
are forced to use "t ime" as a surrogate, and ran- 
dom error .  

We subtracted the i d e n t i f i e d  technology ef-  
fects from USDA y ie ld  estimates and regressed the 
dif ferences on the weather and "t ime" var iables.  
The model, generated by f i t t i n g  n=15 (1955-69) 
vectors of observations for  North Dakota, is shown 
as Eq. 3. 
(Eq. 3) Yield = -7.15 + 0.75 (WX) + [DYA + 0.65 

(NI) + FALINC] + 0.77 ( t - 5 5 )  + 
where 
( t  - 55) + = t - 55 i f  55 < t < 64, 

= 9  i f  t > 6 4 .  
The coe f f i c i en t  of our weather funct ion (WX) 

is less than uni ty and represents a scaling down 
of the cont r ibut ion of weather to y ie ld  var ia t ion  
on a p lot  basis re la t i ve  to that  found on a large- 
area basis. The other point of i n te res t  is that  
the unexplained technology cont r ibut ion to y ie ld  
appears to extend t i l l  about 1964 and then is not 
s i g n i f i c a n t l y  d i f f e ren t  from zero. We suspect 
that the y ie ld  change represented by a 6.9 bushel/ 
acre increase between 1955 and 1964 is largely  due 
to increased use of herbicides since competit ion 
from weeds can be a major cont r ibu tor  to y i e ld  
loss. 

APPLICATION OF SOME TEST CRITERIA 

A Look at Some Test Data. The seven seasons 
from 1970-76 were chosen as a test  period. Now a 
sample of size 7 is ce r ta in l y  not large enough to 
accept a model as being a superb "performer". 
However, i t  may be large enough to detect one or 
more flaws i f  the " r i gh t  s i tua t ion"  occurs to pro- 
duce ou t l i e rs .  Due to the small sample size i t  is 
especia l ly  important to scru t in ize the tes t  data 
set. 
Table I .  Comparison of Ranges of Values for  Devel- 
opment and Test Data Sets. 

Variables Development Set Test Set 
CN-P (inches) 0 . 2 -  9.7 0 . 9 -  10.0 
PR-PJ (inches) 0.0 - 8.3 0.2 - 4.4 
ET-JD (inches) 1 . 3 -  9.9 1 . 0 -  8.1 
TX-JF (degrees) 6 4 -  90 7 3 -  90 
TX-FH (degrees) 6 8 -  90 7 1 -  89 
TX-HM (degrees) 7 0 -  94 7 3 -  92 
TX-MD (degrees) 7 1 -  96 7 5 -  96 
PR-HM (inches) 0 . 0 -  5.0 0 . 0 -  4.3 

Development Set Test Set 
WX (bu./acre) 1 4 . 7 -  32.2 1 6 . 2 -  31.4 

Yield (bu./acre) 1 5 -  30 2 0 -  32 
In Table I we show a comparison of ranges of 

values for  weather variables between the develop- 
mental and test  sets. With the exception of CN-P 
and ET-JD, where a small overextension ex is ts ,  a l l  
values in the test  set are inside those of the de- 
velopment set. For the response var iable we have a 
range of 12 bushels/acre versus that  of 15 for  the 
development test .  While a wider range than 12 
bushels/acre would be desirable to test  a model's 
a b i l i t y  to respond to large year- to-year  var ia t ion  
in y i e l d ,  i t  may be large enough to detect i f  a 
model is l i t t l e  more than a constant plus random 
error .  
Table 2. Model and USDA Yields for  North Dakota. 

YEAR MODEL USDA ESTIMATE DIFFERENCE 
1970 24.5 23.6 + 0.9 
1971 29.8 31.8 - 2.0 
1972 31.7 28.9 + 2.8 
1973 24.6 27.5 - 2.9 
1974 20.8 20.4 + 0.4 
1975 27.9 25.9 + 2.0 
1976 28.6 24.7 + 3.9 
Ave. 26.8 26.1 + 0.73 = Bias 

2.40 = RMSE 
Bias and RMSE. In Table 2 we show a year-by- 

year comparison of model generated values to es t i -  
mates made by the USDA. The estimate of the bias 
is small and nons ign i f icant  while the root-mean- 
square error  (RMSE) of 2.4 bushels/acre i s ,  coin- 
c iden t l y ,  equal to the standard er ror  of estimate 
for  the n=15 observations used for  the development 
set. 

Analysis of Technological Contr ibut ions. As 
each new year of test  d~ta was considered, a test  
was made to determine i f  a second l ine segment 
s ta r t ing  in 1964 in the un ident i f ied  technology 
component might have a non-zero slope. No evidence 
for  a non-zero slope was found so the factors of 
improved va r i e t i es ,  amount of applied nitrogen and 
changes in cropping pract ices (more wheat planted 
on fa I I owed ground) expl ai ned technol ogi ca I yi el d 
increases a f te r  1964. We think that  such an anal- 
ysis of technological gains is an important part 
of model bui ld ing and reduces dependence on use of 
"time" as a surrogate. 

In conclusion we have no quarrel wi th the 
c r i t e r i a  that  Wendell Wilson and Jeanne Sebaugh 
set fo r th  in the preceding paper. In fac t ,  we 
th ink they are very reasonable and helpful both to 
make i n i t i a l  judgements about ind iv idual  models 
and to compare competing models. However, we 
th ink addi t ional  a t tent ion should be given to two 
concepts in y ie ld/weather models, namely: (1) 
un ive rsa l i t y  of a model and (2) extent to which 
terms in a model explain technological gains wi th-  
out re l iance on "t ime" as a surrogate. 


