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CALEWCotton is a user-friendly 
computer program that simulates 
human problem-solving behavior. 
Growers can use this system to 
help manage crop production or 
predict the effects of any one deci- 
sion on subsequent events. In 
7990, more than 700 cotton produc- 
ers have taken advantage of the 
CAL EWCotton computer program. 

Production of any crop requires many deci- 
sions before and during the growing season. 
Keepingtrackof all  the information required 
for management or predicting what the in- 
fluence of any one decision might have on 
subsequent decisions is difficult. Also, in- 
corporating new knowledge and technol- 
ogy into existing farming practices is a slow 
process, requiring careful consideration to 
avoid any adverse side effects. 

Integrated expert systems are computer 
programs that hold promise for managing 
and coordinating the information required 
for optimal crop production. Expert systems 
simulate the problem-solving behavior of a 
human who is an expert in a narrow area. 
The knowledge base of agriculture is any- 
thing but narrow, and rarely is there only 
one solution available for a particular prob- 

lem. An integrated expert decision-support 
system can help a grower make decisions 
that involve several alternatives, and can 
address several, often competing factors. 
These computer programs combine database 
management, regression models, simulation 
models, and rule bases (a rule base is like an 
"advisor:" it contains knowledge in a format 
conducive to problem solving). 

Components and development 
Since 1986, the Statewide IPM Project has 
funded the development of a prototype in- 
tegrated expert decision-support system for 
crop production. A program shell was de- 
veloped for use on many crops. That shell, 
CALEX (CALifomia Expert), provides for 
data input, manages information within and 
between the various components, and sup- 
ports a modular rule base structure and 
simulationmodels (fig. 1). San JoaquinValley 
cotton production was chosen for the initial 
application of this technology because of the 
comprehensive knowledge base, history of 
crop simulation, and interest by the indus- 
try, and because of the willingness of a team 
of research, extension, and industry per- 
sonnel to work together. 

CALEX/Cotton contains plant and pest 
simulation models that are unique in their 
ability to provide accurate output in response 
to real field data. Predicting all field condi- 
tions in a model is impossible; even the most 

sophisticated model cannot account for all 
physical and biological factors that deter- 
mine the growth and development of a crop 
or the population dynamics of several pests. 

Our approach was to model the cotton 
crop and its pests with a high degree of 
biological realism by using adaptive algo- 
rithms that adjust parameters dealing with 
vegetative growth, fruit survival, and insect 
survival and fecundity. These models now 
predict yield, numbers of fruit (squares and 
bolls), numbers of mainstem nodes (an im- 
portant parameter in many decisions), and 
numbers of nodes above white bloom (a 
parameter useful in late-season decisions). 
They simulate spider mite, lygus bug, and 
armyworm populations based on initial 
population estimates and incorporate their 
feeding into the plant mode. As yet there are 
no strong linkages between the simulation 
and the rule bases, but these are planned for 
future versions. 

Information in the rule bases represents a 
consensus of cotton specialists, including 
university and industry experts. Industry 
cooperators also helped determine which 
rule bases should be developed and helped 
prioritize their development. Each rule base 
represents an advisor on a particular man- 
agement practice, and each can easily be 
modified. 

Each rule base advisor operates in isola- 
tion from other rule base advisors, but has 
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CALEWCotton, the Statewide IPM Project‘s 
expert system for cotton production, runs on 
MS-DOS computers. The program is available 
free from IPM. 

access to common information via a “black- 
board (fig. 2) and supplies its own conclu- 
sions for use by other rule bases. For ex- 
ample, if an irrigation schedule is generated, 
advisors for lygus and mites can check for 
potential pest management conflicts. If con- 
flicts exist, the advisors can mod* their 
advice and resolve the conflicts. 

The current version of CALEX/Cotton 
contains 14 rule base advisors: (1) spider 
mites (Tetrunychus complex), (2) lygus bugs 
(Lygus hesperus), (3) root-knot nematodes 
(Meloidogyne incognita), (4) Verticillium wilt 
(Verticillium duhliue), (5)  weed management, 
(6-8) fertility (nitrogen, phosphorous, pc- 
tassium), (9) irrigation scheduling, (10-11) 
planting (seeding rate and replant), (12) 
applicationof a plant growthregulator (PIX), 
(13) crop termination, and (14) plant vigor. 
These advisors are used as the season 
progresses from preplant decisions through 
crop termination decisions. Many advisors 
are active only during appropriate calendar 
or phenological periods. For example, the 
lygus advisor will not operate until sufficient 
degree-days have been accumulated for the 
initiation of fruiting positions (squares). 

Rule bases and simulation models both 
rely on daily air temperatures, precipitation, 
solar radiation, and reference evapotrans- 
piration. As a default, CALEX/Cotton 
weather files contain 30-year averages cal- 
culated with data from a San Joaquin Valley 

Fig. 1. The program draws on decision-making rule base “advisors” and a variety of databases, 
and then uses computer models to simulate crop growth under the prescribed conditions. 

National Oceanic and Atmospheric Admin- 
istration cooperative station. This ensures 
that files will have data for each day and 
allows for biological predictions based on 
averages. As the season progresses, actual 
weather data are used to improve the pre- 
dictions. Data can be entered manually or 
transferred from the comprehensive weather 
database at UC IPM. 

Early season 
CALEX/Cotton can be used early in the 
season to make preplant pest management 
decisions for nematodes, Verticillium wilt, 
or fallow bed weed management. At the 
time of planting, the seeding rate may be 
adjusted according to desired plant density, 
the variety, seed germination percentage, 
and the predicted degree-day accumulation 
over the next 5 days. 

If conditions have not been ideal for plant 
emergence, a producer may wish to evalu- 
ate the plant density and consider replanting. 
The replant rule base considers four factors: 
plant density, degree of chilling injury (total 
degree-days during first 5 days following 
planting), “skippiness” of the stand (per- 
centageofrowwithmorethan3feetbetween 
plants), and calendar date. In the decision to 
replant, a decreased yield potential resulting 
from a poor stand and some chilling injury is 
compared to the reduced yield caused by a 
late planting. A break-even date is calcu- 

lated, and if replanting cannot be accom- 
plished by that date CALEX/Cotton ad- 
vises that the existing stand be retained. 

Midseason 
Production and pest management activities 
get into full swing after May. During this 
period, CALEX/Cotton can help with weed, 
spider mite, and lygus management, irriga- 
tion scheduling, plant fertility, and use of 
PIX. 

Lygus bugs are key insect pests that re- 
duce yield potential by damaging squares 
(flower buds). The lygus bug advisor adjusts 
its rules depending on the number of degree- 
days accumulated from planting and the 
type of data available. From the onset of 
squaring until 75,000 squares per acre are 
present,lygusbugcontroldecisions arebased 
on field samples representing the average 
percentage square retention in the top five 
nodes of the cotton plant. 

To estimate the plant‘s ability to com- 
pensate for lost squares, the program cal- 
culates, based on location, the maximum 
degree-days available between the first 
square and the last square that will produce 
a harvestable boll. Based on the fraction of 
damaged squares in the top five nodes of the 
plant and this compensatory factor, the ly- 
gus advisor determines whether the damage 
is sufficient to cause a yield reduction. This 
approach results in optimal pest manage- 
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Irrigation be modified based on information about 
local conditions provided by the user. Im- 
portant label information is provided in a 
succinct format. 

The crop termination advisor helps to 
project the date of defoliation by using the 
number of nodes above the highest white 
bloom. Three field observations are required 
for a regression analysis that predicts the 
date when the number of nodes above white 
bloom will be reduced to four. Defoliation is 
scheduled 725 degree days (base 5OoF) after 
this date. 

lmplemen tation 
Central to the development of CALEX/ 
Cotton has been the delivery of the program 
to its users. From the beginning, local pro- 
ducers and pest control advisors (PCAs) 
have been involved in its development, 
providing expertise and evaluation. Each 
succeeding year‘s version of the program 
has been progressively more complex. Be- 
ginning in 1988, CALEX/Cotton has been 
available at no cost to anyone requesting a 
copy. Approximately 400 copies of the pro- 
gram were distributed in 1988 and 1989 to 
producers, PCAs, private crop consultants, 
and government agencies. 

Thedistributionof the programiscoupled 
to training sessions that provide general 
instructionin program use. In 1989,monthly 
user group meetings were held in three lo- 
cations in the San Joaquin Valley to provide 
user support, technical assistance, and sug- 
gestions for use during the four weeks that 
followed. These monthly meetings elimi- 
nated the need for an intensive training 
session and allowed us to subdivide training 
into smaller, relevant portions. In the 1990 
season, these meetings were linked to 
monthly cotton production meetings, thus 
increasing the potential audience. 

As part of the program’s development, 
we produced a detailed user manual that 
covers instructions for using the program 
and sampling techniques for collecting the 
data required by the program. Monthly 
newsletters have been provided to augment 
the manual and provide suggestions for 
using CALEX/Cotton. 

We surveyed users by telephone and 
mail to determine which components of the 
program were being used, the frequency of 
use, the usefulness of the advice, and sug- 
gestions for improvements. In 1989, only 
25% of the users responded to mail survey. 
The agronomic rule bases were rated very 
useful to fairly useful by 50% of those re- 
sponding. Only40% rated pest management 
rule bases in this way. The difference in 
ratings might reflect the qature of the deci- 
sions being made. Often, pest management 
decisions can be made in the field after a 
brief evaluation of the sample data. Agro- 
nomic decisions tend to be interlinked with 
other activities, and expert advice might 
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Fig. 2. CALEWCotton contains many rule base “advisors” (listed outside circle) that interact with 
each other through the “blackboard” (information inside circle). Interaction between advisors is 
shown by arrows. 

ment decisions for a given location. 
The missing square data are also used by 

the lygus simulation model to estimate the 
number of lygus before thetimewhen sweep 
netscan reliably estimatelygus populations. 
This allows the simulation to predict sub- 
sequent population patterns and damage. 

Later lygus treatment decisions are based 
on the conventional lygus-to-square action 
threshold. This technique relates the total 
number of squares per meter of row to an 
action threshold of three bugs per 50 sweeps 
per 100 squares. If total square data are not 
available, an absolute threshold of 10 bugs 
per 50 sweeps is used. 

The timing of irrigations is critical to 
many productionactivities. A season’s irri- 
gation schedule is based on available pres- 
sure bomb readings. The program fits a 
regression line to the pressure bomb readings 
and uses this line to forecast future leaf 
water potential. If no pressure bomb data 
are available, a water budget method is used 
based on weather data, evapotranspiration 
is estimated and the soil moisture level is 
computed daily. When the forecast soil 
moisture equals the allowable depletion, an 
irrigation is scheduled. 

TheuseofPIXasaplant growthregulator 
has become widespread. This tool can be 
used to manage plant height in a way that 
will encourage square and boll set. Factors 
important in determining whether an appli- 

cation is warranted include node number of 
first fruiting branch, early fruit retention, 
date of planting, and vigor index. The vigor 
index is an expression of the relation be- 
tween the number of mainstem nodes and 
the plant height, and is a valuable indicator 
of plant stress. Attempting to link these 
factors without the aid of a computer would 
be extremely difficult. The PIX advisor is the 
first rule base developed specifically to take 
advantage of the computational and data 
management powers of CALEX/Cotton. 

Late season 
CALEX/Cotton provides useful late-season 
advice for weed management, crop termi- 
nation, and scheduling the final irrigation. 
The weed management module is patterned 
after an advisory program developed by 
David Cudney, Extension Weed Specialist 
at UC Riverside. This advisor provides weed 
management advice for each of five periods 
in the cotton season: (1) fallow bed, (2) pre- 
plant incorporated, (3) postemergence, (4) 
lay-by, and (5) preharvest. 

Besides listing nonchemical controls, the 
program can evaluate the efficacy of an 
herbicide against a user‘s selection of weeds, 
or list weeds controlled by an herbicide s e  
lectedbyauser. Thisinformationisbasedon 
herbicide efficacy tables that appear in the 
IPM f o ~  Cotton manual and in other publi- 
cations. The list of available herbicides may 
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help to handle this complexity. In addition, 
pest problems (suchas root-knot nematodes) 
are not always widespread, and thus are not 
of general interest. 

Ninety-five percent of those responding 
said CALEX/Cotton was very easy or fairly 
easy to use. About 90% responded that 
available support was very valuable or fairly 
valuable. Even though CALEX/Cotton was 
designed to be easy to use, we found it 
necessary to provide fundamental computer 
literacy training. 

CALEX/Cotton has been well received 
by the cotton industry. Because of the close 
involvement of the industry during the de- 
velopment of the program, its strengths and 
limitations are appreciated by those using it. 
The program is recognized as a prototype 
with much development yet to occur and 
the full potential of the technology yet to be 
realized. 

Expert support systems hold the promise 
of acting as a conduit to improve the flow of 
technology and knowledge from research- 
ers to agriculturists. Demands for more in- 
formation in this new decade will require 
new methods for handling information. 
Economic constraints and legal restrictions 
will continue to increase and will increasingly 
require that agricultural chemical inputs be 
justified. CALEX technology can meet this 
challenge by taking a systems approach to 
managing data and information that en- 
compass as much of the production system 
as possible. 
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Monitoring for pests is a fundamental element in integrated pest management. Here, Area IPM 
Advisor Bill Barnett checks almond leaves for twospotted spider mites. 

IPM California’s almond IPM 
program 
Karen Klonsky D Frank Zalom D Bill Barnett 

Almond pest control was an early 
focus for UC IPM researchers. That 
work continues today. IPM prac- 
tices for almond insect manage- 
ment are now used by most grow- 
ers, and have reduced California’s 
annual pesticide bill by an esti- 
mated $4.1 million. 

Before navel orangeworm, peach twig borer 
was the key pest in California almond or- 
chards. Annual dormant season treatments 
were generally successful for control, but 
borer populations still surged from time to 
time. With no reliable way to monitor pest 
populations, growers could only cope with 
the pest by treating their orchards more 
frequently. Because the insecticides killed 
beneficial insects along with the pests, mite 
damage to the orchards increased. 

Inthe1960s,changingharvest techniques 
brought a new pest: navel orangeworm. 
Rather than knocking the nuts from the trees 
with .mallets and poles, growers were har- 
vesting with mechanical shakers that left 
more nuts on the trees for thewinter. Because 

shaker harvesting was fast, growers could 
wait for the almond hulls to split uniformly 
throughout the orchard before beginning to 
harvest. University of California research 
had shown in the 1950s that orchard sani- 
tation and early harvest could help control 
navel orangeworm, but few growers con- 
sciously followed either practice. 

In 1976, insecticides were registered spe- 
cifically for navel orangeworm control. The 
lack of reliable pest monitoring led to ill- 
timed chemical treatments that had to be 
repeated toensuretheir effectiveness. Again, 
theinsecticides allowed secondary pestssuch 
as mites and San Jose scale to thrive, 
prompting still more chemical treatments. 

Integrated pest management 
Cultural practices. As early as the 1950s, 
UC researcher Francis Summers identified 
orchard sanitation and early harvest as cul- 
tural techniques for navel orangeworm 
control in almonds. Leo Caltagirone (UC 
Berkeley) and his colleagues published ad- 
ditional research on sanitation and early 
harvest in 1968. In the mid-l970s, USDA 
scientists led by Charles Curtis developed 
the practicalapplicationof orchard sanitation 
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