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ABSTRACT 

The within-field spatial distribution of F1' F2 , and 

F3 pink bollworm (PBW) (pectinophora gossypiella Saunders) 

generations were modeled with Taylor's power law (TPL), 

Iwao's patchiness regression (IPR), and the geostatistical 

semivariogram. Kriging interpolation was used to grid data 

for the generation of isarithmic maps. Distributional 

patterns and movements within a field are displayed in a 

time series of three maps depicting density across the 

field. 

The sampling protocol was replicated in eight commer

cial cotton fields in south-central Arizona during 1985 and 

1986. Permanent sample stations were situated throughout 

the fields on a regular grid pattern. Samples were 

collected during the peak larval population and handled so 

as to maintain the integrity of site-specific samples 

(spatially identified by X,Y coordinates). 

TPL and IPR could not be used satisfactorily to model 

the F1 generation. TPL fit the observed F2 and F3 data 

better than IPR. Both methods predicted the F2 to be more 

highly aggregated than the F3. For a given precision, 

optimum sample size increased when TPL and IPR model 



parameters were incorporated into sample size formulae 

relative to a formula which assumed random distribution. 
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Ninety-five percent of the modeled PBW distributions 

were autocorrelated in 2-dimensional space and shown to 

conform to regionalized variable theory by the successful 

application of geostatistics. The semivariogram models are 

in conceptual agreement with traditional models and repre

sent a worthy alternative to traditional modeling method

ology. The semivariogram models have a large nugget effect 

proportion (average = 67%) which, in combination with low 

PBW density in commercial fields J limits the applicability 

of geostatistics in this system. 

Isarithmic maps showed that Fl larvae are either 

localized near a field edge or generally scattered through

out the field. No consistent inter-generational dispersal 

pattern was identified. 

The use of systematic grid sampling is most advanta

geous (relative to random sampling) when density and the 

spatial dependence of samples is high, or many samples can 

be taken. Systematic sampling and kriging estimation 

yielded more precise estimates than random sampling and 

classical statistics, but the advantage was buffered by low 

PBW densities and large nugget effect. 
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INTRODUCTION 

Commercial cotton producers in Arizona consider the 

pink bollworm (Pectinophora gossypiella Saunders) a key 

pest of their fiber crop. In 1986 this lepidopterous pest 

was estimated to be directly or indirectly responsible for 

a yield reduction of 2.6 percent or a statewide loss of 

18,850 bales worth approximately 5.4 million dollars. The 

cost of insecticide treatment for pink bollworm (PBW) 

management in Arizona cotton in 1986 was estimated to be 

$15.30/acre (King, et ale 1987). 

Typically in Arizona, a cotton producer hires a pest 

control advisor (PCA) to monitor pest populations in cotton 

fields. In exchange for the PCA's monitoring skills, 

expertise and pest management recommendations, the producer 

agrees to purchase recommended insecticides from the PCA. 

The expenditure of time by the PCA and the monetary value 

associated with field monitoring are, therefore, frequently 

hidden within the cost of insecticides purchased by the 

producer. 

Because of its statewide ubiquity, much of the time 

devoted by Arizona PCAs to monitoring cotton insect pests 

is actually spent searching for PBW. Any strategy employed 

by a PCA in the quest for an accurate estimate of PBW field 
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density that results in a reduction of time spent in the 

field has the potential of reducing the input costs associ

ated with the production of cotton. 

There has been great effort on the part of research 

entomologists at various university and governmental 

,agencies to provide the PCA with a reliable, accurate, and 

efficient PBW sampling strategy. They have given the PCA 

temporal distribution models that accurately predict the 

emergence of PBW based on physiological time (Huber et ala 

1979, Huber 1981, Sevacherian et ala 1977). These models 

may be used by the PCA to help answer the question of when 

to sample for PBW, but they do not address the equally 

important questions of "how" (e.g., sample size, sample 

pattern) or "where" (e.g., location within the field) to 

sample for PBW. The present research was originated and 

designed to shed light on the "how" and "where" of PBW 

sampling. The goal was to provide information to increase 

the efficiency of PBW sampling by PCAs and academic re

searchers. 

PBW spatial distribution studies have been conducted 

in the past, culminating in models addressing the "how" of 

PBW sampling. But since an organisms' spatial distribution 

is the result of complex behavioral interactions with its 

effective environment, spatial distribution models are 



frequently subject to debate and misuse since effective 

environment is rarely constant over space and time. 
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By describing the spatial distribution of PBW field 

populations in qualitative and quantitative terms over 

generational time, the interaction of PBW with conspeci

fics, the host plant, and abiotic factors becomes apparent. 

If these interactions are consistent, and they elicit 

consistent dispersal behavior in space and time, the next 

logical step is to utilize this information to create a 

more efficient PBW sampling strategy; one that closely 

mimics the spatial dynamics of the pest and remains statis

tically valid. 

Traditional modeling methods (based on the relation

ship between the mean and variance of a series of samples) 

are often used to mathematically characterize spatial 

distributions. Such descriptions of distributions, that 

differ in space and time, remain in the mathematical 

abstract. These models have been used extensively in 

entomology to provide answers to the "how" of sampling. 

They do not provide information on the "where" of sampling. 

Geostatistical modeling methods, on the other hand, 

not only provide a mathematical characterization as the 

traditional methods do -- but also provide the option of 

shifting out of the mathematical abstract to a real visual

ization of that distribution to help one answer the "where" 
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of sampling. This dissertation will demonstrate the 

utility of geostatistics in insect spatial dynamics studies 

by modeling the Fl' F2' and F3 generation of developing PBW 

field populations with geostatistical methods. Subsequent

ly, isarithmic field maps will be constructed to illustrate 

estimated PBW density across a field. 

If the geostatistical method is to further develop 

within the biological sciences, the resulting models must 

be shown to be biologically and ecologically valid. This 

concern will be addressed by comparing the traditional and 

geostatistical models and their interpretations for consis

tency and ecological validity. 

Arizona cotton fields are commonly as large as 24.3 ha 

yet PCAs must devote a finite time to sampling for PBW. 

Some may only have enough time to "crack" 100 or 60 bolls 

per field and inspect them for PBW. Both modeling ap

proaches permit the calculation of optimum sample size 

given certain characteristics of the spatial distribution. 

An obvious advantage of using geostatistical analyses in 

combination with the optimum sample size calculation occurs 

when the maps derived from the geostatistical models show 

PBW to be localized in a field. If the PCA could be given 

information that would help him identify regions of a field 

where PBW is not likely to be found, he could avoid those 



areas and devote his finite sampling time in a more 

"productive" region of the field. 
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It is recognized that many of the studies which form 

the basis for insect spatial distribution models are 

conducted in situations and under circumstances that are 

not found in commercial agriculture (Trumble, 1985). 

Studying population and spatial dynamics of insect pests in 

untreated fields may be instructive and provide preliminary 

or academic information, but the results obtained may not 

be valid when applied to commercial situations. Frequent 

and properly timed insecticide interventions in the study 

fields used for this research most definitely had an impact 

on the development of the PBW study populations. The 

insecticide applications likely altered the spatial 

distribution of the PBW as compared with an unchecked 

population. The decision to use commercial fields as 

sampling universes introduced many "highly variable" 

variables. But the decision is justified when it is 

recognized that this is the scenario a peA faces when he 

attempts to estimate PBW field density throughout the 

season. The results presented in this paper are, there

fore, applicable under standard Arizona commercial condi

tions. 



LITERATURE REVIEW 

Pectinophora gossypiella (Saunders) 
(Lepidoptera: Gelechiidae) 
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pectinophora gossypiella (Saunders) is commonly known 

as the pink bollworm (PBW) and is the organism used to 

demonstrate the modeling techniques discussed below. PBW 

has a long history in the United States, having been 

reported in 1917 in southern Texas (Busck 1917, original 

not seen). Since the early 1960's PBW has been considered 

a major pest of Arizona cotton (Wene, et ale 1965, Spears 

1967). During the 70 years in which this insect has been a 

pest of United States cotton a large amount of research has 

amassed, detailing specific aspects of its biology, ecology 

and damage. Much of the early research on the biology, 

ecology, damage and control of PBW is summarized by Noble 

(1969). A more recent review of PBW research as it relates 

to population management is provided by Henneberry (1987). 

Relevant Life History and Biology 

This pest of commercial cotton (Gossypium hirsutum L. 

and G. barbadense L.) is multivoltine with holometabolous 

development typical of lepidopterous insects. Figure 1 is 

a diagram of the life history of PBW and introduces the 
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terminology to be used throughout this paper. It is based 

in large part on the population development studies of 

Slosser and watson (1972) which were performed in central 

Arizona in small, untreated cotton fields. 

Diapausing, mature larvae overwinter within an unhar

vested boll that mayor may not have been plowed under the 

soil surface or in loose cocoons in the ground litter (Fife 

1961, Fullerton et ale 1975, Gutierrez et ale 1977). As 

ambient temperatures rise in the spring these diapausing 

larvae metamorphose into pupae and then into adults. Emer

gence of the adults begins when 500 heat units (HU) have 

accumulated since January 1 (55°F/86°F, lower/upper 

threshold, [Huber 1981]). 

Adults that emerge prior to the appearance of suscep

tible squares in the cotton crop are ineffective (non

reproductive) and thus termed "suicidal" (Bariola 1978). 

Effective emergence includes those females which mate and 

lay an egg on a square large enough to support a larva. 

The effective emergence of a population (expressed as a 

percentage) has been reported by various authors to be 

between 14% and 43% and obviously depends on planting date 

of the cotton (Henneberry 1987). Eggs are laid singly with 

one larva completing development per susceptible square 

(Noble and Robertson 1964, Gutierrez et ale 1977). The 



dispersal behavior and site preference of the ovipositing 

female parent generation largely influences the within

field distribution of Fl larvae. 

31 

Fl larvae are defined as those larvae developing 

within the first available susceptible squares and reaching 

maturity at approximately the same time the cotton flower 

opens. Slosser and watson (1972) indicate that it is 

possible for some F2 larvae to also be found in open 

flowers, however, the contribution of these larvae to the 

total population increase is small. Soon after the Fl 

larvae appear in the flowers, they tunnel out of the 

rosetted flowers (Henneberry 1987) and drop to the ground 

to pupate in the surface litter. 

In most years, by the time Fl adults emerge and pass 

the pre-oviposition period of 3 d, the cotton crop has 

developed susceptible bolls which are the preferred 

oviposition site (Lukefahr and Griffin 1957). Short staple 

cotton bolls are susceptible between 14 - 21 d (Van 

steenwyck et ale 1976); long staple cotton bolls are 

susceptible between 7 - 21 d (Demessie, 1984). When 

800±50 HU have accumulated since Fl oviposition, F2 eggs are 

oviposited (Huber 1981). An average of 4.43 eggs per boll 

were discovered by Hutchison et ale (1986) during their egg 

sampling. The F2 eggs are usually laid under the calyces 
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or bracts of the boll (Henneberry and Clayton 1982, Moore 

1987). Upon hatching, first instar larvae chew through the 

carpel wall and invade the boll in which they complete 

larval development. Mature F2 larvae leave the boll by 

chewing a characteristic exit hole in the boll wall which 

provides an escape route. Once outside the boll, they drop 

to the ground for pupation in the surface litter. 

After F2 adults emerge, they lay F3 eggs on suscept

ible bolls and the cycle repeats 1 or 2 more times with a 

7S0±SO HU period. Slosser and watson (1972) reported 4 to S 

complete generations in their study, with as many as 8 

generations possible under Arizona cultural and climatic 

conditions. 

It is known that several factors influence the initia

tion of diapause in first instar larvae, however, tempera

ture and photoperiod are by far the most important 

(Gutierrez et ale 1977). F4 or FS diapausing larvae either 

drop to the ground or remain in cotton seeds. These "long

cycle" larvae pass the winter in a silk cocoon where they 

pupate after diapause is broken the following spring (Flint 

1984). 

Though spring emergence of parent adults begins when 

SOO HU have accumulated from 1 January, it is not complete 

until 2200±SO HU (Huber 1981). In central Arizona, the 
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calender equivalent of these HU approximations is roughly 

late March through June. The effect on population monitor

ing of this extended emergence becomes increasingly 

apparent as the season progresses. Population peaks, e.g., 

peak adult emergence, become harder to distinguish with 

time as generations overlap . 
In an insecticide-free sampling universe monitored by 

Slosser and watson (1972), the average larval population 

rate of increase between the F1 and F2 generations was 

estimated at 17.6x, and 6.22x between the F2 and F3 genera

tions. 

Dispersal 

PBW moths are capable of long-range dispersal, either 

under their own control or by being caught up in moving 

weather systems. Moths are regularly documented as migrat

ing 298 km (185 mi) from the Imperial Valley of California 

to the San Joaquin Valley within the same season (Stern and 

Sevacherian 1978). It should be emphasized that while the 

long-range dispersal capability of PBW is recognized, 

especially by adults following spring emergence (Manley 

1978, Stern 1979) this research attempts to characterize 

and model the establishment and short-range movements of 



within-field populations (the manifestations of which may 

be confounded by between-field movements). 

34 

PBW sexes communicate via olfactory cues. Hummel et 

ale (1973) and Bierl et ale (1974) identified the natural 

sex pheromone present in females as a mixture of (Z,Z), and 

(Z,E), isomers of 7,11-hexadecadienyl acetate. They gave 

the name "gossyplure" to the compound. Smith et ale (1978) 

and Van Steenwyck et ale (1978) demonstrated that under 

normal field conditions (in high or low PBW densities), the 

female assumes a waiting (calling) strategy while releasing 

pheromone, thus acting as a point source for randomly 

searching males to find for subsequent mating. The 

observed larval distribution of a PBW field population, is 

of course, dependent on the distribution of eggs by the 

female. Prior to mating and during calling, the female is 

sedentary. If, after mating, the female concentrates the 

search for suitable oviposition sites in a localized area 

near the calling site, it would be expected that larval 

populations would be highest within and around the immedi

ate mating area. This provides a rationale for the 

contagiously distributed, so-called "hot-spots" of PBW 

mentioned by Smith et ale (1978). The distance and rate of 

radiation out from the initial boll infestation foci may be 

related to the size of the gravid female population and the 
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number of available oviposition sites at a focus since 

Gutierrez et al. (1977) found that females avoid multiple 

attacks on bolls until approximately 80% of the susceptible 

bolls in the search area are infested with one larva. 

Uses of Gossyplure-baited Traps 

Synthetic preparations of gossyplure are used as lures 

in traps to determine the occurrence of adult emergence, 

estimate the size of the emerging population, determine the 

relative PBW distribution within a defined area (Beasley et 

al. 1985), monitor insecticide resistance (Henneberry 1987) 

and assist in PBW management by mass trapping (Huber et al. 

1979). 

Traditional Modeling of Insect Spatial Distribution 

Models of insect spatial distribution are usually 

developed for reasons other than mathematical exercise and 

gymnastics. The basic reason for modeling spatial dis

tribution from an applied entomologist's view is to gain an 

awareness of the manner in which pest species colonize 

crops and move within them over generational time and 

subsequently use the predictions to develop efficient 
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sampling plans. It has been argued that as a group, pests 

are most apt to be r-strategists (Southwood 1977). Since 

r-strategists typically have high colonization rates, 

movement, in general, is a critical portion of their life 

histcry (stinner et ale 1983). Predictive models of pest 

movements and knowledge of the mechanisms involved would 

presumably be advantageous in the development of insect 

pest management strategies. 

The review by Stinner et ale (1983) classifies mathe

matical movement models as descriptive, explanatory, or 

predictive. Descrlptive models are by far the most common 

and typically consist of a family of regression equations 

that relate, for example, insect density to time. Without 

modification, the authors suggest that these models are 

unlikely to apply to a wide range of situations. Explana

tory models not only describe the movement, but attempt to 

explain why it occurred. The parameters used in these 

models have biological significance. Predictive models of 

pest movement are the most useful but the authors claim 

they are the most difficult to construct and validate. 

Separate but not mutually exclusive from movement 

models are models of distribution patterns. These models 

are static in that they describe distribution at an instant 

in time. When several such descriptions are viewed in 



37 

naturally occurring sequence the dimension of time is 

introduced and a description of spatial dynamics becomes 

possible. These are the type of models that Stinner et ale 

(1983) argue have preoccupied entomologists for too long. 

These static models are, however, a necessary precursor to 

the more elaborate dynamic models and thus are useful. 

Southwood (1978) provides the classic and often ref

erenced entomological discussion of distribution modeling. 

No attempt will be made to reconstruct his treatise. 

However, he makes four points that are particularly 

relevant in this context. Firstly, the dispersion of a 

population (a description of the distribution pattern in 

space) is modeled by likening it to a mathematical distri

bution, usually derived from the binomial family or a 

specific, non-random distribution. Secondly, distributions 

can be compared in space or time by comparing parameter es

timates of a model, or by comparing aggregation indices. 

Aggregation indices are calculated optionally after any 

sampling process since they are all derived from various 

arrangements of the sample mean, the sample variance, and 

the sample unit size. Thirdly, aggregation indices have 

biological significance and can be interpreted in a bio

logically and ecologically meaningful way. Fourthly, 



statistics such as these can be used to develop efficient 

sampling programs for the insects. 
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In fact, the modeling methodology roughly outlined 

above and aggregation indices referred to, are used exten

sively by applied entomologists to help interpret observed 

distributions and develop reliable survey sample tactics 

(several examples are cited below). Unfortunately, all of 

these indices suffer two major limitations: they are all 

obviously dependent on the mean density (from which they 

are derived) and all samples that contain only a single in

dividual appear to yield random distributions, for the mean 

and variance are then the same (Taylor 1971). 

A possible problem associated with any sampling 

procedure based on models of the binomial family, e.g., 

binomial, Poisson, negative binomial, is the inherent 

assumption that there is an equal probability of the 

organism occupying any point in space and that the presence 

of one individual does not influence the presence of 

another (Southwood 1978). The validity of this assumption 

is rarely tested even though it is well known that most 

insects in agroecosystems, rarely, if ever, are dispersed 

in a purely random manner due to heterogeneous habitats 

and/or intra-specific interactions (Waters 1959, Harcourt 

1965, Taylor et ale 1978, Willson et ale 1987). 
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Specific Models 

There are many documented models and/or aggregation 

indices which may be considered and tested for applicabili

ty to a particular situation. Southwood (1978) and Elliott 

(1977) elucidate the necessary mechanics for using such 

models as Taylor's power law, Iwao's patchiness regression, 

David & Moore index of clumping, Index of Lexis, Charlier 

coefficient, Green's coefficient, and k in the negative 

binomial. Models or indices which permit calculation of 

optimum sample size as well as provide information on where 

samples should be taken are most useful in the development 

of an efficient sampling scheme. 

Karandinos (1976) was perhaps the first entomologist 

to catalog a number of formulae to calculate optimum sample 

size (aSS) based on different criteria. It is generally 

recognized that in estimating a population parameter from a 

random sampling, the greater the sample size, the more 

"reliable" is the estimate. The ass is a compromise size 

which is equal to that required to yield an estimate of 

desired "reliability." He defined the reliability of an 

estimate in 3 different ways (and provides ass formulae for 

each): in terms of a coefficient of variability, or as a 

probabilistic statement setting the confidence interval 



equal to either a proportion of a sampled parameter, or a 

fixed positive number. 
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Ruesink (1980) expounds on the Karandinos (1976) 

article and in addition provides formulae for the straight

forward calculation (Taylor 1984) of sample size for fixed 

precision when Taylor's power law parameters have been 

estimated or when other distributions have been adequately 

fitted. A more useful definition of sample reliability 

than the coefficient of variability (CV) and the one which 

most entomologists use is the relative variation (RV): 

RV = (Sx / x) x 100 ( 1 ) 

where Sx is the standard error of the mean (x) (Ruesink 

1980). Note that, RV computation does not require the 

fitting of a model for application, it is, nevertheless, 

directly dependent on X, and indirectly dependent on n, the 

sample size. Southwood (1966) indicates that extensive 

sampling (used for damage assessment and control programs) 

requires a precision of RV~25, while intensive sampling 

programs often require precision of RV~10. Wellik et ale 

(1979) relied solely on the comparison of RV and relative 

net precision (Ruesink 1980) for different sample units and 

sample sizes to recommend an acceptable sampling method for 

tomato fruitworm and tomato pinworm on tomatoes. 
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The two modeling methods which were selected for 

application in this research are briefly reviewed below. 

Taylor's power law and Iwao's patchiness regression were 

selected because they are apparently not distribution 

dependent (Southwood 1978), they provide indices of aggre

gation which are comparable, they permit calculation of ass 

(Ruesink 1980, Iwao and Kuno 1971), and they are commonly 

used by entomologists (Taylor 1984). 

Taylor's Power Law 

In 1961, Taylor published what has come to be known as 

Taylor's power law. With examples taken from many phyla of 

the animal kingdom, he showed that when the mean and 

variance of a series of samples are plotted, they tend to 

increase together according to the power law: 

( 2 ) 

where x and S2 are the mean and variance of the sample, 

respectively, and a and b are constants. Taylor (1961) 

recognized that the coefficient "a" varies with the 

sampling technique and habitat, t'1hile the exponent "b" is 

constant for the species. Elliott (1977) surmises that 

since it holds in a continuous series of distributions 

(regular, random, contagious), it apparently is independent 
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of n, X, and ~x. Ruesink (1980) states that as few as three 

or four sets of data are sufficient to estimate the con

stants, if the sets cover a wide range of mean densities. 

The most convenient method (Ruesink 1980) for estimating 

"a" and "b" is by the linear regression: 

log S2 = log a + b log x. ( 3 ) 

The constant "b" is considered an index of aggregation 

that is useful in comparing contagion in space, time, and 

between species. High values of "b" indicate strong 

contagion, but if the regression line crosses the Poisson 

line (slope b = 1), this shows a change to random distribu

tion at lower densities (Southwood 1978, Wratten and Fry 

1980). Ruesink (1980) notes that for field crop pests, 

1.4 < b < 2.0 is typical. When b < 1, the distribution is 

regular (Elliott 1977). 

In 1984, Taylor reviewed the various indices of 

aggregation that had been proposed by other authors. He 

effectively challenges each author's contention that their 

model is superior and finally concludes that Taylor's power 

law is still the most widely applicable and biologically 

sensible of those proposed. Taylor did admit that Iwao's 

patchiness regression deserves consideration and is valid 

as long as certain assumptions are not violated. 



An additional benefit of using Taylor's power law to 

model distributions, is that Ruesink's (1980) formula 

permits the calculation of ass given the estimated con

stants of the power law even without determination of the 

underlying distribution. Sample size, n, is given as: 

where a and b are the power law constants and c is the 

precision expressed as a proportional coefficient for 

standard error as a fraction of x. 
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( 4 ) 

Taylor's power law has been reported to fit a variety 

of insect distributions well, among them: cabbage looper 

(Harcourt 1965), bean leaf beetle (Kogan et ale 1974), 

coreid bugs (Egwuatu and Taylor 1976), onion maggot 

(Carruthers et ale 1984), asparagus aphid (Wright and Cone 

1986), lesser cornstalk borer (Funderburk et ale 1986), and 

sugarcane borer (Hall 1986). 

Iwao's Patchiness Regression 

In a series of papers beginning in 1968, Iwao elo

quently described a relationship between mean crowding and 

mean density that can be used to 1) describe the aggrega

tion pattern of animals by means of an index that is 

biologically valid, 2) calculate ass for fixed precision-
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level samples, 3) develop sequential sampling plans, and 4) 

determine the area occupied by a colony (Iwao 1968, 1970, 

1972, 1975, 1976, Iwao and Kuno 1971). Iwao's method is 

fundamentally based on Lloyd's mean crowding index which is 

defined as "the mean number per individual of other indiv

iduals in the same quadrat" (Lloyd 1967). Mathematically 

it is approximated by, 

* x ~ x + (S2/X - 1) ( 5 ) 

* where x is the mean crowding index and x, S2 are as above 

(Southwood 1978). Lloyd (1967) cautions against using this 

index when individuals are rare since the statistical 

theory requires assurance a priori that individuals will be 

encountered. 

Iwao's patchiness regression (1968) is given ap

proximately as, 

~ = a + ~x 

where a is the index of basic contagion, and ~ is the 

density contagiousness coefficient. Southwood (1978) 

summarizes the biological interpretation of the linear 

regression model parameters in the following way. The 

constant, a, indicates the tendency to crowding (when 

( 6 ) 

positive) or the tendency for animals to repel each other 



45 

(when negative). This is a basic property of the species. 

The coefficient, ~, is related to the pattern in which the 

organism utilizes its habitat and expresses the extent to 

which colonies are contagious at higher densities. Iwao 

(1970) claims that the model is sensitive to mortality 

factors, in that density dependent mortality would show as 

a significant change in ~, while density independent 

mortality would significantly alter a but not significantly 

change ~. 

Iwao (1970) tabulates all possible combinations of a 

and ~, and suggests a possible explanation for the underly

ing mechanism and corresponding mathematical model of each. 

His Table 2 is a valuable resource for classifying distri

butions as random, aggregated, or uniform, according to his 

regression. 

Iwao and Kuno (1971) provide formulae for sample size 

determination using the parameters, a and ~, of the patchi

ness regression model. They have developed such formulae 

for simple random sampling, stratified random sampling, 

two-stage sampling, and sequential sampling. The formula 

which is analogous to equation (4) is 

n = 1 / D2 (a+1 / x + ~ - 1) (7) 
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where D is the precision expressed as a fraction of x, and 

n, X, a, and ~ are as above. Boiteau et ale (1979) use 

Iwao's method to develop sampling plans for bean leaf 

beetle in soybean fields as did Calvin et ale (1986) for 

optimizing European corn borer egg-mass sampling in field 

corn. 

Iwao (1972) introduced the p-index which is analogous 

to Morisita's 15-index (Morisita 1959 [not seen in origi

nal], 1964). These indices 1) show a characteristic 

pattern according to the type of distribution, 2) distin-

guish between random, aggregated, and uniform distributions 

of the basic components (be they individuals or groups of 

individuals), 3) serve as indices of spatial correlation 

between neighboring quadrats, and 4) provide information on 

area occupied by clump (colony), distribution of individu

als within clumps, and possibly the distribution pattern of 

clumps themselves. When quadrat size can be regularly 

increased, these indices are useful (Southwood 1978). Mean 

crowding is calculated for each quadrat size. The p-index 

is then derived as 

where i = 1, 2, 3 ... stands for the order of the quadrat 

sizes. The shape of the curve, p-index as a function of 

( 8 ) 



quadrat size, is used to ascertain the 4 pOints listed 

above. Iwao (1972) provides characteristic curves and 

interpretations. 
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The utility of Taylor's power law and Iwao's patchi

ness regression is indicated by the following listing of 

recent studies. These authors use both Taylor's power law 

and Iwao's patchiness regression to model insect distribu

tions within agroecosystems. In all cases, they compare 

and contrast the resulting models for the same data set: 

Ekbom (1985) for bird-cherry oat aphid in spring cereals, 

Quinn and Hower (1985) for clover root curculio in alfalfa 

field soil, Edelson (1986) for five pests of cantaloupe, 

Cantelo (1986) for several insects in corn and potatoes, 

Brewer and story (1987) for pickleworm on summer squash, 

Hanna et al. (1987) for vegetable leafminer on snap beans, 

and Elliott and Kieckhefer (1987) for cereal aphids on 

winter wheat and spring oats. 

Within-field Distribution Models of Pink Bollworm 

Apparently no author has applied these modeling 

methods directly to PBW field distributions. In spite of 

the fact that modeling is a critical first step in the 
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development of sampling procedures there is no evidence in 

the literature that the valuable information and distribu

tional insight provided by Taylor's power law, or Iwao's 

patchiness regression have ever been sought after in PBW 

studies. 

The literature that does address PBW distribution 

appears to be limited to Kuehl and Fye (1972), Fye et ale 

(1969), and the theses and dissertations of a few graduate 

students which will be cited below. 

Kuehl and Fye (1972) included PBW in their distribu

tional analysis of several Arizona cotton insects. They 

apply the Index of Dispersion (S2/X) to each of the samples, 

test it for agreement with the Poisson probability dis

tribution, and finally use the chi-square goodness-of-fit 

test as a test of fit to the negative binomial distribu

tion. Their results show that when I-plant sample units 

were used, the Poisson distribution fit PBW larval distrib

ution 83% of the time; the negative binomial provided a 

better fit 25% of the time (1 observed distribution fit 

both mathematical distributions). When 5-plant sample 

units were used, the Poisson fit 75% of the observed 

distributions, while the negative binomial fit 13% of the 

observed distributions (2 observed distributions fit 

neither mathematical distribution). Unfortunately, PBW 



must not have been the insect of most interest in this 

study because the authors do not discuss it further. 
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Fye et al. (1969) generously provide sample mean and 

sample variance statistics for 16 insect and insect damage 

distributions. They sampled 19 commercially grown fields 

(selected to cover a variety of commercial conditions) in 

Arizona and adopted different sampling protocols, apparent

ly to provide information under varying sample intensities. 

All sampling protocols used some number of whole plants as 

the sample unit. Though they provide no discussion of 

results, it can be seen that 1) PBW was found in only 4 of 

11 fields tabulated, 2) the number of plants defined as a 

unit contributed to variation in the index of dispersion, 

3) without performing tests of significance, it appears 

that colonizing PBW establish in random fashion, then 

either remain randomly distributed or overdisperse (as a 

function of density) with time, 4) PBW exit holes are 

overdispersed late in the season. 

Slosser and watson (1973) divided a 1.91 acre field 

into ca. 0.5 acre blocks and tested for differences in PBW 

density among blocks over time. After ANOVA on mean PBW 

density over time, they concluded that PBW is homogeneously 

distributed over the field until August. In August, dif

ferences in block means became significant. They supposed 
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this was due to high PBW pressure and low available resour

ces. 

Though Manley's (1978) objective was not to model 

within-field PBW distribution, he does provide observations 

on male short-range dispersal that may relate to the 

present study. Using what came to be known as Huber oil 

traps, and one-way ANOVA tests of trap-catch means, he 

concludes that during times when cotton is "unsuitable", 

more moths are caught near the field edges. When the 

cotton is suitable, the moths remain near the center of the 

field. When the cotton is unsuitable many more moths are 

caught in nearby crops as opposed to fallow or desert 

situations .. Manley suggests that in their random disper

sal, male PBW adults may persist in an environment suitable 

for survival (moisture and cover) even if it includes no 

host plants. 

Busacca (1979) sampled PBW from different regions of 

the field to acquire baseline data for the development of 

sequential sampling plans. He used one-way and nested 

ANOVA to test for significant differences in mean number of 

infested bolls among the subplots he sampled. He found 

that the greatest variability is between localized areas as 

opposed to regional areas. He suggests that at low 

density, PBW is distributed according to the Poisson, but 
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at high densities PBW larvae are contagiously distributed. 

As expected and indicative of overdispersed distributions, 

he found the coefficient of variability (CV) to increase as 

PBW density increased. He did not, however, express this 

in terms of Taylor's power law. Since the accuracy of his 

samples remained fairly constant despite constant sample 

size being taken from different size fields, he concluded 

that PBW is randomly distributed over a field. 

Chesser (1984) shows that in several fields the 

infestation in field halves is not the same. He attributes 

this to the initial influx and colonization by males and 

females in the section of the field that receives the first 

irrigation in early season. In his boll sampling, he found 

higher populations nearer the edges of the field than in 

the center. 

Sampling Within-field Pink Bollworm Populations 

Application and non-application of the distributional 

work cited above has led to two types of extensive sampling 

methods in Arizona: sampling methods recommended by scien

tifically designed studies, and sampling methods used in 

practice by PCAs. The sampling methods that are most 
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commonly used are individual PCA developed hybrids that 

originally are based on the scientific work, but evolve 

into a compromise with regard to the number of bolls 

sampled, or the method in which they are collected to suit 

one's daily schedule. 

F1 Samples 

cotton squares and blooms infested with PBW usually 

produce cotton normally (Moore 1987), therefore, PCAs 

usually do not recommend insecticide treatments directed at 

this generation. The size of this population is an indica

tion of the size of future generations which are economi

cally damaging (Moore 1987, Henneberry 1987). Since flower 

sampling is relatively fast and non-labor intensive, there 

has always been interest in trying to find a reliable 

flower sampling protocol that accurately predicts the 

density of the subsequent generation. The value of such a 

method might be realized if control of the F1 inoculum 

eliminated or at the least delayed the need for scheduled 

treatments of the F2 generation. 

Noble and Robertson (1964) found that the most 

reliable time to survey the F1 population for an index of 

population size in Presidio, Texas was between the 8th and 

17th day after blooming had started. They recommend "count 
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of number of blooms infested per acre" over the "percent of 

blooms infested" as an estimate of number of larvae per 

acre. 

F2 Through F5 Samples 

Since generation overlap becomes more pronounced as 

the season progresses it is recommended that susceptible 

boll samples be made on at least a weekly basis beginning 

with the appearance of the first susceptible boll (Moore et 

al. 1986). When the samples indicate a larual infestation 

of 5 to 15 percent (or a rapidly rising infestation 

approaching these levels) insecticide treatments are 

recommended in Arizona (Moore 1987). 

Quite separate from the issue of whether the treatment 

threshold is realistic economically, is the issue of how to 

obtain a boll sample that is both reliable and an accurate 

estimate of true mean density for the field. 

The sampling procedure that is most commonly recom

mended in Arizona apparently is based on the research of 

Kuehl and Fye (1970), Fye (1972), Kuehl and Fye (1972), and 

Slosser and watson (1973). In fields 30 to 80 acres in 

size, 25 susceptible bolls should be pulled from at least 4 

areas of the field. If the field is larger than 80 acres, 

Flint (1984) recommends pulling one sample of 25 bolls per 
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20 acres. The bolls are to be picked in a random fashion 

in each of the field quadrants which is in accord with the 

studies finding the Poisson to be an adequate model for low 

density PBW populations. The fact that PBW distribution 

evolves from the Poisson to negative binomial as density 

increases (Kuehl and Fye·1972) concomitantly justifies a 

change in sampling protocol. The need for this change is 

dismissed by Slosser and watson (1973) since they claim 

densities in commercial fields normally do not exceed the 

10% - 20% level of infestation. 

Busacca's (1979) research gave PCAs a reason to 

decrease sample size from the traditional 100 bolls to 60-

70 bolls. He showed that a plateau in accuracy was reached 

after this many bolls had been sampled and the additional 

30 - 40 bolls did not add proportionately to the reliabili

ty of the sample. He also recommends pulling few bolls 

from many different areas as opposed to many bolls from few 

areas. If bolls from field edges are included in the 

sample, total variability increases dramatically. Unfor

tunately, he also illustrates the dilemma that PCAs face 

when sampling bolls for larvae. Southwood's (1978) guide

line for extensive samples is that they should have a 

reliability of at least CV = 0.25. Insecticide treatment 

for PBW management must be initiated when infestation level 
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is between 5% and 15%. But Busacca found that to achieve a 

CV = 0.20, (in a field with mean infestation levei of 5%) 

1,856 bolls must be sampled to be reasonably confident 

(0 = 0.05) that the sampled mean is an accurate estimate of 

the true mean. This large number of bolls is unrealistic 

given the time allotted to boll sampling by PCAs. 

Busacca (1979) developed a sampling protocol that 

offers as much as 50% savings in time over the traditional 

100 boll sample yet retains the accuracy of the traditional 

method when the 15% economic threshold is used. It is 

based on onsager's (1976) sequential sampling plan formulae 

and a binomial distribution (he did not verify that the 

binomial distribution is a valid model for PBW larval 

distribution). Assuming that the basic tenets of the plan 

are valid, this sequential sampling plan has much to offer 

the peA yet it has received limited acclaim and use in the 

field. 

Hutchison et ale (1986) recognized the practical 

deficiency of sampling for PBW larvae with the knowledge 

that the target stage for treatment is the adult. They 

have developed a potentially useful sampling strategy based 

on the presence/absence of PBW eggs on bolls. It is 

currently in the testing and validation stage. Reports of 

its mathematical basis and success are given in a series of 



papers (Hutchison et ale 1986a, Hutchison et ale 1986b, 

Henneberry 1987, Hutchison et ale 1987). 

Geostatistical Modeling of Spatial Distributions 
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The distribution of any variable that is found in 

space or time may be modeled with geostatistics. At the 

very least, the resulting models will equal those produced 

by classical statistics. More commonly, they will provide 

more insight than classical models can possibly provide 

since they incorporate a measure of autocorrelation. 

Matheron (1963) summarizes how the geostatistical approach 

to mining differs from the classical statistical approach: 

1) classical methods are unable to adequately treat the 

spatial aspect of data, 2) neighboring samples of ore 

reserves may not be independent of each other and, as a 

result, samples taken close together tend to be more 

similar than those that are far apart, and 3) ore deposits 

differ from most experiments because they cannot be 

replicated (a specific deposit occurs only once and they 

are usually unique). A priori it would seem "PBW density" 

could be replaced where Matheron uses "ore" and the three 
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differences would characterize and be a reasonable assess

ment of the present PBW sampling problem. 

The application of geostatistical theory is the 

subject of numerous textbooks. The purpose here is not to 

reproduce the content of these textbooks. The objective is 

to provide the reader with citations that are "places to 

start" if more explanation or detail is desired. It will 

also provide a brief discussion necessary to introduce the 

terminology and theoretical concepts that are applied to 

insect spatial dynamics in later sections of this disserta

tion. 

Particularly lucid explanations (with numerous ex

amples) of the concepts discussed below are given by: Clark 

(1979), Vieira et ale (1983), Webster and Burgess (1983), 

and Xu and Webster (1984). Statistical and mathematical 

proofs along with more technical discussions are provided 

in textbook format by Rendu (1981) and Journel and 

Huijbregts (1978). 

The theory required for a working knowledge of the 

spatial analyses presented in this paper is limited to 

three concepts: 1) regionalized variable theory, 2) sample 

and model semivariograms, and 3) kriging estimation 

technique. 
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Background 

In the early 1960's a French statistician, Georges 

Matheron, published a treatise on the Theory of Regional

ized Variables. The application of this theory to problems 

in geology and mining has led to the more popular name, 

"Geostatistics". The simplest application of the theory of 

regionalized variables is the production of a "best" 

estimate of an unknown value at some location within a 

defined universe. This estimation technique is known as 

"kriging" after Danie Krige who developed it from empirical 

data and weighted averages procedures for application to 

subsurface mineral and ore reserve estimation in South 

African gold fields. 

Regionalized Variables 

The theory essentially expresses the idea that values 

of a variable at near places are likely to be similar, 

whereas those at places far from one another are not. It 

does so quantitatively and in a way that can be used for 

interpolation. 

A summary of Rendu's (1981) regionalized variable 

discussion follows. If one uses classical statistics to 

represent the properties of sample values, the assumption 

is made that the values are realizations of a random 



59 

variable. The relative positions of the samples are 

ignored, and it is assumed that all sample values in the 

universe have an equal probability of being selected. The 

likely presence of "hot spots" is ignored. The fact that 

two samples taken close to each other are more likely to 

have similar values than if taken far apart is also not 

taken into consideration. 

In contrast, spatial statistics considers that the 

sample values are realizations of random functions. In 

this hypothesis, the value of a sample is a function of its 

position in the universe, and the relative position of the 

samples is taken into consideration. The similarity 

between sample values is quantified as a function of the 

distance between samples and this relationship represents 

the foundation of spatial statistics. 

In essence, z(x) is a sample value centered at a 

point, x, with properties that are functions of this point 

in space. In theory, a certain structure exists in the 

sample distribution. Therefore, a regionalized phenomenon 

exists and z(x) must be treated as a regionalized variable. 

This can be done statistically by means of a model chosen 

to represent the spatial structure (autocorrelation) of the 

phenomenon. 
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Classical methods permit the estimation of the average 

value, ~, of a variable, and the calculation of confidence 

limits for this value. They are based on the assumption of 

independence of sample values. When local estimation of 

the variable at a point or over an area is desired, the 

assumption of independence of values must then be rejected. 

Local estimation is possible only if there is a relation

ship between the value of a sample and the value of the 

surrounding unsampled points, provided this relationship is 

a function of the position of the sample with respect to 

the points to be estimated. 

Sample and Model Semivariograms 

The principal tool of geostatistical analysis is the 

semivariogram. Webster and Burgess (1983) derive and 

explain the construction and use of semivariograms in the 

following way. It is often found that the expected value, 

denoted E[Z(~t)], of a regionalized variable within a 

locality is effectively constant. The property is then 

stationary in the mean for practical purposes; i.e., 

E[z(x)] = ~. ( 9 ) 
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This implies for any two places x and x+h separated by the 

vector h that 

E[{z(x) - z(x+h)}] = o. (10) 

Also it can usually be assumed that the variance of the 

differences is finite and constant throughout the locality, 

so that 

var[z(x) - z(x+h)] = E[{z(x) - z(X+h)}2] = 2 y(h). (11) 

These two conditions, stationary mean and stationary 

variance of differences, define the intrinsic hypothesis of 

regionalized variable theory. They enable the spatial 

variation present in a variable to be described quantita

tively yet simply and at the same time provide the tools 

for spatial prediction. 

The quantity y(h), which is half the variance of the 

differences between values and places separated by h, is 

the semivariance. It can be thought of as the dissimilari

ty between the two places or as half the error of estimat

ing the value at one place from an observation at the 

other. The vector h is known as the lag. Given the 

intrinsic hypothesis, y(h) can be estimated from data by 



m 
y(h) = 1 / 2 m h (Z(Xi) - Z(Xi+h)}2, 

i=l 

where there are m pairs of observations at lag h. 

Provided there are sufficient data derived from a 

suitable sampling scheme y(h) can be estimated for lags 

varying in both distance and direction to provide an 
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(12) 

ordered series of values. A graph of y(h) against (h) is a 

sample semivariogram. For insect spatial dynamics within a 

field, such as cotton, only lateral variation is of 

interest. The sample semivariogram can then be regarded as 

points lying above a plane defined by the lags in the two 

lateral dimensions. If variation is isotropic then 

direction is of no consequence and the sample semivariogram 

can be drawn as a simple graph, with semivariance plotted 

against distance. Figure 2 is an example of such a graph. 

The sample semivariances are not only estimates of 

particular true values but are also discrete estimates of a 

continuous function, y(h). Provided they have been calcu

lated from enough original observations they usually follow 

approximately some simple curve. To be useful an equation 

is needed for this curve, and this can be found by fitting 

suitable models by weighted least squares procedures. 

Several types of curves have been used as models, e.g., 
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spherical, exponential, power, linear, but the curve fitted 

most commonly is that of the spherical model, 

y(h) = Co + c1 {3h / 2a - (h 3 
/ 2a 3

)} for 0 < h < a 
(13 ) 

y(h) = Co + c1 for h ~ a 

where h = Ihl since the variation is isotropic. Figure 2 

illustrates some common features of semivariograms. First 

there is usually a maximum variance within a region at 

which the semivariogram levels out. It is known as the 

sill and is equal to Co + c1 in equation (13). Note that 

this becomes equal to the sample variance of classical 

statistics when the spacing is so large that there is no 

spatial dependence in the data. Associated with the sill 

is a range, a, in equation (13), which is the lag distance 

at which the sill is reached, either actually or for 

practical purposes where the fitted model approaches the 

sill asymptotically. The range is the distance within 

which values of the variable are related and beyond which 

they are independent. It limits the neighborhood within 

which interpolation is profitable. A third feature is what 

is known as the nugget effect. The semivariance in Figure 

2(b) will not pass through the origin but will cut the 

ordinate at some positive value, cO. This value is the 

nugget variance, a term derived from gold mining. It 



represents the inherent random variation that is present 

between the closest sample sites and, also, will include 

any measurement error. The true form of variation within 

very short distances is concealed, and can be discovered 

only by sampling more closely. 

65 

A special case arises when a purely random phenomenon 

is expressed by a semi-variogram. It produces a plot with 

a non-significant slope, indicative of the fact that there 

is no structure to the variability (Borth and Huber 1987). 

Regardless of how small h is -- at least to the limits of 

the closest sample sites, no structure is apparent (Fig. 

2[c]). This case can be effectively thought of as a 

spherical model with a very small range of influence and in 

geostatistical terminology is called "pure nugget effect". 

The model semivariogram is, of course, only a descrip

tion and not an explanation of the processes that give rise 

to any particular curve. 

Kriging Estimation Technique 

Kriging is the second major tool of geostatistics as 

developed by Matheron (1971, not seen in original form). 

Whether we understand how a semivariogram arises or not we 

can use it for interpolation (Webster and Burgess 1983). 
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Xu and Webster (1984) provide a concise explanation of this 

optimal interpolation technique and it is summarized here. 

Kriging is the means of optimal local estimation using 

both the data in the locality and the known form of the 

semivariogram. For mapping, estimates are made for a large 

number of places and the estimated values displayed, 

usually, though, not necessarily by isarithms (contours). 

A kriged estimate, 2(xO)' at a place Xo is a weighted 

average of the measured values: 

The weights, Ai, are chosen so that: 1) they sum to 1, 

thereby assuring lack of bias, and 2) the estimation 

( 14 ) 

variance is a minimum. The estimation variance, or kriging 

variance as it is often called o2 k , is the expected squared 

difference between the true values and their estimates, and 

is related to the semivariogram by 

n 
= 2 ~ Ai y(XO,Xj) -

j=1 

(15 ) 
n n 
~ ~ Ai Aj Y(Xi,Xj) - Y(XO'XO)· 

i=lj=l 

Here, (Xi,Xj) is the semivariance of the property between 

sampling points i and j, read from the semivariogram. The 

quantity Y(XO,Xj) is the average semivariance between the 

sampling points and the area (point) Xo to be estimated, 
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and y(XO'XO) is the average semivariance between points 

within the area xO. If estimates are being made for points 

(punctual kriging), then y(XO'xO) is zero. The estimation 

variance is minimized when 

n 
~ ~i Y(Xi,Xj) + ~ = V(XO,xi) for all i, (16) 

j=1 

where ~ is a Lagrange multiplier. Solution of this set of 

linear equations gives the weights ~i' which are then used 

to estimate the value, equation (14), and its variance, 

equation (15). 

In practice only the 10-20 observations near~st to Xo 

carry any appreciable weight, so that a kriged estimate is 

essentially a local average. More distant observations can 

be disregarded. A kriged estimate is thus local. It is 

necessary to obtain the semivariogram accurately only over 

a fairly short range; long range trends are of no conse-

quence. Ideally, this should be done in a previous 

reconnaissance in which semivariances are estimated for 

lags considerably shorter than the sampling interval in the 

main survey (Webster and Burgess 1983). 

One advantage of kriging is that the area or volume 

over which kriged estimates are made can be chosen to suit 

the purpose of the investigation. In punctual kriging the 

aim is to interpolate by estimating values at points. In 
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this case kriged estimates at sampling points are equal to 

the recorded values there. In equation (15) the weight at 

the sampling point, Vi' i=O, equals 1 and all other weights 

are zero. In these circumstances kriging provides exact 

interpolation, and the estimation variance is zero. Else

where the estimation variances are necessarily larger than 

the nugget variance. Although kriging.minimizes the 

estimation variance, that variance may still be large if 

the nearest observations to xo are far away, if the nugget 

variance is large, or both. 

Kriged estimates for surface areas or blocks are 

averages and block kriging is used. The estimates will 

usually be very similar to those obtained by point kriging 

at their centroids, except where the centroids coincide 

with sampling points (Webster and Burgess 1983). Their 

estimation variances, however, will be less, and in many 

instances substantially less. 

A further advantage of kriging over other methods of 

interpolation for mapping is that it provides estimates of 

the interpolation errors, which can themselves be contoured 

and so provide reliability maps. 
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optimum Sample Size 

The semivariogram is essentially a graph of the 

relationship between estimated kriging variance and average 

distance between samples. These plots may be considered 

analogous to the traditionally derived RV curves and 

optimum sample size curves mentioned above when it is 

recognized that the traditional curves plot reliability (in 

terms of standard error) versus sample size; and semivario

grams plot reliability (in terms of semivariance) versus 

average distance between samples. 

In the early 1980's McBratney, Webster, and Burgess 

combined efforts to author a series of papers and computer 

programs which calculated the OSS to achieve a certain 

minimum precision (or conversely, the maximum standard 

error to be expected when a certain sample size is planned) 

provided the semivariogram is already known. They assume 

that the maximum standard error of a kriged estimate is a 

reasonable measure of the goodness of a sampling scheme. 

They show that when variation is isotropic, the maximum 

standard error is kept to a minimum by sampling on a 

regular triangular grid, but that a square grid is approxi

mately equivalent (McBratney and Webster 1981a, MCBratney 

and Webster 1981b, Burgess et al. 1981, MCBratney and 

Webster 1983a, McBratney and Webster 1983b). 
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Applications to Ecosystems 

Geostatistical theory was developed for use in mining 

and geological problems. Since its inception, it was 

thought that it could be applied to other disciplines. 

Many articles in hydrology and soil science literature can 

be found that utilize geostatistics (Vieira et ale 1983). 

Vieira et ale (1983) were the first to extensively apply 

the methodology to agronomical properties such as surface 

temperature, yield of grains, carbon percentage of the 

soil, and nitrogen content of grains. Marx (1984) even 

cites an example in which it was used in analyzing the 

market price of hogs. 

Recent computerized literature searches reveal that 

this dissertation is not the first example of the applica

tion of geostatistical theory to biological systems. 

Bromenshenk et ale (1985) utilized kriging to draw isarith

mic maps of heavy metal contaminant concentrations in honey 

bees. They used the bee colonies as non-human samplers to 

discover the more general distribution of heavy metal 

pollutants in the Puget Sound area of Washington state. 

They do not provide the parameters of the semivariogram 

models they used to draw the maps, or the specific method 

of kriging estimation. 
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Robertson (1987) recognized the potential of geo

statistical methodology in ecological studies and used 

model semivariograms to demonstrate optimal interpolation 

for the one-dimension variable of Rhodomonas density over 

time. He reasons that the variance estimates for such 

single-dimension data sets can be useful in analyzing the 

temporal patterns of the epilimnetic Rhodomonas. Robertson 

does demonstrate the use of kriging with a two-dimensional 

data set, however, the data is not biological. punctual 

kriging was used to produce an isopleth of soil 

mineral-N-content of an old field in Michigan. 

It is believed then, that the analyses presented below 

are not only the first demonstration of the application of 

geostatistics to the general study of insect spatial 

dynamics (two- or three-dimensional), it is the first to 

show that these methods represent a valid alternative to 

traditional spatial distribution modeling of agroecosystems 

that are subject to insecticide interventions. 

computer Mapping in Entomology 

Maps permit the visualization of properties or vari

ables that otherwise are difficult to comprehend. Mathe-
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matical models of spatial distribution in two-dimensions 

are an abstract form of description; maps of spatial 

distribution provide real substance in a form that is 

easily conceptualized. Bonham and Fye (1965) projected the 

entomological potential of computer mapping for: 1) pin

pointing areas with large insect densities, 2) associating 

various climatic, agronomic and physiological factors with 

insect populations, 3) associating predators with prey or 

parasites with hosts, 4) relating insect damage with insect 

populations, 5) plotting seasonal changes in insect popula

tions, and 6) delineating study areas with high potential 

in large overall field situations. In the immediate 

context, the value of mapping PBW density within a field 

lies in the expectation that consistent patterns of 

colonization and/or dispersal will become apparent. This 

knowledge would obviously be an advantage in the develop

ment of a sampling strategy. 

A legitimate question is how to best construct the map 

to accurately display the variable in space, since it is 

unlikely that its value will be known for every point. A 

review of recently published entomological literature 

reveals that two types of maps are in use. 

Plotting discrete sample values on a field map repre

senting either the presence/absence or the density of a 
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pest yields crude maps in two- or three-dimensions, 

respectively. Dix and All (1985) show invasion patterns of 

the maize weevil into a corn field by depicting sample 

locations with presence/absence codes. Several authors 

have made use of relatively common computer-generated 

graphics packages which permit three-dimensional depiction 

of density at a sample site by the proportional height of a 

bar (Pickett and Gilstrap 1986, Shelton et al. 1986, Knight 

and Croft 1987). While this type of map is perhaps the 

most accurate, in that it gives exact information at sample 

sites (no estimation is involved), it provides no visual 

aid for unsampled points. 

Unfortunately, if density is to be depicted at un

sampled points, estimation becomes a necessary evil. 

Estimation of unsampled points most logically is done by 

interpolating from nearby points which have been sampled, 

under the assumption that the closest point will be the 

best estimate. This rationale implies, as stated above, 

that the variables are regionalized and the assumptions 

inherent in classical statistics do not hold. 

Contour maps and three-dimensional surface plots are 

most often used to display estimates that are non-discrete, 

i.e., a surface in which every point has a value associated 

with it. Before such maps can be computer-generated, the 
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data must be arranged in regularly spaced format. "Grid

ding" is a procedure designed to take irregularly spaced 

data and convert it to the regularly spaced form that is 

required. The process can be thought of as laying a 

regular grid over the map of sampled points. The known 

data points are used to calculate an estimated value at 

every grid node (intersection of grid lines), this effect

ively "fills up" non-sampled regions with estimates. The 

more grid nodes (more cells) the finer the resolution and 

smoother the contour lines will be on the final map (Golden 

Software, 1987). 

The question then becomes, which estimation technique 

produces the most reliable estimates at the nodes. Though 

all interpolation techniques seek to estimate a value at an 

unsampled point they differ greatly in their degree of 

complexity. A general statement which likely holds is that 

the more complex the mechanics of the procedure, the more 

reliable the estimate will be. 

Perhaps the most intuitively obvious interpolation 

method is the inverse distance weighting method. Data 

points which are used in the estimation are weighted 

(without regard for direction) such that the influence of 

one data point on another declines with distance from the 

point being estimated. The greater the weighting power, 
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the faster the decline in influence and the less effect 

points further out will have on the interpolation. As the 

power approaches infinity, each estimated point will 

approach the value of the nearest data point (Ripley 1981). 

Bonham and Fye (1971) used an orthogonal set of 

linearly combined functions to fit a response surface 

through the field data points. solutions to the orthogonal 

set were obtained by the method of least squares for nine 

data points at a time. They accomplished this by using a 

centroid value and selecting eight adjacent points. This 

procedure allowed several estimates to be made of each node 

in each of the defined subregions. They averaged the 

interpolated values for the final node estimate and genera

ted several contour maps of cotton insect distributions 

(they did not map PBW). 

Pulley et ale (1976) and Witz et ale (1986) developed 

specific mapping algorithms to estimate numbers of bark

inhabiting insects and distribution of crops in a large 

geographical area, respectively. 

Though working with geologic data, Yost et ale (1982), 

provide direct comparison of two maps, produced with the 

same data set and different interpolation algorithms. The 

inadequacies of the spline interpolation method relative to 

the kriging interpolation are obvious in their figures. 



Spline interpolation smooths the data to an undetermined 

extent, thus raising the question of reliability of the 

resulting estimates. 
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Kriging interpolation, on the other hand, is optimal 

in the sense that it is an exact interpolator with unbiased 

and minimum estimation variance properties. In addition, 

it provides a measure of the reliability of the estimates 

at the nodes. The merits and a sufficiently detailed 

description of the kriging technique are discussed above. 

It was recognized that the contour and surface maps of 

gypsy moth trap catch illustrated in Ravlin et ale (1987) 

were constructed with the same computer software used in 

this research. The authors may have used the kriging 

gridding procedure to produce the maps, but they do not 

discuss its application. 



MATERIALS AND METHODS 

This research was conducted during the 1985 and 1986 

cotton growing seasons. Unless otherwise indicated, the 

materials and methods were similar in both study years. 

Ranch Selection 
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Preliminary consultations with University of Arizona 

Cooperative Extension Service faculty identified three 

cotton producers known for their cooperation in University 

of Arizona research projects, a history of heavy PBW 

pressure, and farmed within 1.5 hrs driving time of the 

Tucson campus of the University of Arizona. 

Ranches initially considered for inclusion in the 

study were the Pacheco ranch (Apex and Evco Farms) Marana, 

Arizona, the A. J. Faul ranch, Coolidge, Arizona, and the 

Robert Barcello ranch (Barcello, st. Francis, FTC, and 

Toy toy Farms) Magma, Arizona. 
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Monitor Trapping 

Prior to, or soon after the beginning of PBW spring 

emergence, pheromone monitor traps (Huber and Hoffmann, 

1979) were set throughout the candidate ranches. At least 

two traps were placed around each field selected for 

monitoring, usually arranged as one in the southwest and 

one in the northeast corner of the field. 

The frequency of trap servicing increased from once 

per week to daily as the season progressed and critical 

periods in PBW phenology were encountered. Traps were 

maintained from approximately March to November of each 

study season. 

Pheromone impregnated rubber lures (Arizona Pest 

Management, Inc., Safford, AZ) were replaced either monthly 

or when the trap required replacement due to vandalism or 

tractor destruction, whichever came first. 

Pink Bollworm and Crop Phenology Prediction 

All activities and events described below which 

depended on the PBW population or crop reaching a certain 

phenological stage were predicted using the HEATSUM program 
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and method developed and described by Huber et ale (1979) 

and Huber (1981). Predictions are made on the basis of the 

calculation and accumulation of heat units (HU) derived 

from average daily temperature (55°F and 86°F, lower and 

upper threshold, respectively) and key events in the crop 

history e.g., . planting date. 

An Omni-Data International Datapod (Model DP-122) was 

used to collect daily maximum-minimum air and soil tempera

ture (6 inch depth) on an hourly basis. This apparatus was 

stationed at the Faul ranch in early 1985. It was moved to 

the Barcello ranch in mid-1985 where it remained until the 

conclusion of the study. It provided the input used to 

estimate accumulated HU for the Coolidge and Magma ranches. 

when the device was inoperative, maximum-minimum air 

temperature as reported by the Casa Grande National 

Monument was substituted. The daily maximum-minimum air 

temperature as reported by the University of Arizona 

Experiment Station, Marana, Arizona was used for estimation 

of HU accumulation at the Pacheco ranch. 
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Field Selection 

Weekly trap counts prior to first square provided 

information on relative PBW infestation potential among 

ranches, as well as the generalized distribution of the 

moths within a ranch. The Faul ranch was eliminated from 

the study in 1985 when it became obvious that the Barcello 

ranch (approximately 20 miles distant) had a much larger 

spring emergence of PBW. The pacheco ranch was not used in 

1986 due to low PBW populations in 1985. 

Fields were selected according to several criteria to 

provide the variety of hypothesized conditions necessary to 

explain variability in any proposed model of PBW spatial 

dynamics. Among the criteria considered in field selection 

were: PBW infestation potential as determined by monitor 

trap counts during spring emergence, proximity to each 

other, variety of cotton, previous crop, planting date, 

adjacent field conditions, and grower's assessment of soil 

uniformity and historical incidence of Texas Root Rot 

(Phymatotrichum omnivorum). 

Throughout this paper, the eight fields used in the 

two year research study are referred to according to the 

names given them by the growers. Table 1 lists the fields 

and the pertinent selection criteria. 
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Table 1. Fields selected for study and pertinent selection 
criteria. 

Criterion 11 

Location Magma 

Grower Barcel10 

Year studied 1985 

PBW Inf. Potential l 173.7 

Previous crop Fallow 

Date of planting 7 Apr 

D.O.P. in HU 2 449.1 

Vari ety3 DPL!120 

Adjacent fields I-Cotton 

6-Fallow 

Field 

W15 7 W5 

Marana Magma Marana 

Pacheco Barcel10 Pacheco 

1985 1985 1985 

14.2 105.2 5.3 

Cotton Cotton Fal/Cot 

15 Apr 15 Apr 13 Apr 

733.2 596.1 691.2 

Pima S6 Pima S6 Pima 86 
DPL 120 

4-Cotton 3-Cotton I-Cotton 

3-Fallow 4-Fallow 7-Fallow 

I-Pistach. I-Wheat I-Wheat 

Size (ha) 

Dimensions (m) 

Irrigation borders 

Soil uniformit y 4 

P.o. incidenceS 

15.38 

746x203 

No 

Good 

Low 

19.83 20.24 31.16 

560x360 768x266 779x388 

No Yes No 

Moderate Good Moderate 

Moderate Low Moderate 



Table l--Continued 

Criterion 

Location 

Grower 

Year studied 

PBW Inf. Potential l 

Previous crop 

Date of planting 

D.O.P. in HU 2 

Variety 3 

Adjacent fields 

Size (ha) 

Dimensions (m) 

Irrigation borders 

Soil uniformity 4 

P.o. incidence 5 

2 

Magma 

Barcello 

1986 

28.9 

Fallow 

24 Apr 

1008.4 

Pima S6 

2-Cotton 

6-Fallow 

22.66 

753x259 

Yes 

Moderate 

Low 

Field 

9 

Magma 

Barcello 

1986 

18.2 

Fallow 

23 Apr 

988.7 

Pima S6 

5-Cotton 

NE2 

Marana 

Pacheco 

1985 

8.7 

Cotton 

12 Apr 

671. 4 

Pima S6 

3::-Cotton 

82 

21 

Magma 

Barcello 

1986 

17.6 

Cotton 

6 May 

1236.8 

DPL 120 

2-Cotton 

3-Fallow 4-Fallow 6-Fallow 

I-Milo 

19.83 

791x222 

Yes 

Good 

Low 

7.53 

220x367 

14. 16 

730x171 

No No 

Moderate Good 

Low Low 

1 PBW/trap/night (prior to first susceptible square) 

2 Heat units accumulated from I Jan. to D.O.P. 

3 DPL 120 = Gossypium hirsutum; Pima S6 = G. barbadense 

4 Grower assessment 

5 Grower assessment of Phymatotrichum omnivorum incidence 



Determination of Pink Bollworm Field Density in Space and 
Time 
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Insect spatial dynamics may be studied over space and 

time by establishing permanent sampling stations within the 

sampling universe and visiting those sites at the desired 

frequency over time. This protocol permits examination of 

insect distribution on any sampling day as well as the 

opportunity to study how it changes between sampling 

visits. 

Sample Size Determination 

Previous PBW sampling experience provided a precon-

ceived notion of the time required to visit one sample site 

and make the necessary observations and recordings. Each 

field was to be sampled at least once per week during FI 

establishment phase and once per generation after F2 and F3 

dispersal. Driving time (one way Marana: 30 min, one way 

Magma: 90 min) and sample frequency were considered ab

solutes. It was estimated that available manpower could 

visit approximately 250 sites per field and meet the 

sampling- frequency requirement. Density of sample sites 

varied with field size and pattern of sampling grid 

(Table 2, Fig. BI - Fig. B8). 
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Table 2 . Sample site density and arrangement. -- 1985, 1986. 

Field Number Site Density Grid Pattern Approx. Grid 
of Sites (si tes/ha) Spacing (m) 

11 231 15.02 Triangular 34.75 

W15 147 7.41 Triangular 48.77 

7 105 5.19 Triangular 88.70 

W5 278 8.86 Triangular 40.64 

2 276 12. 18 Rectangular 19.29 x 42.67 

9 252 12.71 Rectangular 19.29 x 40.23 

NE2 239 31. 74 Triangular 24.38 

21 264 18.64 Rectangular 34.75 x 15.55 
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Sample Grid Pattern 

The objective of developing a series of three 

isarithmic maps illustrating the spatial dynamics of field 

populations of PBW precluded the use of random sample site 

arrangement. Systematic sampling, with sample sites at 

regular intervals on an imaginary grid, offers two advan

tages over random samples (MCBratney, et al. 1981) when the 

variable is spatially dependent and conforms to regional

ized variable theory. Firstly, and most obviously, sys

tematic arrangement of sites forces the samples to be taken 

from as many different areas of the field as possible with 

no disproportionately large area of the field unsampled. 

Secondly, and more subtly, isarithmic mapping requires 

variable estimation at unsampled points. The estimation 

algorithm used in this study is the kriging optimal inter

polation technique. In kriging, the maximum error assoc

iated with any estimate will be minimized if the sample 

sites are arranged on a regular grid (Burgess, et al. 1981) 

because the maximum distance to be interpolated is at the 

center of a group of three (triangular grid) or four 

(square grid) equidistant points and this distance is 

known. The distance to the center of a unit equilateral 

triangle is ~11% closer than to the center of a unit square. 

Consequently, maximum estimation error due to interpolation 



is -11% less with a triangular grid compared to a square 

grid. 
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Each of the study fields was measured at its greatest 

length and width. The length of the X dimension was 

calculated by stepping off the number of rows in the field 

and multiplying by the inter-row distance. The length of 

the Y dimension (the run of the field) was the average of 

measurements taken at several points along the field with a 

Rolatape (Model 400, Rolatape Corp., Spokane, WA 99206). 

With the dimensions and area of each field in hand, it 

was possible to produce on paper a geometrically configured 

equilateral triangular grid with an upper limit of approxi

mately 250 nodes such that the grid would fit within the 

confines of the field. An additional site was placed in 

the center of border cells where possible. A master sheet 

was then drafted for each field which contained the co

ordinates of grid nodes. The X coordinate was expressed as 

"Row #" and the Y coordinate expressed in "Feet" (from 

field edge). In 1986, square or rectangular grid patterns 

were used. After a preliminary analysis of 1985 data it was 

decided that the trade-offs between logistically developing 

an equilateral triangular grid and following it through the 

season were not worth the slight increase in maximum 

estimation error (~11%) associated with a square grid. 
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Marking Sample Sites in the Field 

Approximately 1,500 two-stage stakes were manufactured 

to mark sample sites in the fields. The first stage was 

designed for use in early season when tractor cultivation 

is frequent. It consisted of a 16 in length of 0.5 in 

white PVC pipe which had been cut at an angle on the end to 

be driven in the ground. The opposite end was painted with 

a ring of orange fluorescent paint on which the X,Y coordi

nates were marked. These were deployed in the field at the 

proper locations and in all cases prior to the appearance 

of the first open flower, as described below. After 

tractor cultivation was terminated in a field, the second 

stage of the stake was deployed. Approximately 5 ft 

lengths of pipe were cut and fitted with a sleeve coupling 

on one end. These extensions were affixed to the first 

stage by slipping the coupling over the marked stake. 

Occasionally, petroleum jelly was required to lubricate the 

coupling for attachment. Extra support from the surround

ing cotton plants assisted in maintaining the stakes in an 

upright position. 

A team of three to five persons deployed the stakes in 

the following manner. Rows (X direction) which were to 

receive stakes were first marked. An attempt was made to 

set the stakes in the Y direction according to the 
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Rolatape, but that proved unsatisfactory when it was dis

covered that the terrain and soil texture contributed to a 

tremendous variability in the apparent distance travelled 

by the device. A satisfactory alternative was to 

"sight-in" the Y direction according to long, visible 

stakes that had been placed at the correct Y distances in 

at least 3 rows. These stakes permitted one person to 

sight in the movements of another who carried the first

stage stakes down the field and pushed them into the pre

marked X row according to directions received from the 

sighter. A third person followed and drove the stakes 

securely into the ground with a hammer and marked them with 

the X,Y coordinates. Approximately 24 man-hours were 

required to stake a field in this manner with 250 stakes. 

Sampling Dates 

The dates that each field was sampled are presented in 

Table 3 and Table 4. The rationale for selecting those 

dates follows. 

Ideally, the regular sampling schedule was under way 

for each field prior to the appearance of the first open 

flower, i.e., at least one sample was conducted in which no 

open flowers were found, followed by the next scheduled 

sample in which open flowers were present. In the event 
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Table 3. F1 sampling dates with corresponding heat units 
accumulated from date of planting in ( ) . -- 1985 , 
1986. 

Field 

11 W15 7 W5 

20 Jun (1489) 27 Jun (1540) 24 Jun (1449) 25 Jun (1527) 

24 Jun ( 1592) 3 Jul (1695) 28 Jun (1545) 27 Jun (1578) 

28 Jun (1690) 9 Jul (1863) 1 Jul (1616) 3 Ju1 (1738) 

1 Ju1 (1766) 25 Ju1 (2293) 11 Ju1 ( 1902) 15 Jul (2072) 

4 Ju1 (1848) 17 Ju1 (2075) 

16 Ju1 (2192) 

Field 

2 9 NE2 21 

10 Jun (1012) 9 Jun (1009) 21 Jun (1444) 23 Jun (1139) 

13 Jun (1093) 12 Jun (1084) 2 Ju1 (1730) 28 Jun (1288) 

17 Jun (1203) 16 Jun (1195) 9 Jul (1924) 30 Jun (1345) 

24 Jun (1397) 26 Jun (1475) 7 Jul (1543) 

27 Jun ( 1485) 1 Ju1 ( 1622) 11 Ju1 (1661) 

1 Ju1 (1603) 3 Ju1 (1680) 14 Ju1 (1746) 

8 Jul (1801) 7 Ju1 (1791) 23 Jul (1985) 

16 Ju1 (2030) 10 Jul (1880) 

17 Jul (2076) 
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Table 4. F2 and F3 targeted and actual sampling dates with 
corresponding heat units accumulated from date of 
planting in ( ). -- 1985, 1986. 

Field 

11 

W15 

7 

W5 

2 

9 

NE2 

21 

Generation 

F2 F3 

Target Actual Target Actual 

30Jul(2579) 29Jul(2554) 28Aug(3379) lSep(3514) 

3Aug(2514) 15Aug(2846) 2Sep(3314) 22Sep(3724) 

4Aug(2560) 5Aug(2605) lSep(3360) 14Sep(3673) 

2Aug(2530) 7Aug(2680) lSep(3330) 8Sep(3490) 

29Jul(2363) 31Jul(2436) 25Aug(3163) 30Aug(3297) 

28Jul(2358) 28Jul(2369) 24Aug(3158) 22Aug(3106) 

2Aug(2549) 12Aug(2827) lSep(3349) 31Aug(3330) 

lOAug(2504) 8Aug(2446) 8Sep(3304) 6Sep(3256) 
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that sampling could not be initiated prior to the predicted 

date of first flower, it was scheduled as soon thereafter 

as possible. 

The target sampling dates for each generation were 

selected to coincide with the appearance of the maximum 

number of mature larvae in a population. By integrating 

information from the monitor traps, crop phenology, and 

daily HU accumulation, the PBW temporal distribution model 

of Huber, et al. (1979) and Huber (1981) predicted the date 

that the mature larval population of the F2 and F3 genera

tion would peak. Unfortunately, this could not be done for 

the F1 generation since it was not known with certainty 

when peak oviposition by the overwintered Parent generation 

occurs. 

The F1 larvae leave no proof of their existence as the 

F2 and F3 larvae do. Therefore, it was recognized that the 

F1 peak would be missed if a sample day did not coincide 

with the peak day. The obvious remedy for this situation 

is to sample the fields every day during the likely time of 

peak flower infestation. Unfortunately, sampling resources 

were finite, so a conscious decision was made a priori to 

not dedicate sampling resources such that one or two fields 

could be sampled every day, but to sample as many fields as 

possible, under the assumption that flower sampling would 
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be frequent enough so that even if the peak was missed, a 

sample would be scheduled to catch the up or down side of 

the curve. F1 samples were conducted at least weekly in 

each field until ~95% of the sample sites contained suscep

tible bolls. 

Past studies were reviewed to define the period when 

flower sampling should be most frequent. Noble and 

Robertson (1964) determined that the most reliable time for 

making bloom inspections was between the 8th and 17th day 

after blooming had started. Slosser and Watson's (1972) 

tables show that the F1 peak was on 23 June in 1968 and 24 

June in 1969 (ca. 7 d after first bloom was observed). 

Table 3 shows that the frequency of flower sampling 

was not as planned, or ideal. Before further analyses 

could proceed, one of the flower samples had to be selected 

as the best representation of the F1 peak. Appendix Table 

C1 identifies the flower sample date which was selected to 

represent the F1 generation, by field. The selection was 

made in consideration of the following: total larvae found, 

percent infested flowers, HU from first susceptible square 

in combination with trap catch, and the literature cited 

above. 

Huber's model (1981) predicts that in short staple 

cotton a complete PBW life cycle requires 800 HU if the 
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larvae develop in squares and 750 HU if the larvae develop 

in bolls. The target for the F2 boll sample was when 

1350 HU had accumulated from the appearance of the first 

susceptible square. Removing an infested boll approximate

ly 200 HU short of that needed for a complete life cycle 

would "catch" the larvae before they exited for pupation. 

Daily Sampling Procedure 

Different sampling protocols were developed for the F1 

larvae found in flowers and the F2 and F3 larvae found in 

bolls. The F1 samples are referred to as flower samples 

and were non-destructive, i.e, flowers were inspected for 

larvae but neither the larvae or the flower were otherwise 

disturbed. The F2 and F3 samples are referred to as boll 

samples and were destructive, i.e., bolls were removed from 

the sites and dissected to reveal the number of larvae per 

boll. 

Sampling flowers for PBW larvae is simple, straight

forward, and expeditious. It was hypothesized that host 

plant variables would be identified as major factors 

contributing to the variability in the F1 distributions. 

Therefore, not only were flowers inspected for PBW but 

several host plant characteristics were counted or measured 

at each site. 
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The flower sampling protocol was as follows. Samplers 

carried with them a 2 m length of PVC pipe that had been 

marked as a measuring stick in centimeters, and a clipboard 

with raw data sheets to record variables counted and 

measured. Samplers were instructed to lay the measuring 

stick on the ground centered about the stake, thus defining 

the sample site. Counts and measurements were made on all 

plant portions within the 2 m length of row. 

In 1985, the following counts were made: 

susceptible squares (defined as 10 day old 
squares approximately the size of a pencil 
eraser) , 

open flowers (defined as those flowers in bloom 
that day), 

infested flowers (defined as those open flowers 
in which a PBW larva was observed), 

pink or dried flowers (defined as those flowers 
that had bloomed previously and had already begun 
to turn a pink color or had already begun to dry 
up) , 

young bolls (defined as bolls too small to be 
susceptible), 

susceptible bolls (DPL-120 defined using the 
standard convention, 15-20 day old, 1 in boll 
that is slightly spongy when squeezed between the 
thumb and finger and Pima S6 defined using the 
measurements provided by Demessie [1984]). 

Obviously, all of these plant structures were not available 

for counting during the entire flower sampling period. They 

were included in the samples as they appeared on the 



95 

plants, consequently, time required for sampling increased 

as the season progressed. Counting "susceptible squares" 

required the largest time expenditure and was excluded from 

the samples after plant development in at least 50% of 

sites advanced to the point where susceptible bolls were 

present. In addition to these counts, the sampler was 

instructed to measure and record plant height with the 

measuring stick at three places within the sample site. 

In 1986, the count of "pink or dried flowers" and 

"young bolls" were excluded from the protocol. 

The 1985 boll sample pr.otocol is as follows. Samplers 

carried the 2 m measuring stick, a carpenters apron 

containing the master sheet of sampling locations, sandwich 

size paper bags, stapler, indelible marking pen, and a 

trash size plastic bag. Samplers were instructed to lay 

the 2 m stick on the ground centered about the stake and to 

pull 25 bolls of the proper age from the sample site. If 

the site contained >25 candidate bolls, they were to remove 

bolls from the entire site instead of removing bolls from 

perhaps one plant. If the site contained ~25 candidate 

bolls, all bolls were to be pulled regardless of their 

location. Determination of the "proper age" was relatively 

simple for the F2 sample since these were the first bolls 

to be infested by PBW. The oldest bolls are usually the 
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largest bolls, therefore the rule-of-thumb was to pull the 

25 largest bolls. The F3 sample was not as straightfor

ward. The intent was to remove only bolls that were 

susceptible to ovipositing F2 adults. However, by this 

late date, boll maturity in a site ranged from young bolls 

to open bolls. The samplers were asked to study the growth 

and fruiting habits of the cotton plant using Tharp (1965), 

in which the illustration and discussion of relative boll 

maturity by plant position is provided. Prior to an F3 

boll sample, the group of samplers reviewed Tharp's guide

lines in the field with this author, and observed the 

position of new bolls in relation to the "empty" area from 

which the F2 bolls were removed. Under these conditions, 

sampling was standardized and bolls of the proper maturity 

removed. 

After bolls were removed, they were placed in a paper 

bag and the bag sealed with staples. The bag was marked 

with site location, number of bolls removed, and three 

measurements of plant height within the site. The paper 

bags were placed in plastic trash bags as they were col

lected. 

The following protocol changes were made in 1986. The 

bolls were placed in plastic bags which had been perforated 

in several places with a paper punch for ventilation 
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instead of paper bags. The location and plant measurements 

were written on a manila label and inserted in the bag with 

the bolls instead of being written on the bag. 

The boll samples were returned to a screened insectary 

in Tucson where they were further processed within a day of 

removal. The location and plant height data were tran

scribed to a raw data sheet, bolls were cleaned of leaves, 

stems, and bracts, the number of bolls received in the bag 

was recorded, bolls were classified as susceptible or 

mature (mature was defined as a hard boll), and all bolls 

from that site were placed in an emergence box. The 

emergence box was either plastic or cardboard and of a 

sufficient size to hold 25 bolls without crowding. Several 

layers of facial tissue were placed in the bottom of the 

box and the box was then fitted with an insert made of 

hardware cloth which suspended the bolls to permit ventila

tion and give emerging larvae the opportunity to drop to 

the bottom for pupation in the tissue substrate. Each box 

was labeled by field and the X,Y location from which the 

bolls had been removed. The approximately 1,250 boxes were 

stored in the screened insectary on shelves that permitted 

ventilation to discourage boll rotting. 

Shelving and storage space was not generous enough to 

permit both F2 and F3 samples to be stored at the same 
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time. Therefore, F2 boll samples had to be inspected for 

PBW larvae before F3 boll samples were brought to the 

insectary. Under naturally occurring conditions, F2 and F3 

larvae exit the boll for pupation. It was similarly 

assumed that under insectary conditions the number of exit 

holes counted in each boll would equal the number of PBW 

larvae that infested that boll. It was further assumed 

that a measure of the accuracy of the exit hole count would 

be provided by comparing the count to the sum of larvae, 

pupae, and exuviae in the bottom of the emergence box. 

Under artificial insectary conditions, however, it was 

quickly discovered that these assumptions were not valid 

and an extremely large, unanticipated time investment would 

be required to determine the number of larvae infesting 

each boll. Among the unnatural situations that invalidated 

the intended method were: not all larvae exited the boll 

for pupation, as bolls dried and cracked in the insectary 

they provided "escape routes" for the larvae so they were 

not required to cut the exit hole which was evidence of 

their existence, wandering mature larvae in search of 

suitable pupation substrate escaped their emergence box to 

pupate elsewhere. These discoveries necessitated the 

dissection and careful inspection of each boll to determine 

the number of infesting larvae. 



Raw data records of these inspections consisted of 

field number, X,Y coordinate of the site, frequency dis

tribution to show the number of bolls infested by 
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0, 1, 2, ... , 9 larvae, and the number of larvae, pupae and 

exuviae recovered in the bottom of the emergence box. Exit 

holes were counted as larvae, in the manner of Slosser and 

watson (1972). That is, if a boll inspection revealed 2 

exit holes and 1 immature larva still inside the boll, that 

boll was classified as having been infested by 3 larvae. 

Calculation and Evaluation of Site-specific Density 

During the two years of intensive flower sampling, 

flowers were never found to be infested by more than one 

larva. The Significance of this lies in the expressions 

used to compare Fl site specific density with F2 and F3 

density. For instance, a comparison of "larvae/flower" 

with "larvae/boll" would not necessarily be useful. 

However, a comparison of "larvae/site" between generations 

would seem valid, until it is remembered that all open 

flowers in the 2 m site were inspected for Fl larvae, while 

a maximum of 25 bolls were removed for determination of F2 

and F3 site specific density. Rarely were there exactly 25 

bolls of the proper age within the site. As suggested in 

Table 5, data were recorded so that there were several 
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options by which site-specific density could be expressed. 

The expressions that will be used most frequently through

out this paper, however, are "number of infested flowers" 

(= larvae/site) for the Fl generation and 

"larvae/boll/site" for the F2 and F3 generations. Caution 

with regard to the differences mentioned above must be used 

when directly comparing these expressions. 

Computerized Data Base 

The raw data were entered via database management 

software onto floppy diskettes for input into statistical 

packages for analysis. Unique files were used for all 

information taken from a field during anyone sampling day. 

Each file consisted of a number of records equal to the 

number of sites in that field. Examples of the defined 

fields within a record are presented in Table 5. 

statistical Analyses 

All data transformation, descriptive statistics, 

linear regressions, correlations, polynomial regressions, 
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Table 5. Original and derived variables present in raw data 
record for one sample site on one sample day.--
1985, 1986. 

Generation 

Fl F2 and F3 

Field identification Field identification 

Date Date 

Row spacing Row spacing 

Row number Row number 

X Coordinate l X Coordinate 

Y Coordinate Y Coordinate 

Susceptible squares Susceptible bolls 

Open flowers Mature boll s 

Pink or dried flowers Bolls with 1 exit hole 

Infested flowers Bolls with 2 exit holes 

Young bolls 

Susceptible bolls 

Mature bolls Bolls with 9 exit holes 

% Infested flowers 2 Average plant height 

Average plant height Larvae recovered 

Total bolls 

% Susceptible bolls 

% Mature bolls 

Infested bolls 

Uninfested bolls 
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Table 5--Continued 

Generation 

Fl F2 and F3 

% Infested bolls3 

% Un infested bolls 

% Bolls with multiple infest. 4 

Total exit holes 5 

Average exit holes per bol1 6 

% Larval recovery7 

1 (Row spacing * Row number)/12 

2 (Infested flowers/Open flowers) * 100 

3 (Infested bolls/Total bolls) * 100 

4 «Bolls with 2 exit holes + Bolls with 3 exit holes + ... 
+ Bolls with 9 exit holes)/Infested bolls) * 100 

5 (Bolls with 1 exit hole) + (Bolls with 2 exit holes * 2) + 
(Bolls with 3 exit holes * 3) + ... + (Bolls with 9 exit 
holes * 9) 

6 (Total exit holes/Total bolls) 

7 (Larvae recovered/Total exit holes) * 100 
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multiple regressions, hypothesis testing, traditional 

modeling of spatial distributions and subsequent calcula

tion of optimum sample size was performed by either SAS 

Institute Inc. (1985) or CoHort Software (1986). The 

procedures and subroutines used for specific analyses are 

listed below. 

Geostatistical analyses were performed with BLUEPACK-

3D, Release III (Geomath, Inc., 1982). Semivariogram model 

parameters were used as input to the FORTRAN program, 

OSSFIM (MCBratney and Webster 1981), for calculation of 

optimum sample sizes based on geostatistical theory. 

Isarithmic maps were constructed from original data 

sets by the kriging gridding method and contour tracing 

routine of SURFER (Golden Graphics Software, Inc. 1987). 

Data Transformation 

Prior to analysis, original data were transformed to 

stabilize variance. All variables expressed as counts were 

transformed by j(x+0.5). The variables expressed as per

centages were transformed by arcsinj(p), where p is the 

proportion (Sokal and Rohlf, 1973). The transformed data 

were used in all parametric tests and procedures. Descrip

tive statistics were detransformed before presentation. 

The distinction between a transformed variable name and an 
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original variable name is a "T" at the end of a transformed 

variable name, e.g., PCIN624T is the transformed datum 

which corresponds to the original datum, PCIN624 (See Table 

4 and Appendix Table A1 for variable names and defini

tions). The standard wildcard convention is used in naming 

. variables in this dissertation, question marks (???), hold 

places in the name that may be filled with any alpha

numeric character. 

Descriptive Statistics 

PROC MEANS of SAS and the DESCRIPTIVE STATISTICS 

routine of COSTAT87 were used to compute the mean, vari

ance, standard deviation, standard error, etc. of original 

and transformed data. 

Linear/Polynomial Regression and Correlation 

PROC CORR and PROC REG of SAS and the CORRELATION and 

POLYNOMIAL REGRESSION (first order) routines of COSTAT87 

were used to test models of the form: 

y = a + bx (17) 

where, y is the dependent variable, a is the y intercept, b 

is the slope and x is the independent variable. These 

programs also computed the linear association between the 
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two variables in the form of r, the correlation coefficient 

and r2, the coefficient of determination. Such statistical 

procedures were used to determine the correlation and 

predictive ability of site specific density between genera

tions, e.g., F2 average exit holes/boll vs. F3 average exit 

holes/boll at the same site and the relationship between 

the various expressions of site specific density within 

generations, e.g., percent infested bolls vs. average exit 

holes/boll (for the same set of bolls collected at that 

site). 

When curvilinear relationships of the form, 

(18 ) 

(where y and x are as in equation [17] and b is a coef

ficient) were suggested by preliminary plots of the data, 

COSTAT87 was more convenient than SAS for testing the 

significance of the first 4 or 5 orders of the polynomial 

regression equation in sequence. 

These types of analyses were also used when site 

specific data were pooled in various ways to test relation

ships between field- or generation-specific data. 
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Multiple Regression 

The PROe REG Stepwise Method of SAS was used to test 

models of the form, 

(19 ) 

where y, x, and b are as in equation (18). This type of 

analysis was used to find the independent plant variables 

that best explained PBW density on a site-by-site basis. 

Traditional Spatial Distribution Models 

The underlying basis of these models is the relation

ship between the mean and variance of a set of samples. 

This relationship is used to mathematically characterize 

distributions and thus provide an index of aggregation for 

the population. Recent publications (Mitchell and Fuxa 

1987, Hanna et al. 1987, Sparks and Boethel 1987, Brewer 

and Story 1987) use Taylor's Power Law (Taylor, 1961) 

and/or Iwao's Patchiness Regression (Iwao, 1968) extensive

ly to model insect distribution and index the degree of 

aggregation. Often both techniques are used to model the 

same data set. 

Taylor's Power Law. The most convenient method for 

estimating a and b of equation (2) is with equation (3) 
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(page 42) (Ruesink 1980). It must be noted that in certain 

situations, this "convenient method" will fail. Examina

tion of the linear regression equation (3) reveals that 

when S2 = 0 or x = 0 the equation can not be solved since 

it is impossible to take a logarithm of zero. Unfortu

nately, this situation was common within the PBW data sets, 

as there were many sites in which no larvae were found 

(x = 0 and S2 = 0). A solution for equation (3) under 

these conditions was demonstrated by Egwautu and Taylor 

(1976) who first transformed all S2 and x by adding 1. 

The net result of this transformation is, 

log (s2+1) = log a + [b log (x+l)] 

and was used in this paper. 

(20) 

Figure 3 is a flow chart that diagrammatically shows 

the logistics and steps used to model the data sets with 

Taylor's Power Law (TPL). Twenty four such runs (3 genera

tions x 8 fields) were used to model specific larval 

distributions. Five runs were conducted on data sets which 

were the result of various pooling methods to eliminate the 

within-field and year effect but maintain the integrity and 

effect of generational time on the spatial distribution. 

PROC REG of SAS was used to perform the required 

statistical analyses: regression of log (variance + 1) on 
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Figure 3. 
statistics. 
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log(s2+1) on log(x+l) 

Significant 
Regression ? 
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o 

Flow chart for interpreting Taylor's Power Law 
Adapted from Wratten and Fry (1980). 
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log (mean + 1), F test for Ho: b > 0, F test for Ho: b = 1, 

F test for Ho: log a = 0 hypothesis test that slope = 1, 

and other hypothesis tests, as required, to test if two or 

more linear regressions from different data sets were 

parallel and statistically congruent. The UTILITY sub

routine of COSTAT87 was used to find the exact probability 

associated with each F statistic output by SASe 

Iwao's Patchiness Regression. Equation 6 (page 44) is 

Iwao's patchiness regression (IPR), and like TPL, cannot be 

used when the mean density is zero. When x = 0 and S2 = 0, 

~ = -1, which is intuitively and theoretically impossible 

(Southwood 1978). Iwao and Kuno (1971) recognized this 

inadequacy and solved the dilemma by excluding cases where 

density of bean weevil eggs was <1 from the analysis. 

Boiteau et ale (1979) only used data sets containing at 

least 30 samples with non-zero values since zeroes, in 

essence, drop out of the calculation. Due to low larval 

pickleworm (Diaphania nitidalis) counts, Brewer and Story 

(1987) pooled a sufficient number of observations for their 

analyses to proceed. Following the precedent set by these 

researchers, sites with zero PBW were eliminated from data 

sets prior to IPR analysis. This deletion is intuitively 

acceptable when it is realized that the regression seeks to 
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show the relationship between mean density and mean crowd

ing. If there is no mean density, there is, by definition 

no mean crowding and thus the sites with zero PBW add 

no~hing to the relationship. 

The statistical protocol and software used to apply 

IPR to the PBW data is as described above for TPL since 

both are linear regression models. 

Iwao's p-index (1972) is used to determine the area 

occupied by a colony. The systematic arrangement of sample 

sites within the nearly rectangular fields was ideally 

suited for application of this technique. A quadrat was 

defined as an area of land. Fields were systematically 

divided into 2, 4, 8, ... , n equal quadrats on the basis of 

area (where n is the number of sites in the field). SAS 

DATA statements were developed to make the divisions with 

IF statements to classify sites on the basis of their X,Y 

coordinates. 

* Independent calculations of x and x were made for the 

sample sites included in each quadrat, under each arrange

ment. This method did not require the calculation of ~ for 

every sample site, and so individual sites with zero PBW 

were of no concern and entire data sets were used. 

PROC MEANS of SAS was used within each quadrat

dividing loop to generate independent solutions of equation 
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8 (page 46) and output the results to an array for calcula

tion of the p-index which requires information from the (i) 

and (i-I) quadrats. 

Geostatistical Models of Spatial Distribution 

It is recognized that geostatistical theory is being 

applied to a greater number of different situations each 

year. As applications develop and with time, geostatisti

cal theoreticians have developed increasingly complex 

models and alternatives to the originally published simple 

methods. In this research, the modeling efforts were 

limited to the very simplest and elementary of the avail

able methods. For instance, punctual kriging was used 

instead of block or universal kriging, sample variograms 

were fitted with simple spherical or linear models, i.e., 

nested or cross-variograms were not fitted or tested, and 

autocorrelation in space alone was modeled (time is 

considered only in the sense that variograms from different 

generations are compared). 

The proprietary program, BLUEPACK-3D, Release III 

(Geomath, Inc. 1982) and PROC REG of SAS were used for all 

geostatistical analyses and modeling of PBW distribution. 

The variable, INFFL, was the expression used for the F1 

generation density and AVGXHOL was used for the F2 and F3 
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expression of density. separate data sets were constructed 

for each distribution (= 24 data sets). Each data set 

consisted of the sample site X,Y coordinate and the 

corresponding PBW density measurement, Z. A typical 

modeling session for a data set consisted of 2 runs with 

BLUEPACK-3D and a subsequent model fitting routine with 

SASe 

The first run with BLUEPACK-3D was used to 1) display 

original Z values at the appropriate X,Y coordinates on a 

two-dimensional plot, 2) calculate and plot the sample 

semivariogram in 5 directions (Lag = 15.24 m and Tolerance 

on directions = 10°), 3) perform kriging tests on several 

covariance models to select the "best" on the basis of mean 

squared error. 

Run 1 output identified whether the variogram was pure 

nugget effect (random, with variogram slope = 0), or 

whether it had a significant slope, indicating spatial 

autocorrelation under the specifications of the calculated 

variogram. 

When the slope of the variogram was significant, 

experience showed that the model selected as "best" by 

BLUEPACK-3D could generally be improved upon. The primary 

purpose of Run 2 was to cross-validate the suggested model 

and test the goodness-of-fit of another user-defined model 
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with the same cross-validation procedure. The parameters 

of the user-defined model were determined by examination of 

the shape of the plotted variogram from Run 1. 

An ideal BLUEPACK-3D modeling protocol would alter 

each parameter in a systematic way, controlling for others, 

so the net effect of any change could be documented. 

Initially, this modeling protocol was adhered to. After 

approximately one year of testing models with systematic 

changes, it became obvious that such modeling could become 

a vocation in and of itself. The geostatistical models 

used for mapping and optimum sample size calculation, 

therefore, represent the "best" in terms of cross-

validation statistics of only 2 or 3 models tested per data 

set. 

The cross-validation statistics used to select models 

for further analyses were: 1) the number of points consid-

ered "outliers" after being systematically removed and 

estimated by the proposed model with a jackknifing routine 

(outlying sample points are those in which the standardized 

* error, (Z - Z)/s, exceeds 2.5), 2) the correlation between 

* * * Z and (Z - Z)/s, and 3) the correlation between Z and Z 

* (where, Z is the kriged estimate of the known sample value, 

Z). These three statistics provided three assessments of 
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how well the theoretical variogram predicted the density of 

PBW at the sample sites. 

While BLUEPACK-3D provides a measure of model fitness 

in the form of cross-validation statistics, it does not 

provide a measure of how well the model semivariogram fits 

the sample variogram. This was determined with SAS in a 

two-step process. Only sample variogram points which were 

calculated on the basis of at least 50 sample pairs were 

input as the independent variable in a weighted-least 

squares model fitting routine. The distance between sample 

pairs was the dependent variable in a polynomial regression 

which considered h up to the cubic term. The weights 

assigned to the variables were proportional to the number 

of sample pairs used in the estimation, i.e., WEIGHT = 

number of PAIRS / SUM(OF PAIRS). 

The first step involved fitting the three sets of 

dependent variables (1, 1 and 2, 1 and 2 and 3 degree 

polynomial) to the observed data. Examination of r 2 and 

the plots of predicted versus observed for each test were 

compared to determine whether a linear or polynomial model 

fit the observed data best. When linear models were 

selected, the estimate of intercept (Nugget) and slope of 

the model were used directly in the second step. When 

polynomial models were indicated, examination of the plots 



and listing of predicted values helped in the subjective 

determination of spherical model parameters. 
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The second step involved testing the fit of the model 

to the observed variogram. Predicted values were tested 

against observed values with another weighted-least squares 

regression (weights assigned as above). The goodness-of

fit of the model is evaluated with the coefficient of 

determination. 

computer Mapping 

BLUEPACK-3D (Release III) does not have the capability 

of tracing contour lines for the production of isarithmic 

maps. Additional software was, therefore, required to 

produce the maps that are presented. 

SURFER (Golden Software, Inc. 1987) is a package of 

programs that grids X,Y,Z data and subsequently produces 

topographic maps with contour lines or surface plots in 

apparent 3-dimensions. The kriging algorithm (equation 

[14] - equation [16], pp. 66 - 67) was selected as the 

interpolation method to create the grids. Regretfully, the 

SURFER kriging algorithm assumes only an underlying linear 

variogram. The source code is protected so that not only 

is a user prevented from inputting his own variogram 

parameters but the parameters of the SURFER-generated 
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variogram model are hidden. Therefore, there is no means of 

controlling or knowing the model parameters used to 

construct the maps. In this research it would have been 

helpful to trace contour lines based directly on the 

variogram nlodels that were tested by BLUEPACK-3D. Despite 

these deficiencies, SURFER was judged to be an ad.equate 

tool for producing maps which would simply be used to 

evaluate whether PBW distribution patterns changed consist

ently with generational time. 

Optimal Sample Size Determination 

A priori suspicion of low PBW field density was the 

motivation to use the 2 m row length as a "point sample" 

for flower samples and the set of 25 bolls as the sample 

unit for boll samples. Though the large size of these 

units may be practical and prudent for research purposes, a 

PCA would not be expected to have the time to perform such 

intensive sampling. The optimum sample size was, there

fore, calculated using two sample units. The results of 

the "single boll" unit are most useful to the PCA, while 

those obtained with "set of 25 bolls" unit might be most 

appropriate when intensive sampling is required. 
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The Boll as the Sample Unit. Reliability is the criterion 

used in this paper to evaluate sample size and it was 

measured as the relative variation (RV) given by equation 1 

(page 40). The RV curves and associated statistics that 

are presented were computed by SAS (PROe MEANS) after the 

random selection of two to 1000 bolls out of the entire set 

of bolls collected from a field. One randomization was 

performed per generation per field. Duplications in the 

random number stream were eliminated with PROe SORT before 

analysis. This method of randomization differs from that 

used below to simulate random sampling when the sample unit 

is a set of 25 bolls. 

A plot of the sample size corresponding to RV = 25 and 

RV = 10 for each data set versus the grand mean of the set 

(Total PBW / Total Bolls Sampled) effectively eliminated 

the field, year, and generation effects and is a valid 

presentation of a generalized Arizona PBW sampling curve. 

The Set of 25 Bolls as the Sample Unit. In this section 

optimum sample size is determined for the same data set by 

RV curves, TPL, IPR, and the semivariogram. 

The UTILITY routine of eOSTAT87 was used to generate 

a random number stream without replacement. This file was 

used in the DATA step of SAS to randomly select sites for 
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calculation of sx' X, and RV. Twelve different sample 

sizes were chosen (n = 2, 3, 4, 5, 10, 20, 30, 40, 50, 100, 

150, 200). The major difference between this method of 

randomization and that previously described is that re

randomization was done prior to selection of each sample 

size creating the possibility of different data sets being 

used in subsequent analyses. 

Equation 4 (page 43) was used to calculate the 

required sample size for a fixed precision level based on 

TPL. plots are presented as n vs. x fpr c = 0.1, 0.4. The 

twelve sample means independently calculated for the RV 

curves were used as input in this equation. 

Equation 7 (page 45) was used to determine optimum 

sample size based on the parameters of IPR. It provides a 

useful comparison with the sample sizes based on TPL, 

realizing that exactly the same data sets were used for 

both methods. 

MCBratney and Webster (1981) published a FORTRAN 

program, OSSFIM, which uses a previously determined semi

variogram as input for calculating estimation variances for 

a range of grid spacings (rectangular and/or triangular). 

This program was implemented to provide a comparison 

between traditional and geostatistical theory as it relates 

to sample size determination. The semivariogram models 
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derived from the BLUEPACK-3D analyses were input. OSSFIM 

computed kriging standard errors for a range of grid 

spacings between 5 m and 200 m. plots of kriging standard 

error as a function of grid spacing and equivalent number 

of sample sites are presented. 

Kriging derived standard deviation and traditionally 

derived standard deviation are plotted on the same axes as 

a function of sample size to accentuate the comparison of 

theoretical bases. 

computer Hardware 

The computer hardware used to implement the software 

packages and programs for this research are as follows: 

Data input: Digital DEC RAINBOW, CP/M-S6/S0, via 
INFOSTAR, edited by WORDSTAR. 

Data transfer: Upload with KERMIT to University 
of Arizona VAX system. Download with KERMIT or 
PROCOMM to AT&T 6300. 

statistical Analysis: SAS, COSTATS7, SURFER 
installed on AT&T 6300 equipped with 640K RAM, 
SOS7 math co-processor chip, two floppy disk 
drives, one 20 MB hard disk. OSSFIM implemented 
on University of Arizona CYBER175. 

Map and Figure Drawing: SURFER and GRAPHER output 
to EPSON FX-1S5 dot matrix printer. 



120 

RESULTS AND DISCUSSION 

Since this research was conducted in eight fields, 

there are occasions when the results appear to be redun

dant. In that case, a representative situation will be 

presented and discussed in this chapter with reference to 

the remaining data which is contained in an appendix. 

When appropriate and legitimate, data are pooled by 

field or generation or year (or any combination) to show 

the general case. It is assumed that conclusions derived 

from such pooled data sets are applicable in a general 

sense to conditions found in commercial Arizona cotton 

fields since the fields were selected to provide a variety 

of conditions. In this case, appendices are included which 

contain the subsets of data which were pooled. 

The discussion between populations of different fields 

will be easier to comprehend if it is remembered that the 

names of all fields located on the Pacheco ranch in Marana 

begin with an alphabetic character (e.g., W15, W5, NE2), 

whereas all fields on the Barcello ranch in Magma begin 

with a numeric character (e.g., 2, 7, 9, etc.). In 1985, 

fields were sampled in Marana and Magma; in 1986 fields 

were sampled only in Magma. 
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Determination of Peak F1 Larval stage 

After selection of the "best" F1 sample date, it was 

possible to characterize that date in terms of HU from 

Planting and Days After First Flower to see if the dates 

were consistent enough to be used in a sampling recommenda

tion for the F1 generation. Since the set of 8 fields was 

formed by a variety of subsets with respect to different 

conditions, it was possible to analyze the subsets in a 

number of combinations to systematically remove main 

effects (e.g., year, town, variety) and test for differen

ces. 

Table 6 associates the F1 sample date in each field 

with HU After Planting and Days After First Flower. It 

also classifies the fields according to variety, town, and 

year. These classifications were used in a series of 

Kruskal-Wallis tests for significant difference of class 

means for both dependent variables (Heat Units After 

Planting and Days After First Flower). The results of the 

tests of significance are presented in Table 7. It should 

be noted that parametric one-way ANOVA tests were performed 

on the raw data in addition to the Kruskal-Wallis tests 

(based on ranks) and the same significant differences were 

identified. However the non-parametric results are 
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Table 6. Heat units after planting and days after first 
bloom for peak Fl larvae to appear in flowers.--
1985, 1986. 

Field Varietya Townb YearC HU after PL DA after FL 

11 1 1 1 1588 15 

W15 2 2 1 1694 19 

7 3 1 1 1544 13 

W5 2 2 1 2076 32 

2 2 1 2 1603 7 

9 2 1 2 1699 7 

NE2 2 2 1 1727 11 

21 1 1 2 1746 7 

a 1 = short staple; 2 = long staple; 3 = mixed 

b 1 = Magma; 2 = Marana 

C 1 = 1985; 2 = 1986 



Table 7. 

Class* 

Year 

1 

2 

Town 

1 

2 

Variety 

1 

2 

3 
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Mean time to observation of peak Fl larval stare 
for fields classified by year, town and variety. -
- 1985, 1986. 

Data Set 

With Field W5 Without Field W5 

n HU aft PL Day aft FL n HU aft PL Day aft FL 

5 4 

3 3 

5 5 

3 2 

2 2 

5 15a 4 

1 1 

* Year: 1 = 1985; 2 = 1986. 

Town: 1 = Magma; 2 = Marana. 

Variety: 1 = Short staple; 2 = Long staple; 3 = Mixed. 

1 Means followed by the same letter are N.S. (P < X2 = 0.05) 
by Kruskal-Wallis analysis of variance. 



presented since the assumption of normality was not 

verified. 
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The same tests were performed on two data sets: Field 

W5 included (n = 8), and Field W5 excluded (n = 7). A 

cursory examination of Table 6 shows that the dependent 

variables for W5 are so much higher than average, that this 

field might be considered an outlier. 

The tests for significance showed significant differ

ences in only one variable and then only when fields were 

classed by year. When the maximum F1 date is measured in 

terms of HU After Planting, no significant differences are 

observed regardless of the classification scheme (which 

eliminated effects of year, town, and variety) at the 0.05 

level of significance (X 2 test of significance), and this is 

the preferred expression. 

The series of tests yielded the same results whether 

Field W5 was included in the data set or not. The recom

mendation that follows, however, is based on the exclusion 

of Field W5. With Field W5 included, the standard error of 

the mean is 58.22; with Field W5 excluded, the SE is 29.44. 

The disproportionately large effect this field has on the 

SE was reason to consider it a legitimate outlier and 

remove it from the following attempt to generalize to a 

normal situation in Arizona. 
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Since Kruskal-Wallis showed no significant differen

ces, the pooling of data from all varieties, towns, and 

years is indicated. Using the mean±SE from this data set 

we expect to find the peak F1 larval population when 

1657±29.4 (n = 7) HU have accumulated from the date of 

planting. It must be remembered when applying this 

recommendation that it was generated from a wide variety of 

conditions and only 7 degrees of freedom were used in the 

significance tests. Risking inaccuracy, but for the sake 

of comparison with previous studies, this figure can be 

approximately translated into Days After First Flower. 

Huber's (1981) HU research on short staple cotton demons

trated that 1190±50 HU were accumulated from planting date 

to first flowers. Using a figure of 27 HU/day as repre

sentative of conditions in late June/early July in Arizona, 

we find that this recommendation translates into sampling 

for F1 larvae 18±2 days after the first bloom 

([1657 - 1190]/27]). An explanation for the disparity in 

the results of Slosser and watson (1972) is that their 

studies were done with short staple cotton whereas this 

study was biased toward long staple cotton (5:2:1, long 

staple:short staple:mixed). Table 7 shows that even though 

means classed by variety were not significantly different, 

the long staple fields required 93 more HU on the average 
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for the F1 to peak. At 27 HU/day this accounts for ca. 4 

days of the difference. 

Within-field Density By Generation and By Field 

Table 8 provides a summary of the density statistics 

for all sample dates and all fields (presented in detail in 

Appendix Table C1). Fields are listed in decreasing order 

of F3 density. Note that this ranking is not ordered by F1 

or F2 density. In a system where population growth is per

mitted to increase naturally, the relationship would likely 

hold: the larger the F1 population, the larger the F2 and 

F3 (if resources were not limiting). Slosser and Watson 

(1972) show that in fields without insecticide interven

tions, population increase between the F1 and F2 is ca. 

17.6x, and that between the F2 and F3 is ca. 6.2x. In this 

study, in fields where F1 population was found, the F1 to 

F2 increase was: minimum = 2.0x, maximum = 70x, 

mean±SE = 24.0±9.69. The F2 to F3 change was highly vari

able. The maximum increase was 10.2Sx (Field W1S) with a 

maximum decrease of 3.09x (Field 9). The mean±SE change was 

+1.9x±2.00. 



Table 8. Summary statistics for within-field PBW density: by field, by generation. 
-- 1985, 1986. 

Field/Gen. n x Inf. +SE % Inf. % Sites x Larv/ +SE x Larv/ +SE Popu1a-
Fruit/ Fruit Occupied Boll Site tion in~ 
Site (AVGX) (TOTX) crease(+) 

Decrease 
( - ) 

11/ Fl 231 0.35 0.047 15.78 25.11 0.35 0.047 
+19.46x 

F2 230 4.48 0.224 18.35 90.91 0.28 0.017 6.81 0.420 
+1.59x 

F3 226 7.11 0.306 28.78 95.24 0.44 0.023 10.83 0.559 

W15/F1 147 0.01 0.007 0.23 0.68 0.01 0.007 
+24.00x 

F2 147 0.21 0.040 0.85 18.37 0.01 0.002 0.24 0.046 
+10.25x 

F3 145 2.32 0.200 9.31 74.82 0.10 0.009 2.46 0.220 

7/ F1 105 0.01 0.010 0.48 0.95 0.01 0.010 
+70.00x 

F2 105 0.62 0.168 2.53 27.62 0.03 0.007 0.70 0.175 
+ 1. 86x 

F3 105 1.12 0.178 4.50 46.67 0.05 0.009 1. 30 0.227 

W5/ Fl 273 0.00 0.00 0.00 0.00 

F2 278 0.23 0.040 0.96 15.16 0.01 0.002 0.26 0.046 
+3.85x 

F3 276 0.94 0.080 3.77 49.46 0.04 0.004 1. 00 0.089 
..... 
tv 
-...J 



Table 8--Continued 

Field/Gen. n x Inf. +SE % Inf. % Sites x Larv/ +SE x Larv/ +SE Popula-
Fruit/ Fruit Occupied Boll Site tion in-
Site (AVGX) (TOTX) crease(+) 

Decrease 
(-) 

2/ Fl 276 0.08 0.019 4.48 7.25 0.08 0.019 
+16.13x 

F2 276 1. 16 0.079 4.85 62.32 0.05 0.004 1. 29 0.091 
-1.65x 

F3 276 0.70 0.060 2.80 45.29 0.03 0.003 0.78 0.077 

9/ Fl 252 O. 11 0.020 2.94 10.32 0.11· 0.020 
+12.36x 

F2 252 1. 22 0.080 5.00 64.29 0.06 0.004 1. 36 0.092 
-3.09x 

F3 252 0.38 0.081 1. 54 18.65 0.02 0.004 0.44 0.093 

NE2/Fl 238 0.00 0.00 0.00 0.00 

F2 214 0.20 0.039 0.81 13,34 0.01 0.002 0.24 0.054 
+1.58x 

F3 239 0.35 0.048 1. 42 23.43 0.02 0.002 0.38 0.052 

21/ Fl 264 0.03 0.012 0.55 1. 89 0.03 0.012 
+2.00x 

F2 264 0.06 0.015 0.26 6.44 0.003 0.001 0.06 0.015 
+O.Ox 

F3 264 0.05 0.014 0.18 4.17 0.003 0.001 0.06 0.022 

I-' 
N 
OJ 
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It is obvious that insecticide use curtails the 

potential PBW population development. The impact of the 

treatment regime depends on the degree of efficacy associ

ated with each treatment. Timing of PBW treatments is one 

major factor in determining the efficacy, i.e., the most 

toxic material will have little effect on the PBW popula

tion if it is applied when the adult population is absent. 

Eight or nine insecticide treatments to Fields 7 and 11 in 

1985 did not prevent the F3 generation from increasing an 

average of 1.7x over the F2' Yet, in 1986, only five 

optimally timed treatments to Fields 2 and 9 resulted in an 

average decrease of 2.6x (Appendix Table D1). The differ

ence in population growth pattern between the 1985 fields 

and the 1986 fields will explain some of the inconsisten

cies in several analyses presented below. 

Examination of Table 1 and Table 8 shows that fields 

that are planted at nearly the same time and are physically 

near each other develop similar PBW density trends. Fields 

9 and 2 were planted on consecutive days, at their closest 

pOints they are only ca. 0.2 mi (0.3 km) distant and the 

population trends are remarkably similar. Field 21, how

ever, was planted much later, is ca. 0.5 mi (0.8 km) 

distant. Though the rise and fall of the Field 21 popula

tion is typical of the Barcello ranch in 1986, it is 
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infested with far fewer PBW throughout the study period. 

Fields NE2, W5, and W15 were planted within three days of 

each other. Fields NE2 and W5 are ca. 0.7 mi (1.1 km) 

distant, had no measurable F1 generation and had similar F2 

densities. Field W15 is an estimated 2.0 mi (3.2 km) 

distant, had a measurable F1 generation and a higher 

density throughout the study period. Field 7 was planted 

eight days after Field 11, they are ca. 0.5 mi (0.8 km) 

distant and though the rise and fall of the population is 

typical of the Barcello ranch in 1985, Field 7 was infested 

with far fewer PBW throughout the study period. 

By plotting curves that represent the rate of estab

lishment in each field (Figure 4) a basic difference 

between Marana and Magma PBW populations can be shown. 

Marana populations start out slow, i.e., the greatest 

expansion into unoccupied space occurs between the F2 and 

F3 generation. In Magma, the greatest expansion into 

unoccupied space occurs between the F1 and F2 generation. 

Of the five fields in Magma, Field 11 shows the pattern 

most clearly. The PBW population in Fields 2 and 9 had 

colonized 62% and 64% of the sites (respectively) by the F2 

generation (even if the F3 had been found in 100% of the 

sites, the pattern would remain true). Of the total number 

of sites colonized by the F3 generation in Field 7, 
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59% were colonized between the F1 and F2' The development 

pattern in Field 21 is the only one in Magma that could 

have possibly resembled the pattern in Marana and thus cast 

doubt on the validity of this observation. The efficacious 

use of insecticides, however, prevented that development 

pattern from occurring. 

It would be dangerous to speculate on the reason for 

the Magma and Marana difference since there are possibly 

many impinging factors, not the least of which are grower 

practice differences, average temperature differences, 

differences in winter mortality, etc .. However, it becomes 

apparent after ranking F1 expressions of density that all 

of the Magma fields are grouped at the top of the list and 

all of the Marana fields are at the bottom of the ranks 

(Table 9). perhaps the size of the F1 population is the 

primary factor determining whether the expansion curve 

resembles Magma or Marana. 

Two likely factors that contribute to the size of the 

F1 population were hypothesized to be Infestation potential 

(number of male moths trapped in pheromone traps prior to 

first susceptible square) and Date of Planting. Non

parametric tests of independence of the rankings demon

strated that a significant monotonic relationship exists 

between size of F1 population and Infestation Potential, 
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Table 9 . Relative ranking of fields by Fl density expres-
sions, infestation potential, and date of planting. 

1985, 1986. 

Relative Sites Infest. - Larvae/ Infestation Date of % % x 
Rank Occupied Flowers Site Potential a Plant-

tingb 

1 11 11 11 11 11 

2 9 2 9 7 7 

3 2 9 2 2 NE2 

4 21 21 21 9 W5 

5 7 7 7 21 W15 

6 W15 W15 W15 W15 9 

7 NE2 NE2 NE2 NE2 2 

8 W5 W5 W5 W5 21 

a PBW/trap/night (prior to first susceptible square) 

b Heat units accumulated from 1 Jan to D.O.P. 
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Table 10. Spearman's-rho rank correlation coefficient (rs ) 
matrix, for all fields ranked as in Table 9.--
1985, 1986. 

1 

2 

3 

4 

5 

% Sites 
Occupied 

(1) 

% Infest. 
Flowers 

( 2) 

0.976* 

-x Larval 
Site 

( 3 ) 

0.994* 

0.970* 

Infestation 
Potential 

(4) 

0.827* 

0.851* 

0.786* 

Date of 
Planting 

(5) 

0.089 

0.113 

0.131 

-0.262 

* Significant monotonic relationship at a = 0.05 level. 
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but not Date of Planting (Table 10). In other words, 

Infestation Potential is not independent of any of the Fl 

density expressions (P < 0.05), whereas Date of Planting is 

independent of Fl density. These results are in agreement 

with Adams et ale (1986) who showed high correlation be

tween early-season pheromone trap catch data and size of 

flower infestations. 

It has been suggested that delayed planting will in

crease the proportion of suicidally emerging parent adults 

and thus result in a lower Fl population (Henneberry et ale 

1982, Flint 1984, Moore 1987). The results of these tests 

suggest on the surface that the density of the Fl genera

tion is independent of the Date of Planting. It must be 

recognized, however, that Infestation Potential and Date of 

Planting are inextricably associated (as defined). The 

number of moths trapped prior to first susceptible square 

is indirectly related to Date of Planting since an earlier 

date of planting will give an earlier date of first 

susceptible square. The interaction and relative contribu

tion of these variables to Fl density variation was not the 

main objective of this study and hence was not measured in 

such a way that variance due to Date of Planting can be 

extracted. Therefore, these results are not in disagree

ment with the studies that found that delayed planting 
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reduces effective emergence of PBW. These results do show 

that Date of Planting by itself is not the variable that 

reduces effective emergence. It emphasizes the association 

between PBW population dynamics and date of planting. A 

grower may plant later than he ever has, hoping to reduce 

effective emergence to zero. But if the emerging popula

tion that year is so large that even a small portion of the 

population is effective, he might still have a measurable 

F1 density. These tests accentuate the importance of 

reducing infestation potential, through reduction of the 

overwintering population (inoculum) and by delaying 

planting. Therefore, a valid summarizing statement of 

these tests is: F1 field density is dependent on Infesta

tion Potential which is indirectly dependent on Date of 

Planting. 

F2 and F3 densities are expressed in Table 8 in a 

number of ways. However, to provide a valid comparison 

with other Arizona studies, mean larvae/boll will be used 

in this section. During biweekly samples in 1969, Slosser 

and watson (1972) found the mean number of larvae/boll to 

be: minimum = 0.0, maximum = 5.4±0.22, grand mean = 

0.96±0.368. During the sampling period of 1976, Busacca 
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(1979) found the mean number of larvae/boll to be [sic.]: 

minimum = 2.5, maximum = 12.5, grand mean = 7.02±1.18. In 

the present study, the F2 means are: minimum = 

0.003±0.0010, maximum = 0.28±0.017, grand mean = 

0.06±0.0327. The F3 mean number of larvae are: minimum = 

0.003±0.0010, maximum = 0.44±0.023, grand mean = 

0.09±0.OSl. It would be expected that this study would 

have densities similar to that of Busacca (1979) since both 

were conducted under commercial situations. A number of 

arguments can be made to support the contention that 

Busacca's (1979) data (as presented in his Table 2) is 

inflated by two orders of magnitude. Firstly, he was 

attempting to show the near 1:1 relationship between mean 

larvae/boll and percent infestation as Slosser (1971) had 

done. Secondly, in the insecticide-treated fields that he 

was sampling, densities should have been less than that 

reported by Slosser and watson (1972). Thirdly, the 

results obtained in this research are similar to his, if 

you divide each of his mean larvae/boll statistics by 100. 

If these arguments are indeed accurate, the boll densities 

reported here are not inconsistent or unusually deviate 

from those reported elsewhere. 
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Correlation and Regression of PBW Density Expressions 

Within-generations 

The economic threshold for PBW is most often expressed 

as "Percent Infested Bolls" (Flint 1984). In an effort to 

equate this expression of PBW density with others, it was 

necessary to develop formulae that would permit the inter

change of expressions, as needed. Fortunately, on a site 

by site basis, the various expressions of density (trans

formed) are linearly related and the relationships are 

highly significant (P < 0.0001). Appendix Table E1 

presents the correlation coefficient matrices by field and 

by generation on a site-specific basis. 

A more general and' useful relationship is obtained 

when the site specific density per field is pooled and 

means are regressed. Table 11 lists the mean±SE of trans

formed measures of density. It was discovered that second 

order polynomial equations significantly reduced the error 

sums of squares in every case. For this reason, curvilin

ear regression equations are used to describe the relation

ships (Table 12). Note that the coefficients of determina

tion (r2) are highly significant and so it may be assumed 

that nothing will be lost in the translation between 

expressions of density. 



Table ll. Selected mean (+ SE) density statistics of pooled sites, by generation, 
by field.--Heading defined in Appendix Table AI. 1985, 1986. 

Field n FIINFT +SE FIPCINT +SE FIPCOCT +SE 

11 214 0.87 0.020 14.59 1.848 30.07 * 
W15 147 0.71 0.004 0.24 0.240 4.73 * 
7 105 0.71 0.005 0.43 0.430 5.60 * 
W5 277 0.71 0.00 0.0 0.00 0.0 * 
2 276 0.75 0.009 4.27 1. 030 15.62 * 
9 252 0.76 0.010 3.29 0.677 18.74 * 
NE2 238 0.71 0.000 0.0 0.000 0.0 * 
21 264 0.72 0.006 0.60 0.278 7.91 '" 
= 8 0.74 0.020 2.93 1.763 10.33 3.873 x 

Field n F2AVGX +SE F2INBT +SE F2PCINT . +SE F2TOTXT +SE 

11 231 0.28 0.017 2.10 0.050 23.39 0.750 2.48 o .071 

W15 147 0.009 0.002 0.81 0.019 2.23 0.400 0.82 0.021 

7 105 0.03 0.007 0.94 0.048 4.44 0.827 0.96 0.051 
I-' 
w 
ill 



Table ll--Continued 

Field n F2AVGX +SE F2INBT +SE F2PCINT +SE F2TOTXT +SE -

W5 277 0.01 0.002 0.81 0.017 2.13 0.319 0.82 0.018 

2 276 0.05 0.004 1. 20 0.028 9.74 0.507 1. 24 0.031 

9 252 0.06 0.004 1. 23 0.030 10.06 0.524 1. 26 0.032 

NE2 212 0.009 0.002 0.80 0.017 1. 97 0.334 0.81 0.020 

21 264 0.003 0.0006 0.74 0.008 0.74 0.175 0.74 0.008 
=> 
x 8 0.056 0.033 1.079 0.160 6.840 2.681 1. 141 0.204 

Field n F3AVGX +SE F3INBT +SE F3PCINT +SE F3TOTXT +SE - -

11 229 0.44 0.022 2.61 0.058 30.88 0.876 3.12 0.083 

W15 145 0.10 0.009 1. 54 0.056 14.74 0.881 1. 57 0.059 

7 105 0.05 0.009 1.14 0.057 7.93 0.950 1.17 0.064 

W5 277 0.04 0.004 1.10 0.029 7.60 0.508 1.12 0.030 

2 276 0.03 0.003 1. 02 0.024 6.33 0.446 1. 04 0.026 

9 252 0.02 0.004 0.86 0.025 2.88 0.429 0.87 0.027 
f-' 

NE2 238 0.02 0.002 0.87 0.021 3.26 0.396 0.88 0.022 J:. 
0 



Table ll--Continued 

Field n F3AVGX +SE F3INBT 

21 264 0.003 0.0009 0.73 

x 8 0.087 0.0513 1.233 

* Not a mean 

+SE 

0.007 

0.215 

F3PCINT 

Oc50 

9.265 

+SE 

0.149 

3.444 

F3TOTXT 

0.74 

1. 314 

+SE 

0.009 

0.274 

I-' 
~ 
I-' 



Table 12. Second-order polynomial regression equation (y = a + bx + cx 2 ) coeffi
cients for predicting percent infested bolls from other expressions of 
density, within generation. -- Sites pooled in each field, all fields in 
analysis. 1985, 1986. 

y x a b 

F2PCINT F2AVGX 0.084 198.182 

F2INBT -16.26 25.09 

F2TOTXT -16.58 26.19 

F3PCINT F3AVGX 0.49 168.35 

F3INB'r -13.89 20.98 

F3TOTXT -15.24 23.38 

F2PCIN F2AVGX -0.06 97.13 

F3PCIN F3AVGX -0.23 102.58 

F2+F3PCIN F2+F3AVGX 0.26 80.32 

1 *** = P < 0.0001 

c dfn-l 

-410.91 7 

-2.95 7 

-4.06 7 

-225.83 7 

-1. 48 7 

-2.76 7 

-111.44 7 

-83.07 7 

-37.81 15 

r2 

0.997 

0.9998 

0.9995 

0.997 

0.9996 

0.9995 

0.99994 

0.9996 

0.9938 

Signif. l 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

l-' 
~ 
N 
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An example of the utility of these relationships is 

provided in Figure 5. A second degree polynomial was 

fitted to mean percent infested bolls and mean exit holes 

per boll for the F2 and F3 generation of each field 

(n = 16). The least-squares fitted line can be used to 

show that when there is an average of 0.05 larvae per boll, 

the percent infestation of that sample will be 4.2. This 

graph further corroborates Slosser and Watson's (1972) 

rule-of-thumb that under normal Arizona conditions, density 

expressed as average larvae per boll is approximately equal 

to density expressed as the proportion of bolls infested. 

Between Generations 

PBW management would be enhanced if density of future 

generations could be reliably predicted. Henneberry (1987) 

emphasizes this and calls for research on early-season 

population dynamics. Arizona producers commonly use an 

unproven, yet fairly accurate index, to predict F2 PBW 

density. It is said that if you can find Fl larvae in the 

blooms, you can expect to have your peA recommend insecti

cide treatment after the first boll sample of the season. 

The objective of this portion of the research was to 

provide a prediction equation that reliably predicts F2 

density on the basis of Fl density. 
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The first series of tests identified the correlation 

between all expressions of Fl and F2 density on a site

specific basis. A second series of correlation analyses 

sought the predictive ability of F2 density for F3 density, 

again on a site-specific basis. The "best" of the correla

tions are presented in Appendix Table E2. Quite simply, 

the highest correlation coefficient obtained was r = 0.31 

for SUMINFT vs. INFB729T in Field 11. It is obvious that 

on a site-by-site basis, the density in generation (X) is 

not a good indicator of density at that site in generation 

(x + 1). 

In general, it can be seen that Fl predicts F2 better 

than F2 predicts F3 density (though it is still not satis

factory). This is perhaps due to the fact that by the time 

the F3 appears there is more opportunity for factors other 

than F2 density to contribute to the variability; not the 

least of which is insecticide interventions. 

Apparently the poor correlations are not due to any 

particular cultural practice, or variable related to field 

history, since the poor relationship held in each field. 

It appears that the resolution capacity of the sample grid 

is just too fine and perhaps the dispersal ability of the 

emerging moth too great to expect a significant relation

ship between the density at a particular 2 m site in 
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generation (x) and the same 2 m site in generation (x + 1). 

But since we also did not see a significant negative 

correlation coefficient, caution is advised when applying 

the dispersal hypothesis. This type of problem lends 

itself nicely to the mapping exercises which follow. 

As the next few paragraphs demonstrate, while predic

tion of future density at a 2 m site was not possible, 

prediction of mean density over a field is easily ac

complished. The question then arises, if a 2 m site is too 

resolute yet prediction over a field is possible, where is 

the cutoff point? In other words, if you systematically 

divide the field into equal areas (at the limit you have 

number of areas equal number of sample sites), at what size 

does the predictive ability cease to be significant? This 

practical question is not addressed in this dissertation. 

However, in the event future studies attempt to identify 

this, the best predictive expressions were: F1 predicting 

F2 , SUMINFT or INFL???T predicting INFB???T or TOTX???T; F2 

predicting F3' AVGX??? predicting AVGX??? 

Results are very encouraging when site density is 

pooled for a field such that the mean density of generation 

(x) in Field Y is regressed against mean density of genera

tion (x + 1) in Field Y. The most useful models are 

presented in Table 13. These linear regression models were 



Table 13. Family of linear regression equations (y = a + bx) for predicting density 
of subsequent generation, given current generation density. -- Equation 
based on field means. 1985, 1986. 

y x a b dfn -1 

F2TOTXT F1INFT -6.35 10.09 7 

FIPCINT 0.81 0.115 7 

F2PCINT F1INFT -90.57 131.24 7 

F1PCINT 2.48 1. 49 7 

F1PCOCCT -0.26 0.68 7 

F2PCOCCT F1PCOCCT 18.20 1. 80 7 

F3AVGX F2AVGX 0.003 1. 49 7 

F2INBT -0.218 0.283 7 

F2PCINT -0.024 0.016 7 

F2TOTXT -0.17 0.23 7 

F2PCOCCT -0.96 0.005 7 

r 

0.988 

0.991 

0.977 

0.977 

0.939 

0.928 

0.948 

0.880 

0.850 

0.910 

0.693 

SE r plrl = 0 

0.063 4.3E-06 

0.053 1.6E-06 

0.087 3.0E-05 

0.087 2.9E-05 

0.140 5.4E-04 

0.152 8.9E-04 

0.130 3.3E-04 

0.194 3.9E-03 

0.215.7.5E-03 

0.170 1.7E-03 

0.295 0.057 

Signif. 1 

*** 

*** 

*** 
*** 

*** 

*** 

*** 

** 

** 

** 
N.S. 

I-' 
,j::. 
-.J 



Table 13--Continued 

y x a b 

F3PCINT F2AVGX 4.16 91. 08 

F2INBT -9.25 17.16 

F2PCINT 2.51 0.987 

F2TOTXT -6.64 13.94 

F2PCOCCT -2.00 0.31 

F3PCOCCT F2PCOCCT 20.87 0.567 

1 N.S. = Not significant 

* = P < 0.05 

** = P < .001 

*** = P < .0001 

dfn -1 r SE r 

7 0.863 0.206 

7 0.796 0.247 

7 0.770 0.261 

7 0.825 0.231 

7 0.635 0.315 

7 0.559 0.339 

Plrl = 0 

5.8E-03 

0.018 

0.026 

0.012 

0.091 

0.150 

Signif. 1 

** 

* 

* 

* 
N.S. 

N.S. 

I-' 
,j::.. 

co 
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derived from the mean density expressions in Table 11. All 

models were tested by regression analyses for significance 

of the second degree term, but in no case was it of value. 

Therefore, the predictive equations are very simple linear 

models that can be used to predict future density, given 

current generation density on a field-wide basis. 

The mQst orthodox interpretation of a model is that it 

is only applicable under the conditions in which it was 

derived. Since the data for these models were collected 

over eight fields with different histories, varieties, 

management practices, years, infestation potentials, etc. 

they should be valid over a similar variety of conditions. 

The reader is reminded, however, of the method by which the 

samples were taken. Regular grid arrangements of as many 

as 276 sample locations per field were used. Under the 

most rigorous interpretation, it would be suggested that 

these models are only valid when samples are drawn in a 

like manner. It is assumed, however, that the very high 

significance level of r, provides for some unmeasurable 

degree of relaxation in the strictest interpretation. 

Again, the degree to which the sampling protocol could be 

"relaxed" without compromising the reliability of the 

models is not addressed in this paper. 
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As with the site-by-site predictions, the linear 

relationship between Fl and F2 density is greater than that 

between F2 and F3. The likely reason for this observation 

is illustrated by the rate of expansion curves in Fields 2, 

9, and 21 (Figure 4). The effective management of PBW in 

these fields (between the F2 and F3 generations), actually 

reversed the natural trend to increase density with every 

generation. These are the only fields in the study in 

which that pattern was observed. This deviation from the 

norm undoubtedly is a factor contributing to the smaller 

correlation coefficient. 

Examples of the utility of these relationships are 

provided in Figure 6 and Figure 7. The relationships are 

illustrated with models based on the original data so that 

confusion over detransformation does not detract from their 

applicability. The figures also show that these models are 

significant in their own right. 

An example of a sampling recommendation arising from 

Figure 6 is the following. When 1657±29 HU have accumulat

ed since planting, randomly sample 2 m sections of row 

recording the number of open flowers and the number of 

infested flowers; if 3.8% of the flowers are infested, a F2 

boll infestation of 5% can be expected. 
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An example of a sampling recommendation arising from 

Figure 7 is the following. When 1657±29 HU have accumulat

ed from planting, randomly sample 2 m sections of row 

recording presence/absence of larvae; if 6.9% of the sites 

are occupied, a F2 boll infestation of 5% can be expected. 

An example of a sampling recommendation that might be 

useful in planning research which must be conducted in 

fields where there is a high probability of finding PBW is 

the following. If a flower sample, taken at the proper 

time, shows 9.7% of the sample sites to be occupied; the F2 

generation can be expected to be distributed over 50% of 

the sample sites. 

Association Between Density and Independent Variables 

The most obvious way to predict the location of PBW 

within a field is to identify one or more independent 

variables (e.g., host plant characteristics) that explain a 

significant portion of variability in the density. With 

clues of this nature, a peA could concentrate sampling 

efforts according to the presence of visible independent 

variables and feel secure in the knowledge that PBW are 

likely to be there. 
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The independent variables hypothesized to be of 

importance (Table 5) were counted or measured on every 

sample day. Thus, a time series of measurements was 

available for every site. Each measurement could, there

fore, be considered a variable in its own right and used as 

input for model construction. For example, the SAS model 

statement to determine which independent variables best 

explained INFL701T consisted of 18 variables (5 different 

plant characteristics, measured over time): 

INFL701T = PLHT610 
PLHT617 
OPFL624T 
OPFL627T 
SUSQ701T 

SUSQ610T 
SUSQ617T 
INFL624T 
INFL627T 
OPFL701T 

PLHT613 
PLHT624 
PCIN624T 
PCIN627T 
/ 

SUSQ613T 
SUSQ624T 
PLHT627 
PLHT701 

This "shotgun" approach with stepwise multiple regres-

sion is a quick exploratory method used to eliminate 

variables that do not add anything to the model. 

Under this testing procedure, it was thought that 

three questions could be answered: 1) which expression of 

density is the easiest to explain, 2) which set of 

independent variables best explains density, and 3) does 

the solution to question 1 or question 2 change with 

generational time? Since it has been shown previously that 

question 1 is not critical (anyone of the expressions may 

be handily translated to another), it is sufficient to 

mention that "easiest" was defined as the dependent 



variable which was best explained (highest r2) with the 

smallest number of independent variables. This is the 

reason for the inconsistency in the dependent variables 

listed in Table 14. 
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A cursory examination of Table 14 shows that even 

though question 2 (above) can be solved, the answer is of 

no practical use. Even though many of the models are 

significant at the 0.05 level, they do not explain enough 

of the density variation to be useful. Since there is so 

much inconsistency, a solution for question 3 (above) is 

also doubtful. 

The experience gained by running nearly 110 of these 

multiple regression routines and analyzing the resultant 

models, permits several generalizations to be made with 

regard to the entire exercise. It was generally true that 

as the number of sites (degrees of freedom) increased, the 

model r+ decreased. This seems counterintuitive, since by 

increasing degrees of freedom, the power of the test is 

increased. An example will illustrate the dilemma. In 

Field 7, the following results were obtained when fitting 

independent variables to INFF628T: when df = 58, OPFL628T 

was the only independent variable selected, Model 

r 2 = 0.115, Probe = 0.008; when df = 104, OPFL628T again 

was the only independent variable selected, Model 



Table 14. Multiple regression models relating PBW density (by field, by generation) to independent 
variables. -- 1985, 1986. 

Field Gen. Dependent Total IndeEendent Variables l ,2 Model F Prob. 
Variable df r2 > F 

11 Fl INFF624T 213 +OPFL624T 0.3105 95.50 0.0001 

F2 PCIN729T 51 +PLHT624 +PCIN71T -OPFL716T 0.3946 4.3 0.0433 

F3 AVGEX91 225 -PLHT729 -PCMA729T +PLHT91 0.0941 2.9 0.0911 

W15 Fl INFL73T 143 +OPFL627T 0.0763 11. 73 0.0008 

F2 PCIN815T 70 -PNKFL73T +PLHT73 -PLHT815 0.1205 3.41 0.0694 

F3 PCIN922T 144 +PLHT922 -PCMA922T -PLHT815 0.0973 2.27 0.1343 

7 Fl INFF628T 104 +OPFL628T 0.0662 7.31 0.0080 

F2 TaI'X805T 104 +P01A805T 0.0516 5.6 0.0198 

F3 AVGEX914 104 -PLHT805 +PLHT914 0.1783 16.98 0.0001 

W5 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - - - - - - - - -

F2 INFE807T 270 +PCIN715T +PLHT715 +PCMA807T 0.0933 3.71 0.0552 

F3 INFB908T 275 +PLHT908 -AVGEX807 0.0452 2.2 0.1372 

2 Fl INFL701T 275 +OPFL701T 0.1008 30.7 0.0001 

F2 TaI'X731T 275 +INFL701T +TOTB731T +PCIN716T 0.0660 2.8692 0.0914 ~ 

U1 
0' 



Table 14--Continued 

Field Gen.Dependent Total 
Variable df 

Independent Variables l ,2 

F3 AVGX830 275 -PCMA830T +PCMU731T -PLHT731 

9 Fl INFL703T 251 +OPFL703T +OP~701T -SUSQ616T 

F2 AVGX728 251 +INFL703T +SUSB703T +INFL710T +OPFL707T 

Model 
r2 

0.0625 

0.0797 

0.1767 

F3 TOTX822T 251 -PCMA822T -PCMA728T +AVGX728 -TOTX728T +PCIN728T 0.0729 

F Prob. 
> F 

3.63 0.0579 

2.2 0.1405 

4.8 0.0292 

2.31 0.1296 

NE2 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - - - - - - - - -

F2 PCIN812T 210 +PNKF709T +OPFL709T -PCMA812T 0.0914 2.6 0.1088 

F3 AVGX831 210 +PCMU812T -PCMA831T 0.0375 2.14 0.1451 

21 Fl PCIN714T 263 +SUSB714T +SUSQ630T -SUSQ623T 0.0711 2.2 0.1388 

F2 - - - - - - - - - No combination met SAS criteria for model evaluation - - - - - - - - - ~ 

F3 PCIN906T 263 -PCMA906T -PCMA808T 

1 Ordered by decreasing partial r2 contribution 

2 (+), (-) sign of parameter estimate 

0.0563 3.2 0.0727 

~ 
lJ1 
-...J 
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r 2 = 0.066, Prob = 0.008. This shows that the addition of 

47 sites (= 105 - 58) to the analysis added so much more 

total variation to the regression that the 1 variable, 

OPFL628T, explains proportionately less of the total. This 

is representative of most of the modeling efforts invested 

in this section. 

One model did give an r 2 of 0.98. In Field 11, the F2 

dependent variable, INFB729T, was explained with 

(-)OPFL71T, (-)PCIN624T, and (+)SUSQ624T. But, only 7 

sites were used to construct the model and so it was not 

considered valid enough for presentation. 

Table 14 shows which of the variables have positive 

influence on density and which ones have negative influ

ence. Were the models of practical use, it would be 

informative to examine the biology and ecology of the PBW 

to explain the relationships. But since the models explain 

very little of the density variation, such inductive 

reasoning might be based on spurious relationships and is 

best avoided. 

Busacca (1979) found that areas of a field, or even 

individual plants with a higher boll set were less likely 

to have a heavier infestation level than areas with a lower 

boll set (at least during late July and August). There is 

no evidence of that relationship in these data at all. 
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Tedious counts of fruiting structures were made for as many 

as 276 two meter sites per field. Even though counts of 

susceptible bolls for several dates prior to the F2 sample 

were available for inclusion in the models for each field, 

only in one case was SUSB??? selected as contributory 

(Field 9). In this instance, the model predicts that the 

susceptible boll count 15 days previous had a positive 

influence on PBW density. 

Another variable that was rarely included in the 

models but was originally hypothesized to explain most of 

the Fl density was SUSQ??? It is disheartening to realize 

that the disproportionate time expenditure required to 

count susceptible squares turned out to be of no value in 

predictive modeling on a site-specific basis. 

Without the benefit of knowing the true reason for the 

inability to construct useful predictive models from the 

independent variables, three hypothetical explanations are 

advanced: 1) the "wrong" independent variables were 

measured or counted, 2) the distribution of PBW is truly 

random, and 3) the regular grid, 2 m site arrangement again 

provides too fine a resolution. It may be found that the 

female search for suitable oviposition sites is not in 

response to conditions found in a particular 2 m site, but 

rather, in response to the general conditions within an 
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undefined region around the site. Perhaps, when viewed 

from a more global perspective it will be seen that 

clusters or "hot-spots" of PBW are distributed, not 

randomly, but according to a general pattern of key 

independent variables in the region; yet within those 

clusters, at the micro-site level (e.g., 2 m of row), 

individuals may be distributed at random. Mean cluster 

size and cluster distribution is investigated below. The 

hypothesized scenario, as presented, illustrates another 

type of study for which field maps of density and indepen

dent variables would be a valuable resource and asset. 

Traditional Models of Spatial Distribution 

Taylor's Power Law 

Taylor's power law (TPL) provided a good description 

of the log-linear relationship between mean density and 

variance, whenever the data set included records with 

fruiting structures inhabited by >1 larva. Appendix Table 

F1 details the TPL statistics and gives a summary of the 

various hypothesis tests used to interpret the models on a 

field and generation basis. 
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The means and variances were transformed by 

Log (mean + 1) and Log (variance + 1). The linear regres

sions were very highly significant (HO: slope = 0): minimum 

Prob. = -8E-10; maximum Prob. = 2E-10. Though all models 

had significant slope, not all explained a large portion of 

the variation. The minimum coefficient of determination, 

r 2 was 0.14 and the maximum was 1.0. 

Field 11 and Field 9 were selected for discussion in 

more detail since they show differences as well as similar

ities that seem common in other fields. The series of six 

plots (Figure 8 - Figure 13) illustrate TPL models in the 

traditional fashion. Two lines are plotted on each graph; 

one is an index where mean = variance and the other is a 

line fitted by least squares to the data. The relationship 

of the two lines is used to make inferences regarding the 

distribution. Wratten and Fry (1980) provide the decision 

rules used to construct Figure 3 (page 108) and make the 

interpretations presented in this paper. 

Examination of Figure 8 - 13 shows that the r 2 for 

the F1 generation is smaller than that of the other genera

tions. This was not completely unexpected considering PBW 

biology. It was previously mentioned that never was more 

than one larva found in a flower. It was also advised that 

direct comparisons between F1 measurements and F2/F3 
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measurements must be made with caution and discretion due 

to the necessity of expressing density in different ways. 

The consequences of such comparisons are shown here. The 

illustrations do not indicate the number of times a 

particular point was duplicated in the data set. But it is 

known that there were 26 occurrences of point [0.3,0.0] in 

Figure 8. This is the reason that the slope of the fitted 

line appears to be inconsistent with the linear pattern of 

the rest of the points (which did not occur as frequently). 

This also explains why the F1 coefficients of determination 

are low. A polynomial regression was fitted to the points 

in Figure 8. The observed data are so non-linear that 

regression coefficients up to the fifth order are still 

significant. The inadequacy of TPL for fitting the F1 

distribution can be explained by recognizing how these 

points arise. The mean that is analyzed is 

"Larvae/Flower" which was found by inspecting all open 

flowers within the site. At a site with zero open flowers, 

there of course would be zero infested flowers (by defini

tion) resulting in the plotted point (after transforma

tion): 0.0,0.0. At a site in which 1 open flower was 

recorded and that flower was infested, the point, 0.3,0.0, 

would arise, i.e., log (1 + 1), log (0 + 1) because there 

is zero variance under these conditions. So, any time 
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there was only 1 open flower found which was also infested 

the point [0.3,0.0] appears in the plots. All other points 

arise due to some proportion of open flowers being infest

ed. Taylor (1984) briefly mentions that TPL will not 

provide a necessarily accurate description of distribution, 

whenever the sample units are chosen such that 1 organism 

per unit is expected. Therefore, throughout this TPL 

discussion, it must be recognized that whenever flower 

samples are compared or pooled with boll samples the 

interpretation is biased toward the regular distribution 

(slope < 1.0). It is obvious than, that the model inter

pretations given for F1 generations in Appendix Table F1 

are expected to be regular and that this is an artifact 

arising from the TPL computation, sample unit, and PBW 

biology. 

This is not the case with the F2 and F3 models. The 

sample unit consisted of the collection of 25 bolls at each 

site and the mean was expressed as "Larvae/Boll" for each 

site. Only when every infested boll taken from a sample 

site was infested with one larva would the situation 

described above arise. In this case, the mean and the 

variance are equal and the interpretation that results 

(random) may be an artifact of the calculations. The F2 
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generation in Field 21 was the only distribution in which 

this occurred. 

In general, the log-linear regression of mean on 

variance for the F2 and F3 generations is stronger than 

that of the Fl. Direct comparison between the F2 and F3 

models is valid since the same sample unit was used, and 

because the units and PBW biology are amenable to the 

assumptions of TPL. 

The coefficient, a, which Southwood (1978) claims is 

primarily a sampling factor, was relatively constant for 

all fields. After detransformation the minimum "a" was 

0.98, and the maximum "a" was 1.02. 

The slope, b, is of most interest in this study since 

it is a measure of the degree of aggregation (Taylor 1961, 

Southwood 1978, Taylor 1984). It is seen from Appendix 

Table F1 and Figures 9, 10, 12, 13 that with one exception 

(Field 7, F2) the slopes are ~1.0. The PBW distributions 

are either random (2 out of 16 cases) or aggregated (14 out 

of 16 cases). It also is true that in most fields the 

degree of aggregation of the F2 is greater than the degree 

of aggregation of the F3 (5 out of 8 cases), c.f., the 

slope of the fitted line in Figure 9 is 1.49, and that in 

Figure 10 is 1.22; the slope in Figure 12 is 1.24, and that 
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in Figure 13 is 0.996. This general situation is summariz

ed in Table 15. 

In 5 of 8 fields, mean density (Table 11) is hypothes

ized to explain the increase or decrease in b (mean 

increases, slope decreases) under the following scenario. 

The relatively small population of F1 emerging females is 

faced with an enormous oversupply of susceptible bolls on 

which to lay F2 eggs. There are so many suitable sites 

that there is little intra-specific interaction or competi

tion and the females aggregate in the preferable areas of 

the field. The F2 adult population is much larger 

(mean = 24x) and competition and interaction for suitable 

sites tends to repel females so they oviposit F3 eggs in a 

distribution that is less aggregated, due to the repulsive 

interactions among individuals. On the continuum of 

distributions (aggregated ... random ... regular) the F3 larval 

distribution is less aggregated than the F2 and shifts 

toward random. TPL shows this shift by the slope of the F3 

line falling toward the unity (x = y) line. Unfortunately, 

as intuitively obvious and appealing as this scenario is, 

it does not hold for every field. Fields 7, 9, and 21 show 

different patterns over time. In Field 7, density increas

es, slope increases; Field 9, density decreases, slope 

decreases; Field 21, density unchanged, slope increases. 
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Table 15. Summary with interpretation of Taylor's power law 
statistics, by generation, by field. -- Means and 
variances transformed to Log{x + 1) and Log 
(s2 + 1) prior to regression analyses. 1985, 
1986. 

Taylor's "b" Interpretationa 

Fie·ld Fl F2 F3 Fl F2 F3 

11 0.35 1. 49 1.22 Reg. Agg. Agg. 

W15 1. 00 1.27 0.92 Ran. Agg. Agg. 

7 1.00 0.86 1. 49 Ran. Reg. Agg. 

W5 1. 23 1. 09 Agg. Agg. 

2 0.15 1. 17 1. 29 Reg. Agg. Agg. 

9 0.75 1. 24 1.00 Reg. Agg. Ran. 

NE2 1.84 1.09 Agg. Agg. 

21 0.92 1. 00 2.24 Reg. Ran. Agg. 

x + 0.70 + 1. 26 + 1. 29 + 

(SE) (0.148) (0.106) (0.149) 

xb + 0.76 + 1. 23 + 1. 20 + 

(SE) (0.145) (0.065) (0.072) 

a Wratten and Fry, 1980. 

b High and low deleted. 
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It would also be comforting to be able to explain 

these patterns on the basis of insecticide interventions as 

Trumble (1985) explained changes in mite distribution. If 

original distributions follow TPL (mean density and 

variance increase proportionately) any subsequent interven

tion which reduces mean density will theoretically decrease 

variance proportionately. In a TPL plot, the change would 

be shown as the slope falling toward the unity line. If, 

after an insecticide treatment, there is equal mortality 

across the entire field, it would be expected that the 

density of clusters would be reduced, so that clusters 

themselves would not be recognizable any more, and individ

uals (formerly within the cluster) would appear to be 

distributed at random. However, this scenario is not 

acceptable for all fields either and may be dispelled upon 

comparison of Fields 2 and 9. Insecticide treatments 

between the F2 and F3 were highly effective in these 

fields, resulting in mean density and percent site occupa

tion decrease (Table 11, Figure 4). Under the insecticide

induced mortality hypothesis, we would expect the slope, b, 

of the F3 in both fields to be less than that of the F2 . 

The slope in Field 9 drops from 1.24 to 1.00, as expected, 

but counter to the hypothesis, the slope in Field 2 

increases from 1.17 to 1.29. 
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TPL shows that PBW spatial distribution patterns 

within each field and over time have a degree of individua

lity that is not easily generalized to cover all situations 

(Figure 14). An attempt is made, nonetheless, in Table 15 

and Figure 15 to present a generalized pattern. By using 

the mean of b over the three generations, we see that when 

all fields are used, aggregation increases with each 

generation, as if resources are unlimited and preferred 

areas are exploited with little interaction or competition 

between ovipositing females. But when the high and low b 

is deleted from the data set (a method of outlier elimina

tion which reduced the SE by more than half) the strong 

effect of the Field 21, F3 generation is removed and the 

degree of aggregation is slightly reduced from the F2' 

perhaps as the result of female competition for oviposition 

sites or insecticide-induced mortality. 

Another method of generalization which may provide 

insight into "typical" patterns by smoothing the data and 

effectively eliminating outliers is to pool data in various 

ways. For the truly normalized case, pooling in both 

dimensions was done, yielding a model which is theoretical

ly applicable to any situation in space or time. The two 

cautionary statements must be reiterated: 1) TPL interpre

tations of Fl generations are artifacts of the computation 
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process, 2) when F1 generations are pooled with F2 and F3 

generations, the slope of the line will be biased toward 

regularity (slope < 1.0). 

Table 16 presents a summary of the resultant models 

(Appendix Table F2) after pooling in the spatial and 

temporal dimension. In all cases the pooled data sets gave 

significant regressions, and as above, the percent varia

tion explained by the regression differed. It is shown 

that when generations within fields are pooled into the 

same analysis, Taylor's b varies and demonstrates the 

individuality of each field. The resulting interpretations 

are that in 3 of the 8 fields, the distribution (pooled in 

time) was regular and in 5 of the 8 it was aggregated. 

This method of pooling yields results which suffer most 

from the effects of the inappropriateness of TPL on F1 

distributions. Figure 16 and 17 show the extreme differ

ences in Field 11 and Field 9, respectively. It is 

suspected that the overall lower F2 and F3 density in Field 

9 (relative to Field 11) did not provide the counterbalance 

effect for the F1 generation that was evident in Field 11, 

and thus the fitted line of Field 9 indicates distribution 

regularity over time. 

By pooling in space, the integrity of generational 

time is retained and the artifactual effects of flower 
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Table 16. Summary with interpretation of Taylor's power law 
statistics for data sets pooled in time, space, and 
time and space. Mean = larvae/fruiting 
structure. 1985, 1986. 

Pooled in Field Gen. Total Taylor's Interpretation 
df b 

Time 11 All 683 1. 07 Aggregated 

W15 All 439 0.94 Regular 

7 All 315 1. 22 Aggregated 

W5 All 826 1. 11 Aggregated 

2 All 828 0.40 Regular 

9 All 756 0.92 Regular 

NE2 All 688 1. 41 Aggregated 

21 All 792 1. 08 Aggregated 

Space All Fl 1781 0.38 Regular 

F2 1764 1. 42 Aggregated 

F3 1782 1. 23 Aggregated 

Both All All 24 a 1. 25 Aggregated 

a nFl = 8 ; nF2 = 8; nF3 = 8 
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distribution analysis are separated from boll distribution 

analysis. Figures 18, 19, 20 show this for the Fl' F2' and 

F3 generations, respectively. The plots and regression 

parameters were not derived from the large number of 

degrees of freedom (Table 16) but with the means from each 

field. Thus the discrepancy in sample size, n. Pooling to 

remove the spatial effects yields an Fl distribution model 

that is regular, as expected. The F2 and F3 distribution 

models are aggregated. Furthermore, the removal of 

specific field effects shows that when generational time is 

the only difference, the degree of aggregation in the F3 is 

less than that of the F2 (F2 slope = 1.43; 

F3 slope = 1.25). The plots for the boll samples also show 

that regression parameters derived from means are similar 

to those derived from the individual observations. 

The last pooling to be discussed is that over space 

and time (Figure 21). This analysis suffers, however, from 

the inclusion of Fl data. But the adverse effects a~e not 

as pronounced and consequential since means were used and 8 

flower samples are countered by 16 boll samples. Neverthe

less, the slope is still biased toward regularity. For 

sampling purposes it can be said that in the most general 

sense, PBW distribution is aggregated. The degree of 

aggregation is less than that reported by Ruesink (1980) 
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for most field crop insect pests, but it is suspected that 

this is due to the F1 bias. 

Iwao's Patchiness Regression 

This modeling method is also based on mean density 

within a sample unit, and therefore, has limited applica

bility when m~an density is zero or extremely low. It has 

been previously mentioned that Iwao and Kuno (1971) exclud

ed cases where initial density of bruchid eggs was <1.0 per 

bean and Boiteau et al. (1979) deleted samples in which the 

number of non-zero bean leaf beetle counts was <30. In 

this research, the overall PBW field density was <1.0 per 

boll, and there were several generation samples in which 

<30 sites were found to have non-zero density. 

It was felt, however, that the potential insight 

offered by Iwao's Patchiness Regression (IPR) models out

weighed the consequences of severe editing of low density 

data sets, especially since precedence for doing so had 

been established by other researchers. The impact of 

record deletion when PBW mean density was zero is illus

trated in Figure 22 - Figure 24. It will be shown below 

that all interpretations of IPR are based on the intercept 

and slope of the linear regression model, relative to the 

unity line. This series of figures shows the drastic 
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differences in those two parameters, depending on whether 

the full data set (zero cases included) or the edited data 

set (zero cases excluded) is modeled. The most drastic 

change in parameters is shown in Figure 22. Prior to 

editing, Figure 22(a) shows that mean crowding increases 

with mean density; after editing, Figure 22(b) shows mean 

crowding to decrease with mean density. As invalid as data 

set modification such as this may seem, it was argued above 

that mean crowding can not exist without mean density and 

so the inclusion of records with zero density unnecessarily 

complicates modeling and interpretation. 

Iwao and Kuno (1971) claim that one of the advantages 

of IPR over TPL is that Taylor's constant, a, has no 

biologically meaningful relationship and that the entire 

relationship is strictly empirical. The intercept, a, and 

slope, ~, of IPR, however, indicate more than a mathemati

cal relationship and have biological significance. In the 

series of papers describing IPR, Iwao provides many 

connotations, ramifications, interpretations, and uses for 

the model. There are too many to discuss here, especially 

on a by field, by generation basis. The discussion will be 

limited to interpretations based on Iwao's (1970) Table 2. 

Table 17 in this paper is a summarized version, which shows 
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Table 17. Interpretation of Iwao's patchiness regression 
models (after Iwao, 1970). 

Model 
Type 

1 

2 

3 

4 

5 

6 

a When -x 

b When x 

Distribution The Value of 
Pattern 

Ct B 

Random 0 1 

Overdispersion > 1 1 

Overdispersion o > 1 

Overdispersion > 0 > 1 

Underdispersion 0 < 1 

Underdispersion 0 Oa 

-1 ~ 1 

< 1 

> 1 

Possible Explanation 
of Underlying 

Mechanism 

True random 

Randomly distributed 
colonies (mean colony 
size fixed) 

Definite tendency of 
aggregation 

Contagiously distrib
uted colonies (mean 
colony size sized) 

Maximum individual in 
a unit is limited 

Completely uniform 
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the distribution patterns and model types derived from the 

various combinations of IPR a and ~. 

In general, IPR models did not fit the observed data 

as well as TPL (as measured by the coefficient of determin

ation). This is to be expected, however, since the log 

transformations used for TPL have such a strong linearizing 

effect (Ito and Kitching 1986). Other researchers have 

also found TPL to fit arthropod data better that IPR 

(Brewer and story 1987, Jones and Parella 1984, Mollet et 

ale 1984). The mean r 2 for IPR was 0.31 while that of TPL 

was 0.80. Since the edited data sets were used for model 

construction, there were fewer degrees of freedom for 

hypotheses testing compared to the data sets used in TPL 

modeling. In some cases the power of the test was reduced 

to the extent that it was not possible to show a signifi

cant regression of mean density on mean crowding. In other 

cases, the small df produced models that were contradictory 

to those presented by Iwao (1970). Generally, the contra

dictory results were obtained when the total df were <30. 

Discussion of the results will proceed in the manner 

used in the TPL section. Detailed statistics are presented 

in Appendix G. Summaries are presented in tabular form in 

this section. Distribution of PBW in Field 11 and Field 9 

over time are shown in more detail to serve as examples of 
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the other six fields. Finally, pooled data sets are 

discussed to present a more general picture of PBW distri

bution. The direct comparison of flower sample models with 

boll sample models must be done with caution for the same 

reasons discussed under TPL. 

Examination of Appendix Table G1 and Table 18 permits 

comparison of models and aggregation indices on a field by 

field and generation-by-generation basis. Iwao and Kuno 

(1971) demonstrate how the intercept of IPR can be used to 

distinguish whether the basic component of the distribution 

is an individual (a = 0) or a cluster (a > 0). Of the 10 

distributions that could be modeled, only 2 predict that 

the basic unit is a cluster. Specifically, these are the 

F2 and F3 in Field 11. Recall that Field 11 also has the 

highest mean density. The intercept of all other models is 

not significantly different than 0 (P > 0.05), which 

predicts that the basic component distributed throughout 

the field is the individual. The slope, ~, of a signifi

cant regression predicts whether the basic component is 

distributed regularly (~ < 1), randomly (~ = 1), or con

tagiously (~ > 1). Of the 10 models lending themselves to 

interpretation, 6 predicted aggregated distributions and 4 

predicted random distributions. One hundred percent of the 

modeled F2 distributions were predicted to be contagious 
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Table 18. Summary of Iwao's patchiness regression statistics 
of form, ~ = Ci. + B x, by field, by generation.-
Sites with x = 0 deleted from analyses. Mean = 
larvae/fruiting structure. 1985, 1986. 

Field df Gen. 

11 62 Fl 0.53 

209 F2 0.28 

219 F3 0.23 

W15 o Fl 

26 F2 -0.30 

109 F3 0.004 

7 o Fl 

28 F2 0.23 

48 F3 -0.20 

W5 Fl 

41 F2 -0.07 

136 F3 -0.008 

2 19 Fl 0.41 

170 F2 -0.03 

124 F3 -0.14 

9 25 Fl 0.23 

161 F2 -0.09 

46 F3 0.12 

B Distribution Type 

-0.47 ? 

1.64 Contagious clusters 

1.22 Random clusters 

9.40 Aggregated individuals 

0.77 Random individuals 

0.26 ? 

4.02 Aggregated individuals 

2.92 Aggregated individuals 

1.63 Random individuals 

-0.39 ? 

2.40 Aggregated individuals 

4.69 ? 

0.08 ? 

3.19 Aggregated individuals 

0.99 ? 

Model 
Type 1 

4 

2 

3 

1 

3 

3 

1 

3 

3 
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Table 18--Continued 

Field df Gen. a 13 Distribution Type Model 
Type l 

NE2 Fl 

31 F2 -0.30 8.49 ? 

55 F3 -0.02 2.42 Random individuals 1 

4 Fl -0.02 0.82 ? 

16 F2 0.04 0.0 

11 F3 -1. 03 24.78 ? 

? Statistics are contradictory according to Iwao (1970), or 
linear regression N.S. 

1 From Table 17. 



196 

and 80% of the modeled F3 distributions were predicted to 

be random. This shift from highly contagious to less 

contagious or random between the F2 and F3 was also 

predicted by TPL. 

Iwao and Kuno (1971) state that the most common model 

of arthropod distribution is Type 4 (Table 17) where a > 0 

and ~ > 1. They attribute the clumping to arthropods' 

characteristic modes of reproduction and dispersal, and 

because arthropods respond, through movement or survival, 

to the heterogeneous conditions in their habitat. In this 

research, the agroecosystems were typified by monocultures 

and insecticide interventions. The proportion of distribu

tions fitting a particular model type (Table 17) are: 

Type 3, 50%; Type 1, 30%; Type 4, 10%; and Type 2, 10%. 

Type 3 differs from the "common" Type 4 by the intercept 

being significantly less (individuals are the basic 

component as opposed to clusters). The large proportion of 

Type 3 models for these data is consistent with a hypothe

sis of insecticide-induced mortality (a density-independent 

factor) affecting the pattern of distribution (discussed 

under TPL). Iwao and Kuno (1971) demonstrate that density

independent mortality results in a change in a of IPR but no 

change in ~. 
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The points and fitted IPR models for the first three 

generations of Field 11 and Field 9 are plotted in 

Figure 25 - Figure 30. Conspicuous by absence thus far has 

been discussion of the F1 distributions. In all cases, F1 

distributions were not conducive to modeling or interpreta

tion by IPR for one of the following reasons: 1) small 

number of non-zero records resulted in very weak tests and 

non-significance of the regression line, 2) contradiction 

of interpretations according to Iwao and Kuno (1971), 

3) only one or zero flowers were found to be infested in a 

sample so no regression was possible. 

Figure 25 is typical of a distribution that could be 

modeled but not interpreted because Table 17 does not allow 

for the condition, a > 0, ~ < 1. There is no doubt that 

the steep negative slope of the model is due to point [1,0] 

for which there are 16 occurrences. Whereas the purely 

mathematical relationship described by TPL provides no 

conceptualization for distributions in which the unit of 

habitat is occupied by only 1 individual, IPR provides a 

rationale that is biologically relevant. Iwao and Kuno 

(1971) used IPR to model the distribution of bruchid weevil 

eggs in azuki beans. The resulting parameter estimates 

were: a = 0, ~ < 1 (Table 17, Model Type 5). They hypo

thesized this mathematically underdispersed distribution 
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would occur whenever the maximum number of individuals 

possible in a unit is limited in some way. The number of 

azuki bean weevils that can mature in a bean is limited to 

one; the number of PBW that can mature in a square is 

limited to one. This parallel may be extended to infer 

that the negative contagious process illustrated by the 

distribution of F1 larvae is the result of a female parent 

demonstrating a definite tendency to lay eggs on squares 

that have received no eggs previously. The PBW models 

differ from the azuki bean weevil models in a significantly 

larger intercept. Whether this has biological relevance or 

not is debatable and the reason these models were labeled 

contradictory. 

The models and statistics resulting from analyses on 

pooled data sets are given in detail in Appendix Table G2 

and summarized in Table 19. When data are pooled over 

time, the fitted models of each field emphasize the unique 

nature of the spatial dynamics within each field (much as 

TPL did). All non-zero sites for the first three genera

tions in Field 11 and Field 9 are plotted and fit to models 

in Figure 31 and Figure 32, respectively. Despite the 

highly significant regression lines, the low coefficients 

of determination indicate that very little of the variation 

in mean crowding is explained by mean density. It also 
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Table 19. Summary of Iwao's patchiness regression statistics 
for pooled data sets. -- Sites with x = 0 deleted 
from analysis. Mean = larvae/fruiting structure. 
1985, 1986. 

Pooled in Field Gen. Total 
df 

Time 11 All 492 

W15 All 137 

7 All 78 

W5 All 178 

2 All 315 

9 All 234 

NE2 All 87 

21 All 32 

Space All Fl 115 

F2 689 

F3 754 

Both All All 1560 

a. 

0.33 

0.05 

-0.01 

-0.02 

0.16 

0.11 

-0.22 

0.11 

Model Interpre
tation 

0.94 Random colonies 

0.67 Random 
individuals 

2.35 Aggregated 
individuals 

1.89 Aggregated 
individuals 

o. 17 ? 

0.82 Random colonies 

6.04 ? 

1. 35 ? 

0.41 -0.32 ? 

0.06 

0.05 

0.11 

2.05 Contagious 
colonies 

1.47 Contagious 
colonies 

1.17 Contagious 
colonies 

? Contradictory statistics according to Iwao (1970) or 
regression N.S. 
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must be remembered that these models are biased toward 

regularity, since flower samples are included with boll 

samples. 
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Figure 33 illustrates the pooled Fl' F2' and F3 models 

in relation to each other. The trend observed in this 

figure is the same as that observed in Figure 18 -

Figure 20 for TPL. When the generational integrity of the 

data is maintained across fields, an Fl model develops that 

is not described by Iwao and Kuno (1971). The negative 

slope and positive intercept is consistent with the Fl 

models described above. In this generalized situation, it 

is predicted that the F2 larval population will be organiz

ed as clusters and these clusters will be distributed 

contagiously across the field. It is predicted that the F3 

larval population will also be found in aggregated clus

ters. However, the number of individuals making up the F3 

cluster is predicted to be slightly modified so there is 

less positive contagion among members of the cluster, and 

those clusters are predicted to be less tightly aggregated 

within the field. 

When data are maximally pooled, i.e., all non-zero 

records of all samples included in one analysis (pooling in 

space and time), we see a model (Figure 34) which predicts 

that no matter where, or during which generation PBW is 
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sampled, the basic unit of the distribution will be a 

cluster and the clusters will be contagiously distributed 

throughout the field. 

Prediction of Clump Size and Pattern 

In 1972, Iwao demonstrated an application of IPR which 

provides keen insight into the pattern of organism distri

bution. When Iwao's p-index (Equation 8, page 46) and the 

~-x relationship is examined together for a series of 

quadrat sizes, complementary information is obtained for a 

full understanding of the species mode of spatial distribu

tion. Iwao (1972) provides great detail and numerous 

examples with which PBW results were compared. It would 

not be prudent to attempt a comprehensive discussion of all 

applications demonstrated by Iwao for each PBW data set. 

The statistics necessary for calculation, plotting and 

interpretation of the p-index for the F2 and F3 generation 

in Fields WIS, 7, WS, 2, NE2, and 21 are given in Appendix 

Table HI. This same information is provided for Field 11 

and Field 9 in Table 20. 

Quadrat is defined as an area of the field. Through

out Table 20, quadrat size increases and the effect of the 

size change on mean density and mean crowding is 

considered. 



Table 20. Calculation of Iwao's p-index for increasing quadrat size. -- Field 11, 
F2 and F3 generation ( see text for explanation). XBAR = TOTXHOL/N, 
Magma, 1985. 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

11 F2 1 231 231 40.51 6.81 11. 76 1. 73 

TOTXHOL = 1572 2 128 112 327.35 14.04 36.36 3.40 

3 64 56 1087.89 28.07 65.83 2.10 

4 32 32 1398.89 49.12 76.60 0.51 

5 16 16 4659.40 98.25 144.67 1. 39 

6 8 8 11948.29 196.50 256.31 1.14 

7 4 4 34850.67 393.00 480.68 1.14 

8 2 2 78408.00 786.00 884.76 1. 03 

9 1 1 1572.00 

F3 1 226 226 70.03 10.98 16.36 1. 49 

TOTXHOL = 2481 2 128 110 390.27 22.55 38.86 1. 94 

3 64 56 1235.56 44.30 71. 19 1. 49 

4 32 32 2219.93 77.53 105.16 1. 02 

5 16 16 6152.73 155.06 193.74 1. 14 N 
...... 
N 



Table 20--Continued 

Field Gen. QUADINCR AREAS N 

6 8 8 

7 4 4 

8 2 2 

9 1 1 

9 F2 1 252 252 

TOTXHOL = 342 2 128 96 

3 64 48 

4 32 32 

5 16 16 

6 8 8 

7 4 4 

8 2 2 

9 1 1 

S2 XBAR 

14264.98 310.12 

9069.58 620.25 

4900.50 1240.50 

2481.00 

2. 13 1. 36 

6.71 3.56 

17.64 7 .13 

46.54 10.69 

161.72 21. 38 

371.64 42.75 

1363.67 85.50 

3362.00 171.00 

342.00 

XSTAR 

355.12 

633.87 

1243.45 

1. 92 

4.45 

8.60 

14.04 

27.94 

50.44 

100.45 

189.66 

PINDEX 

1. 04 

0.90 

0.98 

1. 42 

1.14 

1. 67 

1. 53 

1. 30 

1. 05 

1.17 

1. 04 

IV 
to-' 
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Table 20--Continued 

Field Gen. QUADINCR AREAS N 

F3 1 252 252 

TOTXHOL = III 2 128 96 

3 64 48 

4 32 32 

5 16 16 

6 8 8 

7 4 4 

8 2 2 

0 1 1 -' 

S2 XBAR 

2.20 0.44 

6.01 1. 16 

14.22 2.31 

35.81 3.47 

78.73 6.94 

160.13 13.88 

274.25 27.75 

420.50 55.50 

111.00 

XSTAR 

4.43 

5.35 

7.46 

12.79 

17.29 

24.42 

36.63 

62.08 

PINDEX 

10.05 

1. 28 

1. 82 

4.61 

1.30 

1. 03 

0.88 

0.92 

[\J 

I-' 
.;:. 



215 

An explanatory discussion of Table 20 is provided in 

Appendix H. With tables such as this for each sampled 

generation in each field, it was possible to plot XBAR vs. 

XSTAR to examine the i-x relationship as a function of 

quadrat size and QUADINCR vs. PINDEX to examine the shape 

of the curve for comparison with the numerous examples 

provided by Iwao (1972) for interpretation. 

After examination of the complementary plots, it is 

possible to predict: 1) the basic component of the distri

bution, 2) the distribution of the basic components within 

the field, 3) the intra-colony distribution if it is 

determined that the basic components are loose colonies, 

and 4) the approximate size occupied by the colony. Iwao 

(1972) gives clues for recognizing which of several 

possible mechanisms are responsible for the predicted 

distribution, e.g., local environmental heterogeneity, or 

intrinsic properties of the species. 

The within-field PBW distribution models are not 

simple. Elementary p-index curves show a single sharp 

change in magnitude at the quadrat size corresponding to 

colony area (Southwood 1978). In the PBW curves, more than 

one "sharp change" is evident in every model, indicating 

mosaics of patterns. The complex nature of these models 
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will be illustrated by a discussion of Figure 35 - Figure 

38. 

The plots for Field 11 (Figure 35 and Figure 36) are 

analogous to Iwao's (1972) examples of a "double-clumped 

pattern". In this case, the ~-x relation shows a convex 

pattern and the p-index graph is stepwise, indicating the 

presence of several clump sizes. The F2 curve of Figure 36 

shows that the smallest clumps cover an area equal to 

quadrat size 2. They are aggregated within regularly 

distributed clumps of size 4. These clumps are themselves 

slightly aggregated within clumps of size 5. The F3 graph 

shows the same trend but on a less variable scale (aggrega

tions are not as tight or variable). The predicted F3 

distribution pattern is: Clumps of size 2 are aggregated 

within randomly distributed clumps of size 4. These clumps 

themselves are slightly aggregated within clumps of size 5. 

Figure 37 and Figure 38 can be used to predict the F2 

and F3 pattern in Field 9. In this case, the F3 distri

bution is more variable and complicated than the F2 (sup

ported by TPL). The F2 distribution is predicted to be 

comprised of loose clumps of size 2 randomly distributed 

within clumps of size 3 which themselves are slightly 

aggregated. The F3 distribution is predicted to be com

prised of compact clumps of size 2 randomly dispersed 
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within clumps of size 4 which themselves are contagiously 

distributed. 

It is recognized that modeling exercises such as these 

may be academically interesting but in practice, these 

highly specific models have limited applicability. There

fore, the following summarizing statements .are in order. It 

was already stated that each p-index curve showed )1 sharp 

magnitude change with increasing quadrat size. Iwao's 

examples show that this occurs when the basic component of 

the distribution is a loose colony. The curves predicted 

colony distributions that were uniform, random, or aggre

gated with no obvious consistency. The distribution of 

components within clusters was usually aggregated, though 

the degree of aggregation varied. In most cases, the shape 

of the F3 distribution curves resembled the shape of the F2 

curves within a field. In most cases, there was evidence 

of compound clustering, i.e., mosaic patterns or clusters 

within clusters. This is most likely due to environmental 

heterogeneity since the size and distribution of the larger 

clusters was not consistent between fields. Table 21 

summarizes the area occupied by the smallest recognizable 

cluster in the p-index graphs. It shows that the average 

size of the smallest F2 cluster is 0.02 ha (0.06 ac) larger 

than the smallest F3 cluster. On the average, PBW boll 
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Table 21. Smallest clump size of PBW distribution by field, 
by generation. -- Predicted by Iwao p-index, 1985, 
1986. 

Field Gen. QUADINCR Hectare Acre Radius of 
Equiv. 

Circle (m) 

11 F2 2 0.12 0.29 19.41 

F3 2 0.12 0.29 19.41 

W15 F2 3 0.31 0.77 31. 64 

F3 2 0.16 0.39 22.38 

7 F2 2 0.32 0.79 31. 91 

F3 2 0.32 0.79 31. 91 

W5 F2 4 0.94 2.33 54.84 

F3 4 0.94 2.33 54.84 

2 F2 3 0.30 0.75 31. 11 

F3 4 0.61 1. 50 44.00 

9 F2 2 0.14 0.34 20.91 

F3 2 O. 14 0.34 20.91 

NE2 F2 3 0.13 0.31 20.02 

F3 2 0.06 0.16 14. 16 

21 F2 4 0.39 0.96 35.24 

F3 2 0.10 0.24 17.61 

x+SE F2 0.33+0.095 0.82+0.235 30.63+4.104 

F3 0.31+0.111 0.76+0.274 28.15+5.083 

x+SE 0.32+0.071 0.79+0.174 29.39+3.172 
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infestations will be found in loose aggregations within 

clusters occupying 0.32 ha of space. These clusters may be 

distributed across the field randomly, uniformly, or 

contagiously, most likely in response to field heterogen

eity. 

Geostatistical Modeling of Spatial Distribution 

Semivariograms 

The models selected for presentation in Table 22 are 

presented on a by field, by generation basis. When presen

ted in this manner, the individual nature of each distribu

tion is apparent. As in preceding sections, it would not 

be prudent to discuss the ramifications of each model on an 

individual basis. Therefore, only the models for Field 11 

and Field 9 will be discussed in more detail to give the 

reader a sense of semivariogram model predictions. A plot 

of the proposed model and sample semivariogram for each of 

the other data sets is provided in Appendix I. 

Geostatistical theory precludes the pooling of data 

sets from different fields, since it is assumed that 

significant information is contained in the location of a 

sample. So, pooling the spatially oriented data to present 



Table 22. Weighted-least squares fitted semivariogram models by field, by genera-
tion. -- Weighted by number of pairs in experimental semivariogram. 
19B5, 1986. 

Field Gen. Variable Model a Co Cl C Range (m) r2 ColC 
Name Type 

11 Fl INFL624 1 0.236 0.180 0.416 196.1 0.22 0.57 

F2 AVGX729 1 0.023 0.045 0.06B 259.9 0.51 0.34 

F3 AVGX91 1 0.059 0.066 0.125 399.5 0.50 0.47 

W15 Fl INFL73 1 0.000 O.OOB O.OOB 130.B 0.00 0.00 

F2 AVGXB15 2 4.BE-4 0.000 4.BE-4 <4B.7 b 1. 00 

F3 AVGX922 3 0.007 1.5E-5 c 0.31 

7 Fl INFL62B 3 O.OOB 1.3E-5c 0.10 

F2 AVGXB05 1 0.005 0.001 0.006 239.0 0.00 0.B3 

F3 AVGX914 1 0.001 0.007 O.OOB 320.0 0.23 0.13 

W5 Fl No infested flowers found 

F2 AVGXB07 3 7.BE-4 1.3E-6c 0.31 

F3 AVGX90B 1 0.003 0.002 0.005 550.1 0.52 0.75 

t\J 
t\J 
~ 



Table 22--Continued 

Field Gen. Variable Mode1 a Co C1 C Range (m) r2 Co/C 
Name Type 

2 F1 INFL701 1 0.066 0.049 0.115 303.0 0.09 0.57 

F2 AVGX731 1 0.003 0.001 0.004 217.0 0.19 0.75 

F3 AVGX830 1 1.7E-3 0.3E-3 2.0E-3 237.0 0.19 0.85 

9 F1 INFL703 3 0.094 3.4E-5c 0.54 

F2 AVGX728 1 0.003 0.001 0.004 425.0 0.31 0.75 

F3 AVGX822 3 0.003 3.6E-6c 0.24 

NE2 F1 No infested flowers found 

F2 AVGX812 1 6.8E-4 2.7E-4 9.5E-4 196.0 0.14 0.72 

F3 AVGX831 3 7.3E-4 2.0E-6 c 0.65 

21 F1 INFL714 1 0.027 0.026 0.053 179.0 0.04 0.51 

F2 AVGX808 3 8.8E-5 4.1E-8 c 0.20 

F3 AVGX906 3 1.3E-4 3.5E-7 c 0.47 

a 1 = spherical; 2 = pure nugget effect; 3 = linear 
b Pure nugget effect model, precludes r2 calculation N 

c Slope of linear model N 
V1 
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a general case, as was done with the traditional models, is 

not possible. However, permanent sample sites (revisited 

during each generation) were established so that time could 

be included as a covariate in a data set that maintained 

the integrity of spatial orientation over time. Co-kriging 

methodology is required for quantitative analysis of space 

and time and their effect on each other. The methodology 

is complex and was not performed for this dissertation. A 

less quantitative pooling method is presented. By examin

ing model variograms from the same generations in different 

fields relative to each other, it is possible to make some 

general concluding remarks. 

Reference to Table 22 and Figure 39 - Figure 41 will 

facilitate the rather detailed discussion of PBW spatial 

dynamics in Field 11 as predicted by geostatistical models. 

The proposed model semivariogram for the F1 distribution 

(Figure 39) is spherical in nature. It is, therefore, 

predicted that the distribution of infested flowers is such 

that samples taken close together will be more alike than 

samples taken farther apart (within the 196.1 m range of 

influence). In essence, the variance in larval counts is 

predicted to be structured as a function of sample pair 

distance. 
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BLUEPACK-3D and the SAS weighted least squares regres

sion procedure differed in recommended models for this 

sample variogram. BLUEPACK-3D showed a non-significant 

slope, indicative of a pure nugget effect model which 

predicts a purely random distribution of larvae. In this 

case, that model would predict variance between any two 

samples equal to 0.4104 (larvae/flower)2 regardless of 

distance between samples. SAS, on the other hand, showed a 

significant slope in the linear portion of the model. 

Vieira et al. (1983) states that the fitting of semivario

gram models is the most ambiguous part of the geostatisti

cal analysis. Since there is no objective statistical 

procedure yet developed for fitting the models 

(Clark 1979), this subjectivity is the focus of most 

criticism aimed at the geostatistical method. It becomes a 

matter of judgement in deciding which of two prospective 

model types best describes the situation. The spherical 

model was selected for this distribution on the basis of 

r 2 and the previously described traditional models. 

In particular, this model predicts that the minimum 

variance of any two flower samples will be 

0.236 (larvae/flower) 2. Included in a nugget effect is 

error due to sampling and true variance. The only way to 

determine if sampling error is present and to reduce nugget 
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effect is to sample at distances closer than the closest 

ones shown here (15.9 m). The F1 model shows that a 0,037 

larvae/flower difference is expected for two flower samples 

taken 1 meter apart [slope of initial linear portion = 

(0.00135 larvae/flower)]2; [(0.00135 larvae/flower) 2]1/2 = 

0.037 larvae/flower]. The variance is expected to increase 

at a rate of 0.00135 (larvae/flower)2 with every additional 

meter separating sites, until the samples are spaced ap

proximately 2/3 the range (Clark 1979) or in this case, 

129 m. At a distance of 129 m, the rate of increase is 

predicted to decrease according to the spherical function 

until the point is reached where the samples are so far 

apart that they are independent. For samples spaced 

~196.1 m apart, this model predicts the maximum variance 

will be obtained. This sill variance 

[0.416 (larvae/flower) 2] is equal to the classical statis

tics sample variance of the data set, S2. 

The range of influence has important practical and 

entomological significance. "Random" samples taken within 

the range of influence are predicted to be autocorrelated 

and thus do not meet the rigid assumptions of "random" 

sampling. Under this model, for flower samples to be truly 

random, they must be taken a minimum of 196.1 m apart. The 

discovery of autocorrelation is not a detriment, however, 
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since geostatistical theory relies on and takes advantage 

of it. Since the degree of autocorrelation is modeled as a 

function of distance, it is used to estimate PBW density 

for any unsampled point a known distance away. The kriging 

optimal interpolation technique is based on the semivario

gram model and will be discussed in the next section. 

Since the expression of F1 density (INFL???) differs 

from the F2 and F3 density expression (AVGX???), direct 

comparison between F1 model parameters and F2/F3 model 

parameters is to be avoided. However, it is legitimate to 

compare the model types. In Field 11, the F2 and F3 larval 

distribution is also described by a spherical model (Figure 

40 and Figure 41) and similar predictions based on nugget 

effect, sill and range can be made. 

The sample and proposed model of F2 larval distribu

tion is shown in Figure 40. This model predicts (under the 

constraint that the nearest samples were taken ca. 16 m 

apart) the minimum variance in larval density between any 

two samples is 0.023 larvae/boll l
• This variance will 

increase at an initial rate of 2.6E-4 larvae/boll with 

every meter of distance added between sample pairs. It 

I It will be assumed from this point forward that when 
a variance expression is used, e.g., 0.023 larvae/boll, 
that the reader understands the correct units are 
(larvae/boll) 2. 



0.12 

0.08 

r.. 

0.04 

0.00 
o 

BLUEPACK Generollzed Covorlonce Model: 
C = 0.0432 ; A 1 = -0.00002 
Proposed Spherlcol Model PCP'ometers: 
Nugget = 0.023 ; Sill = 0.068 ; Range = 259.9 

" 

<) e 
.. ... 

t;> 

" .. 
II 

.. c • .. 
" .. 

.. 6 

1\ 

.. 6 

.. 

. .. .. 
.. 

" 
• 

~ 

100 

Mean 
300 400 500 600 700 200 

Sample Pair Distance em) 

.. 

800 

Fig. 40. Sample semivariogram and proposed geostatistical model for 
Field 11, F2 generation. Z = Average exit holes/boll. Magma, Arizona. 
1985. 

N 
W 
t-' 



232 

will rise to a maximum of 0.068 larvae/boll, which will 

occur at sample intervals of 259.9 m, after which, further 

increases in sample distance will have no effect on the 

variance. 

The F3 model is shown in Figure 41. Though the 

structure of the F3 variance is more erratic at closer 

sample distances than that of the F2' the general shape of 

the graph is the same, and is described by a spherical 

model containing a nugget effect. This model predicts 

under the constraints of the sample site geometry, the 

minimum variance between any two samples is 

0.059 larvae/boll. The variance will rise at an initial 

rate of 2.5E-4 larvae/boll with every meter of distance 

added between sample pairs. It will rise to a maximum of 

0.125 larvae/boll which will occur at sample intervals of 

399.5 m, after which, further increases in sample distance 

will have no effect on the variance. 

Figure 42 is a plot of the F2 and F3 models relative 

to each other. Direct comparison is legitimate since both 

models are based on the same sample site geometry and the 

same expressions of density. Most obvious, is that the F3 

distribution is more variable than the F2 at all sample 

pair distances. 
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The increase in variance is due primarily to the 

increase in nugget effect. By partitioning the total 

variance, C, into its components, Co and Cl, it can be 

shown that 63% of the increase in F3 variance is due to the 

increased nugget effect (or randomness) [(F3 Co - F2 Co / 

(F3 C - F2 C)]. This may be interpreted as an increase in 

randomness between even the closest sample pairs. This is 

consistent with the previously stated hypotheses arising 

from TPL and IPR, that it appeared tightly structured F2 

aggregates of PBW break up, so that F3 clusters are less 

easy to recognize due either to insecticide-induced mor

tality or intra-specific interference of ovipositing 

females. 

The range of influence also increased between the F2 

and the F3 generation. This is not readily explainable or 

compatible with the hypotheses mentioned above. Since the 

sample variogram is merely an estimate of the true vario

gram and the model is even further removed since it is 

merely an estimate of the sample, it is possible that the 

model is not sensitive enough to determine the true range 

of influence. Clark (1979) states that of all the spheri

cal model parameters to be estimated, the range of influ

ence is the most difficult. Iwao's p-index for the F2 



and F3 shows that the largest recognizable clump size is 

approximately equal to quadrat size 5. In Field 11, 

quadrat size 5 is ca. 101,856 sq. ft. A circle with an 

area equal to quadrat size 5 has a radius of ca. 180 ft 

(54.9 m). It was originally suspected that Iwao's 
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p-index of clump size would be useful as a comparison with 

the range estimate of the spherical models. In this case, 

however, the range of influence predicted by the geo

statistical model is nearly 5x larger than the largest 

colony size predicted with Iwao's p-index. Explanatory 

statements resolving the large difference are not readily 

apparent. 

The model and sample variograms for Field 9 distribu

tions are found in Figure 43 - Figure 46. For the F1 and 

F3 data sets, the weighted least squares procedure did not 

indicate a significant second or third degree term, so they 

were best fit by linear models with no sill. This type of 

model predicts that given a certain amount of variance or 

randomness between even the closest samples (nugget 

effect), there is an unlimited capacity for spatial 

correlation over the distances sampled. Even at the 

farthest distances r samples are not independent. It is 

possible that a sill just hasn't been found within the 

sampled distances and that distributional patterns extend 
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into neighboring fields. It is not unreasonable to argue 

that the limits placed on the sampling universe are 

artificial (field edges) and not consistent with PBW 

dispersal ability. It can, therefore, also be argued that 

this modeling effort is irreconcilably constrained since it 

only considers patterns within a single field and not 

adjacent fields. 

The Fl model (Figure 43) predicts the minimum variance 

in flower samples will be 0.094 larvae/flower. As sample 

interval increases, the variance of the counts will 

increase regularly at a rate of 3.4E-5 larvae/flower per 

meter at least until the maximum distance of 734 m is 

attained. 

The F2 model (Figure 44) is spherical in nature with 

nugget effect, sill, and range. It predicts that the 

minimum variance between two boll samples will be 

0.003 larvae/boll. This variance will increase at an 

initial rate of 3.9E-6 larvae/boll with every meter of 

distance added between sample pairs. It will rise to a 

maximum of 0.004 larvae/boll which will occur when samples 

are 425 m apart, after which further increase in sample 

pair distance will have no effect on the variance. The 

range of influence predicted by the F2 model is unlike the 

largest colony size predicted with Iwao's p-index 
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(Figure 38). Quadrat size 6 is approximately the size of 

the largest recognizable colony in Figure 38. This 

converts into a radius of 83.6 m, which is much less than 

predicted range of influence (425 m) in Figure 44. Again, 

an explanation for this disparity is not readily apparent. 

"The F3 model (Figure 45) predicts approximately the 

same nugget effect as the F2 model (y = 0.003) but since 

it is linear, the variance is expected to increase at a 

constant rate of 3.6E-6 larvae/boll. There is no evidence 

of a sill within the distances measured. This sample 

variogram, as well as others (c.f., Figure I6, Figure I12, 

Figure I13, Figure I17, Figure I19, Figure I20, and Figure 

I21), would appear to benefit most from further modeling 

efforts with more complex models. It appears that there is 

a pattern in the observed points which is indicative of 

trend or structure within structure. In this case, nested 

or cross-variogram models might provide more insight into 

the true distribution. 

When the F2 and F3 models are plotted on the same 

scale (Figure 46), quite a different picture emerges from 

that shown for Field 11 (Figure 42). In Field 9, the F3 

model does not predict greater variance than the F2 until 

after the range of the F2 model is exceeded. This appears 

to be a "transition" set of models. Recall that Field 9 
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and Field 2 were the only fields in which F3 density was 

less than F2 density. These are also the only fields in 

which the F3 semivariogram model does not predict appre

ciably greater variance in boll samples relative to the F2 

model (cf. Figure lIS). Since geostatistical theory is not 

based on mean density (as the traditional models are) it is 

surprising that this relation is so vividly expressed in 

the semivariogram models since it is not used per se in the 

calculations. It demonstrates that even though geostatis

tical modeling techniques do not consider mean density, the 

effects of mean density as described by TPL (increase mean 

density yields increase variance) are as evident after 

application of geostatistical theory as they are with 

traditional methods. This reinforces the argument that 

geostatistical models are a worthy alternative to TPL and 

lPR for studies of insect spatial dynamics. 

Summary of Semivariogram Modeling Efforts. The following 

general statements are made in an attempt to summarize the 

modeling of PBW spatial dynamics with semivariograms. 

There is only one other published study (to my knowledge) 

in which a variogram model is presented to characterize a 

biological system. Discussion of that study is, therefore, 

in order. Robertson (1987) used a model variogram to 



describe the density of a bi-flagellate, single celled 

Cryptomonad in the epilimnion of a lake over time. His 

model variogram fits the observed data much better 
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(r 2 = 0.977) than any of the PBW models. The following 

discussion is intended to call attention to the differences 

between the two resea~ch systems and argue why it is not 

surprising that the PBW system yields models that do not 

fit observed data as well. 

Probably the foremost difference is that Robeitson's 

research was intended to model Rhodomonas variance in one

dimension only, i.e., time. When two-dimensions are 

modeled, variance from both dimensions is introduced. If 

all else is equal, this alone doubles the potential unex

plained variation. 

The two-dimensional variogram that he does present for 

discussion is for the variable "soil mineral-N content" 

which was sampled within a square field. Soil properties 

can be modeled by geostatistical techniques quite handily 

(Clark 1979) and usually models are shown to fit quite 

well. 

Robertson did not mention any interventions in the 

lake, which disrupted the natural growth curve of the 

protozoan, such as the frequent insecticide interventions 
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that were typical of the commercial agroecosystems in which 

PBW was studied. 

The movement or dispersal capability of Rhodomonas is 

very limited, relative to PBW; Robertson's system is, 

therefore, more stable than the effective environment of 

PBW. 

If Robertson used the spherical model formula as 

published, his results are erroneous, since the formula is 

incorrect. The spherical model formula, as published, is 

9(h) = C[1.5h/a - (h/a)3] for h ~ a, 

which upon comparison with equation 13 (page 64) shows that 

the last term is lacking a division by 0.5. 

Robertson states that the method used to fit the 

models and determine the coefficient of determination was a 

SAS weighted least squares analysis. He does not indicate 

what variable was weighted. During the course of fitting 

models to PBW data, it was observed that if the weighting 

was done according to the inverse of the variance for each 

point, as recommended by SAS (1986), the r 2 were ca. 

0.15 - 0.25 higher than those reported in Table 22. A 

conscious decision was made to weight PBW data proportional 

to the number of pairs of observations determining the 

point, in the tradition of geostatistical theoreticians 
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(Xu and Webster 1984, Vieira et al. 1983, Clark 1979) and 

accept the lower goodness-of-fit measure. 

Though Robertson does provide the coefficient of 

determination as a measure of how well the semivariogram 

model fits the observed variogram, he does not give the 

results of the next logical step. If the variogram is used 

for variable estimation at unknown points, it is wise to 

include a measure of how well the model estimates the data 

from which it was derived. A cross-validation procedure 

provides this measure and it is likely that his punctual 

kriging estimates would not be as highly correlated with 

the actual data points as the high model r 2 would seem to 

indicate. The rigorous nature of punctual kriging is 

discussed in the next section. 

It is obvious that there are more dissimilarities than 

likenesses between Robertson's Rhodomonas research and this 

PBW research. A fair comparison based on goodness-of-fit 

of the models derived from the research is not possible. 

Several factors could have contributed to the apparent 

poor fit of the PBW models as measured by r 2 (Table 22). A 

few were mentioned in the preceding paragraph; more will be 

discussed here. There is ample evidence to suggest that 

the fitting of more complex models would have increased the 

r2. Several of the figures in Appendix I illustrate complex 
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curves that would be better fit by Gaussian models, or 

nested variograms. During the model fitting routines, it 

was observed that polynomial models up to the cubic term 

would often give r 2 as high as 0.95, but when the models 

were forced into the spherical or linear form, that high 

degree of fit was lost. 

It was mentioned previously that only isotropic models 

were to be tested. The assumption is thereby made that 

variance between samples is equal in all directions. 

Geostatistical theory permits a much more complex analysis 

to proceed. It is based on individual variogram models for 

several directions to detect anisotropic variation. For 

instance, if density variation was found to be greater 

along a 45° line as compared with other directions, this 

information could be incorporated into the models and 

result in a better fit. The fact that anisotropy was not 

even tested for in this research (and there is no reason to 

believe it does not exist) creates the possibility that 

anisotropic variation detracts from the goodness-of-fit of 

the isotropic models. 

None of the fields sampled were square. Under this 

condition the shape of the sample variogram at distances 

greater than the shortest dimension may be due more to the 

shape of the field, than the true variance between samples. 
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When models are fitted to variances derived from narrow 

fields, there is a bias against the long distances. There 

are more observations (sample pair distances) possible for 

distances less than or equal to the shortest dimension of 

the field than there are for the longest side. 

Kriging estimation is based on the semivariogram for 

interpolation. It was mentioned above that for linear or 

spherical models, the weight assigned to nearby points is 

greater than to points a distance away. In fact, the 

weight assigned to points farther than the nearest 10-20 is 

so negligible, that it can be safely disregarded (Webster 

and Burgess 1983). This is why geostatistical theoreti

cians are not alarmed when models appear to not fit well at 

great distances. In the case of a spherical model, any 

distance beyond the range has no value in interpolation 

anyway. Yet the r 2 is based on the fit at all distances. 

Any poor fit at distances greater than the range has no 

geostatistical consequence but still contributes to low 

r2. The shorter the range, the greater the chance of a 

low coefficient of determination. But this does not 

detract from the usefulness of the model, as long as it 

fits well at the smaller distances for which interpolation 

is desired. 
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Table 23 is an attempt to summarize a few of the more 

salient results of the geostatistical modeling efforts. It 

shows that of the two types of models fitted, 59% were best 

fit by spherical models, 36% were best fit by linear models 

and 1 of the 22 sample variograms showed no structure in 

the variance and was best characterized by a pure nugget 

effect model. It can be argued that spherical models 

indicate contagious distributions. Regularity in variance 

(evident in the linear portion of the model) is observed so 

long as the pairs of samples are taken within the aggre

gate. As the samples are taken at greater distances from 

the center of the cluster, the regularity drops off until 

eventually the samples are taken at distances greater than 

the cluster size and there is independence of samples. As 

a corollary to this argument, it may be argued that the 

regularity of a linear variogram model is due to regularity 

of the PBW distribution. It can be seen in Table 23 that 

there is a consistent decrease in proportion of spherical 

models over generational time (Fl: 67%; F2: 63%; F3: 50%). 

TPL and IPR models predicted a general increase in regular

ity between the F2 and F3' This argument supports the view 

that traditional and geostatistical models are in concep

tual agreement. 



Table 23. Summary of geostatistical modeling attributes for PBW density, by genera
tion. -- 1985, 1986. 

Criterion F1 F2 F3 L x + SE 

Model type 

Spherica1 1 4/6 5/8 4/8 13/22 

Pure nugget1 0/6 1/8 0/8 1/22 

Linear l 2/6 2/8 4/8 8/22 

Nugget proportion 0.55+0.02 0.73+0.089 0.55+0.161 0.63+0.065 
(mean Co/C ±. SE) 

Ease of modeling 0.17+0.081 0.24+0.061 0.39+0.059 0.27+0.042 
(mean r2 + SE) 

1 Number of model type/total models. 

N 
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The total variance in each of the 13 spherical models 

was partitioned to determine the proportion equal to nugget 

effect. The higher average proportion of nugget effect in 

the F2 models compared to the F3 models lends further 

support to the traditionally developed models. It predicts 

that even between the closest sample sites there will, on 

the average, be 18% more variation (= 73% - 55%) in F2 boll 

samples. This can be interpreted as F2 aggregations being 

more compact and well-defined. Since nugget effect will 

arise when the closest sample pairs are located inside and 

outside of aggregates, it can be inferred that the distance 

between the inside and outside of a typical F2 cluster is 

smaller than a typical F3 cluster, yielding the greater 

proportion of nugget effect in the F2 models. By the F3 

generation, these clumps have either expanded so the total 

effect approaches more uniformity, or the tight clusters 

have broken up so that variation over short distances is 

not as great. 

Nugget effect is due to inherent randomness, and it is 

unexplainable under the set of conditions in which it was 

discovered. It can only be described as existing in a 

certain proportion of the total variance. Recall that the 

total variance of a pure nugget effect model is equivalent 

to the sample variance of classical statistics. It follows 
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that if the semivariogram is best explained by a pure 

nugget effect model, than geostatistics holds no particular 

advantage over classical statistical analysis. A casual 

perusal of the geosciences literature shows that for many 

soil properties, the proportion of total variance due to 

nugget effect is.well under 50%. This indicates that there 

is much less inherent random variation in samples of 

abiotic soil variables than for the biological system 

researched here. This high proportion of nugget effect 

will have a limiting effect on the precision of the kriged 

estimates (discussed in the next section). For the PBW 

spherical models, an average of 63% of the total variance 

was relegated to nugget effect. It may be said then, that 

the use of geostatistical theory for PBW modeling provided 

a 37% advantage over classical methods. 

The ease of modeling with simple spherical or linear 

models (as measured by r2) increased with generational time. 

Even though geostatistical theory is not based on mean 

density, the model goodness-of-fit and, consequently, the 

ease of modeling increased as density increased. Thus, in 

the Fl generation where there are relatively few PBW in the 

samples, the simple models do not fit the sample variograms 

very well at all. As mean density increased with genera-
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tional time the simple models explained larger proportions 

of the observed variograms. 

Lending support to many of the general remarks made 

above, are Figure 47 - Figure 49. In these figures, the 

model variograms of each field are plotted relative to each 

other by generation. Figure 47 shows, perhaps not by 

coincidence, a precise ordering of fields by decreasing 

density. That is, Field 11 had the largest Fl density, and 

it also had the largest nugget effect (increased mean ~ 

increased variance). Field 9 had the second largest Fl 

density and so had the second largest nugget effect. The 

pattern continues without fail, even to the limit where in 

Field W5 and Field NE2, no Fl larvae were found, and so 

there is no variance to even plot. 

When viewed from this perspective, it is obvious that 

Field 11 gained the most from geostatistical analyses. It 

is not coincidence that it also consistently had the 

highest population of PBW. All other fields, even when the 

sample variogram was best fit by a spherical model, show 

that geostatistical theory provided very little advantage 

over that possible with classic statistics (relative to 

Field 11). 

A final remark is in order regarding the appropriate

ness of semivariogram modeling for the study of insect 
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spatial dynamics. It has been argued above that the 

greater the mean insect density, the greater the advantage 

derived from geostatistical analyses. For PBW in commer

cial fields, it was observed that the typical population 

density is so small that even though spatial autocorrela

tion was discovered and modeled with variograms, the PBW 

clusters that are responsible for the autocorrelation were 

not distinct or numerous enough to abandon analyses or 

extensive decision-making sampling plans based on the 

assumptions of randomness. Several researchers have 

suggested this previously without the aid of geostatistical 

analyses (Fye et al. 1969, Kuehl and Fye 1972, Slosser and 

watson 1973). It is recognized, however, that if the 

intent of a survey is to produce maps of field density, 

then geostatistical analysis is called for and is indispen

sible. The kriging technique will take that 37% advantage 

and use it to produce optimal estimates (unbiased with 

minimal variance) of density at unsampled locations, which 

no other method has been shown to match. 

Kriging Estimation and Isarithmic Mapping 

It was hypothesized that the visualization of PBW 

density in the form of contour maps would facilitate the 

identification of F1 establishment patterns as well as 
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dispersal patterns of the F2 and F3 generations. If 

consistent patterns were discovered, it was further 

hypothesized that this information could be incorporated 

into early and mid-season PBW sampling recommendations to 

increase sampling efficiency. 

Punctual kriging (sometimes referr~d to as point 

kriging) was used to estimate density at unsampled loca

tions across the field. It is computationally, the most 

elementary in the family of kriging techniques, but also 

the most demanding and formidable since it attempts to 

estimate point density. Burgess and Webster (1980b) point 

out that although a map drawn from point estimates is the 

most accurate isarithmic map that can be made using a set 

of point data, local discontinuity (in the form of nugget 

effect) can seriously obscure longer range trends. The 

proportion of nugget effect present in their examples 

(Burgess and Webster 1980a) ranged from 12.6% to 56.8%. In 

each case they commented on the "large nugget effect" as 

the reason for rather large estimation variances. 

Table 23 showed the average nugget effect present in 

PBW data sets to be 63%. The discovery of such a large 

nugget effect was disheartening since nothing can be done a 

posteriori to produce better estimates. By a geostatisti

cian's standards, this degree of unpredictable, random 
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variation is so large that small estimation variances would 

not be expected. One way to circumvent this problem would 

be to use block .kriging. This method provides estimates of 

"average" density in a block or over a region of a field, 

and so, is less formidable than point kriging. This is a 

slightly more complex method because the additional error 

term associated with the estimate of the mean is introduced 

into the kriging algorithm. Since this research was 

designed to demonstrate the simplest geostatistical methods 

for insect spatial dynamics studies, punctual kriging was 

used, with full knowledge that kriging variance (equation 

15, page 66) and the cross-validation correlation coeffi

cient would likely indicate low precision of the point 

estimates. 

It has been shown that the kriging estimation process 

is quite separate from the fitting of semivariogram models. 

The only connection between model fitting and kriging is 

that kriging uses the "best" model to assign t'leight to 

known pOints for optimal interpolation of unsampled 

locations. Therefore, the mechanics and results of kriging 

can be demonstrated with any set of semivariogram models. 

Table 24 shows the models that were used to demon

strate kriging. They are different from those presented in 

the previous section. These models were selected for 



Table 24. Eye-fitted ssnivariogram rnodels, by field, by generation. -- 1985, 1986. 

Cross-Validation 

r 

Field Gen. Variable Model Co Cl C Range Model Outliers z* vs. Z vs. 
Name Type (m) r2 (Z*-Z)/s* Z* 

11 Fl INFL624 Spherical 0.3706 0 0.3706 1.0 a 7 0.24 0.18 

F2 AVGX729 Spherical 0.034 0.041 0.075 533.4 0.46 9 0.27 0.47 

F3 AVGX9l Spherical 0.067 0.048 0.115 487.7 0.45 5 0.25 0.51 

W15 Fl INFL73 Spherical 0.0047 0.0018 0.0065 280.0 0.04 4 0.53 -0.02 

F2 AVGX815 Spherical 0.00047 0 0.00047 1.0 a 1 0.43 0.06 

F3 AVGX922 Spherical 0.008 0.004 0.012 310.0 0.17 4 0.38 0.22 

F7 Fl INFL628 Linear 0.0 0.0 0.0 5E-5b 0.08 6 0.52 -0.01 

F2 AVGX805 Spherical 0.004 0.004 0.008 260.0 '0.01 2 0.36 0.18 

F3 AVGX914 Spherical 0.0043 0.0051 0.0094 400.0 0.19 9 0.51 0.05 

w5 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - - - - - - - -

F2 AVGX807 Spherical 0.0006 0.0006 0.0012 429.0 0.15 11 0.56 -0.08 

F3 AVGX908 Spherical 0.0023 0.0011 0.0034 260.0 0.24 6 0.37 0.31 
[\) 

2 Fl INFL701 Spherical 0.08 0.055 0.l35 390.0 0.0002 18 0.45 0.03 
(j\ 

0 



Table 24--Continued 

Cross-Validation 

r 

Field Gen. Variable Model Co Cl C Range Model OUtliers z* vs. Z vs. 
Name Type (m) r2 (Z*-Z)/s* Z* 

F2 AVGX731 Spherical 0.0032 0.0008 0.004 190.0 0.11 4 0.41 0.19 

F3 AVGX830 Spherical 0.0015 0.0080 0.0023 340.0 0.18 12 0.46 0.10 

9 Fl INFL703 Spherical 0.095 0.015 0.1100 390.0 0.07 11 0.48 0.06 

F2 AVGX728 Spherical 0.0029 0.0009 0.0038 410.0 0.17 7 0.38 0.21 

F3 AVGX822 Spherical 0.0024 0.002 0.0044 350.0 0.36 9 0.44 0.14 

NE2 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - - - - - - - -

F2 AVGX8l2 Spherical 0.00075 0.00035 0.0011 180.0 0.09 7 0.33 0.15 

F3 AVGX831 Spherical 0.0010 0.0 0.0010 1.0 a 3 0.47 0.05 

21 Fl INFL7l4 Spherical 0.035 0.025 0.060 280.0 0.10 7 0.44 0.11 

F2 AVGX808 Spherical 0.00007 0.000038 0.000108 75.0 0.003 14 0.46 0.08 

F3 AVGX906 Spherical 0.00018 0 0.00018 1.0 a 4 0.54 -0.05 

a Pure nugget effect model, precludes r2 calculation N 

b Slope of linear model 0" 
~ 



262 

presentation on the basis of BLUEPACK-3D runs only. The 

SAS weighted least squares procedure was not used to fit 

these models, although it was used to test their fit to the 

observed variogram points. In general, it can be seen from 

the r 2 that the fit to the observed variogram is poorer 

than when SAS was used to fit the models. These models 

were considered the best of 2 or 3 cross-validated by 

BLUEPACK-3D. 

The cross-validation procedure systematically removes 

each data point from the data set and estimates PBW density 

at that point with the proposed model. The cross

validation statistics indicate the accuracy and precision 

of the estimates. The combined effect of punctual kriging 

demands and large nugget effect is shown, as expected, to 

have an adverse impact on the precision of the estimates. 

In general, correlation between the kriged estimates and 

the data points is extremely low. Even the best fitting 

models produced by SAS suffer from the rigors of punctual 

kriging and the large nugget effect. The model suggested 

by SAS for the F3 generation of Field 11 (Table 22) is not 

very different from the one used to demonstrate kriging and 

mapping in this section (Table 24). Table 22 shows it was 

one of the better fitting models (r2 = 0.50). In its 

slightly altered form, Table 24 shows it lost 5% of its 
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ability to explain variation (r 2 = 0.45). It is one of the 

best fit models to the variogram and still yields rather 

dismal cross-validation statistics. 

A series of three figures is presented to show the 

transition from original data to an isarithmic map for the 

distributions in Field 11 (Figure 50 - Figure 58). The 

first figure in the series shows the original data posted 

at the original locations in the field. The second in the 

series shows the kriged estimates (as calculated from the 

models in Table 24) of the original data posted at the 

appropriate locations in the field. The last of the series 

is the isarithmic map that provides an exit from mathemati

cal abstraction in the form of a visualization of the 

models of PBW density distribution. Appendix J contains 

the first and third of the transitional series for each of 

the other distributions. 

Prior to map construction, the data must be "gridded". 

This involves laying an imaginary grid over the observed 

data and estimating density with kriging for each of the 

grid nodes. The finer the grid mesh, the smoother and more 

accurate the contour lines. For each field, more than 100 

grid lines were evenly spaced along the longest dimension. 

SURFER calculated the number of lines to place in the 

shortest dimension so that the grid cells were square. 
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This configuration required kriging interpolation of PBW 

density for as many as 8200 grid nodes in the largest field 

(164 lines in the longest dimension x 50 lines in the 

shortest dimension), and is an indication of the fineness 

of the grid. 

Two contour lines are plotted on each map. The 

average density line is the line inside which PBW density 

is predicted to be above average and outside of which the 

density is predicted to be below average. The second line 

is the "10% Infestation Line" and is useful in that it is 

the threshold above which many producers initiate whole

field insecticide treatments for PBW. In the case of the 

Fl maps, it represents the number of infested flowers per 2 

m of row that predicts a F2 boll infestation of 10%, by 

this relation: 

F2PCINB = 0.518 + (49.939 x FIINFL) (21 ) 

where F2PCINB is the F2 infestation level (in percent) and 

FIINFL is the number of Fl infested flowers per 2 m site 

(n = 8; r 2 = 0.986). 

In the case of the F2 and F3 maps, it represents the 

actual 10% infestation line, such that inside the line 10% 

of the bolls are predicted to be infested and outside the 



line, the infestation level is predicted to be less than 

10%. 
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The time series of three maps for Field 11 will be 

discussed in more detail. The 0.19 infested flower/2 m row 

line on the F1 map (Figure 52) reveals approximately the 

portion (and pattern) of the field that is predicted to 

develop into a F2 density that is at or over the 10% 

threshold (were the population prevented the luxury of 

dispersal). The 0.35 line delineates the average flower 

infestation. All the area inside that line is optimally 

interpolated by punctual kriging to have above average 

infestation and all area outside is below average. 

Qualitatively, it may be stated that the ovipositing 

parents of these larvae spread eggs across the field in a 

non-localized manner. The large F1 population is distri

buted such that the majority of the field is predicted to 

be over the 10% infested boll level by the F2. The 

depressed areas within the large aggregations perhaps 

indicate regions of the field which did not meet oviposi

tional requirements, e.g., dry areas, delayed maturity, 

etc. It can be seen that the large area in the center of 

the field has below average density. 

Figure 55 is the isarithmic map of F2 density. The 

area delineated by the 0.11 larvae/boll line is the equiva-
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lent of the 10% infested boll line by the relation shown in 

Figure 5 (page 44). The 0.28 larvae/boll line represents 

the average F2 density such that the area within the 

contour line has a higher than average density. Note that 

concomitant with the large increase in population density 

(Table 11) is the dispersal over much of the remainder of 

the field, so that now the only ~reas predicted to be below 

the 10% threshold are within the few scattered depressions 

and several small areas along the field edges. 

The isarithmic map of F3 density (Figure 58) shows 

that over half of the larval population (inside the 0.44 

larvae/boll line) is "packed" into three different size 

areas that together do not constitute 50% of the area of 

the field (visual estimate). It could be shown on a 

contour map with more isolines plotted that the gradient is 

very steep in these areas. The steep density gradient 

supports the earlier F3 model prediction of greater 

variance over shorter distances which in effect causes the 

large nugget effect. It also is consistent with the 

predictions of the traditional models. 

It was previously argued that one of the advantages of 

kriging over other estimation techniques is that it 

provides a measure of the precision of the estimates in the 

form of kriging variance. Figure 59 is a contour map which 
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illustrates kriging standard deviation of the F3 estimates 

in Field 11. The advantage of a regular grid arrangement 

of sample sites is obvious here. The entire central 

portion lacks isolines, which indicates uniformity of the 

estimation variances. The areas which are not uniform are 

the edges and the corners. Since there are no sample sites 

outside of the field, kriging does not have a full comple

ment of surrounding points to make the estimate and, thus, 

the variance of these estimates is greater. 

What is not evident in these maps and those in 

Appendix J is the consistent pattern of colonization and 

dispersal that was hypothesized. Although the patterns in 

these maps have not yet been subjected to standard carto

graphic statistical analyses (Berry 1986) for pattern 

identification, no consistent pattern between fields is 

visually apparent. It is shown here that each map is 

unique with respect to the patterns arising from those 

models which themselves were described as unique when 

presented on a by field, by generation basis. 

One intriguing pattern that lends itself to generaliz

ation is summarized in Table 25. Examination of the F1 

distribution pattern in each field where F1 larvae were 

found, shows the pattern to take 1 of 2 forms. The F1 

invasion pattern in Fields 11, 2, and 9 (Figures 52, J20, 
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Fig. 50. Original data posted at sample site locations on field 
map (Field 11, Fl generation). Z = number of infested flowers/2 m 
site. Magma, Arlzona. 1985. 
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Field 11, F1 Generation: Kriged Estimates 
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Fig. 51. Kriged estimates posted at sample site locations on 
field map (Field 11, F1 generation). Z = number of infested 
flowers/2 m site. Magma, Arizona. 1985. 
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Field 11, F1 Generation 
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Fig. 52. Isarithmic map of Field 11, F1 density. Contour interval = 
0.16. Line 0.35 is average infestation line; line 0.19 is 10% infested 
boll line (see text). Z = number of infested flowers/2 m site. Magma, 
Arizona. 1985. 
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F'ield 11, F'2 Generation: Original Dato 
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Fig. 53. Original data posted at sample site locations on field 
map (Field 11, F2 generation). Z = mean larvae/boll. Magma, 
Arizona. 1985. 

N 
-J 
I-' 



Field 11, F2 Generation: Kriged Estimates 
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Fig. 54. Kriged estimates posted at sample site locations on 
field map (Field 11, F2 generation). Z = mean larvae/boll. Magma, 
Arizona. 1985. 
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Fig. 55. Isarithmic map of Field 11, F2 generation density. Contour 
interval = 0.17. Line 0.28 is average infestation line; line 0.11 
(shaded area) is 10% infested boll line (see text). Z = mean 1arvae/ 
boll. Magma, Arizona. 1985. 
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Field 11, F3 Generation: Original Data 
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Fig. 56. Original data posted at sample site locations on 
field map (Field 11, F3 generation). Z = mean larvae/boll. 
Magma, Arizona. 1985. 
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Field 11, F3 Generation: Kriged Estimates 
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Fig. 57. Kriged estimates posted at sample site locations on 
field map (Field 11, F3 generation). Z = mean larvae/boll. Magma, 
Arizona. 1985. 
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Fig. 58. Isarithmic map of Field 11, F generation density. Contour 
interval = 0.33. Line 0.44 is average inf~station line; line 0.11 is 10% 
infested boll line (shaded area). Z = mean larvae/boll. Magma, Arizona. 
1985. 
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Field 11, F3 Generation: Kriging S.D. 
East, Headwater 
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Fig. 59. Isarithmic map of standard deviation of kriging point 
estimates (Field 11, F3 generation). Contour interval = 0.01. 
Z = mean larvae/boll. Magma, Arizona. 1985. 
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Table 25. Characterization of Fl colonization pattern as a 
function of field history and relative planting 
order with adjacent fields. -- 1985, 1986. 

Field Fl Fl Invasion Pattern Previous Planting Order 
Map Crop Relative to 

(Figure) Adjacent Cotton 
Fields 

11 52 Scattered over field Fallow First 

W15 J2 Edge, localized Cotton Second 

7 J8 Edge, localized Cotton Second 

W5 J14 No PBW found Fallow/ First 
Cotton 

2 J20 Scattered over field Fallow First 

9 J26 Scattered over field Fallow First 

NE2 J32 No PBW found Cotton First 

21 J38 Edge, localized Cotton Third 
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J26) is best described as a general, scattered distribution 

across the field, certainly non-localized. The F1 invasion 

pattern in Fields WIS, 7, and 21 (Figures J2, J8, J36) is 

best described as localized and restricted to a small area 

along a field edge. In an attempt to understand the basis 

of the obvious pattern difference, fields were qualitative

ly compared relative to the original criteria by which they 

were selected for inclusion in the study. Variables that 

were examined and subsequently dismissed as contributing to 

the pattern, because they did not predict the pattern 

consistently were: Date of Planting, PBW Pressure (in terms 

of PBW trap catch prior to susceptible squares), and Cotton 

Variety. Two variables that seem to best predict the type 

of invasion pattern are: Previous Crop and Planting Order 

relative to adjacent cotton fields. If a field was fallow 

the previous year, overwintering parents oviposited in a 

general, non-localized fashion. However, if the field was 

in a cotton-cotton rotation, the F1 larval pattern was 

well-defined and localized along a field edge. If a field 

was the first to be planted in a group of fields, the 

larval pattern was generalized. If the field was not the 

first planted, the invasion pattern was localized along a 

field edge. It is doubtful that either of these relations 

operate independently, i.e., some sort of interaction 
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between the variables likely occurs. It is also recognized 

that these variables are not mutually exclusive of other 

variables, e.g., relative order of planting is related to 

date of planting, date of first irrigation, and PBW 

pressure as previously defined. 

Unfortunately, these relationships cannot be quanti

fied and can only be referred to as trends since Table 25 

shows that not every combination of the variables was 

present in the study. 

In the fields with invasions entering from an edge 

examination of the maps shows that there is no consistent 

preference for a particular edge or corner. Sometimes the 

invasion enters from the headwater side, other times from 

the tailwater side; sometimes the entrance is at the upper 

end of the field (first irrigated), other times it is at 

the lower end. It could be shown that the edge closest to 

an earlier planted field is not where the invasion consist

ently originates. In the case of Field W15 (Figure J2) the 

invasion starts next to a fallow field. 

perhaps the situation that best shows the trend is 

Field W5. Unfortunately, this is the only field which was 

split the previous year as half-fallow/half-cotton and so, 

there is no replication. The 1985 F1 infestation in this 

field was so low that no larvae were found during the 
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flower sample predicted to contain the maximum F1 larval 

population. Given that condition, the F2 is the first 

generation with a high enough density to show up in the 

samples. A 3-dimension surface plot of the F2 distribution 

(Figure 60) shows the majority of the F2 population is 

concentrated in the south half of the field. During the 

previous year, the south half was fallow and the north half 

contained cotton. The nearest resident overwintering 

population from 1984 was in the north half. It appears 

that emerging females did not prefer the north half for 

oviposition and upon emergence dispersed to oviposit 

elsewhere. Indirectly, this supports Busacca's (1979) and 

Chesser's (1984) contention that after emergence PBW 

behavior is to disperse from the overwintering site. This 

would help explain the observations of scattered distribu

tion in previously fallow fields and localized distribution 

in fields previously grown to cotton. 

There is no general statement that adequately covers 

the pattern changes between the F2 and the F3 for each 

field. The only pattern that seems to be consistent from 

field to field is that the greatest within-field variabili

ty (in terms of steepest gradient over shortest distance) 

occurs in corners or edges of the fields. This seemingly 



~ 
~ 

~ 
ti 

~ 
~ 

~ 
c ~ 
~~ 
~ 

~ ~ 
"" ~ t') 

"'.I ~ 

t: ~ t') 
\l) 

~ ~ 
~ 

~ 
~ 

.... 
~ 

~ 
I 

t;;I ~ 

Field W5, F2 Generation 

"# ':E!-.0<' 
# ?:>..$Ol 

~'O ..;;:..~o: 
~ .. :8 

Fig. 60. Three-dimensional surface plot of F2 generation density 
in Field W5. Z = mean larvae/boll. Marana, Arizona. 1985. 

N 
CP 
N 



283 

preferred field region may actually be due to poor insecti

cide coverage. 

Optimal Sample Size 

Optimal sample size (OSS) is traditionally defined as 

that sample size involving the least effort or cost, for a 

given precision (McBratney et ale 1981, Karandinos 1976). 

This dissertation does not consider the cost of sampling 

and, therefore, the efficiency of various sample sizes 

cannot be formally compared. It does consider the sample 

size required to attain a desired fixed precision level for 

a range of PBW densities as predicted by RV, TPL, IPR, and 

geostatistical theory. 

The figures that are presented and discussed in this 

section were developed from a simulated random sampling of 

1) bolls, or 2) sample sites. In both cases, the uniform 

distribution was used to generate the random selections, so 

that each value of the random variable had the same 

probability of occurring (Mize and Cox 1968). 

Identical analyses were performed on each of the 

distributional data sets. The sampling statistics and 

figures illustrating the analyses are redundant and repeti-
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tive, differing only slightly in shape and or relative 

position on a graph. Therefore, only the complete set of 

statistics and graphs from Field 11 and Field 9 will be 

presented in this dissertation. However, reference will be 

made to the analyses of other fields as necessary, and 

generalizations made when possible. 

The Single Boll as the Sample Unit 

From each set of bolls collected on any given boll 

sample day, 24 samples of various sizes were extracted. 

One randomization was performed for each distributional 

data set. After the generation of the random number 

stream, duplicate numbers were deleted. From that reduced 

data set, a series of sample sizes (n) from n = 2 to n = N 

were used in the analyses, where N = the number of random 

numbers remaining after duplicates were deleted. 

It can be seen from Figure 61 and Figure 62 that small 

sample sizes do not provide an accurate or reliable 

estimate of the true mean (true mean is defined as the mean 

larvae/boll calculated on the basis of all bolls collect

ed). These figures indirectly support the TPL relationship 

of increased variance with increased mean. Field 11 had a 

much higher true mean than Field 9 and so, the more erratic 

estimates of true mean in the first part of Figure 61 are 
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indicative of the larger variance that accompanies the 

higher mean. 
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The relative variability curves (RV curves) in Figure 

63 and Figure 64 are an indication of the precision of an 

estimate of the true mean as a function of sample size. 

Obviously, in both fields the relationship holds that the 

more samples taken, the greater the precision (decreased 

variability). This measure of variability is "relative" in 

that RV is standardized by the sample mean (equation 6, 

page 44). So, the general relationship holds: the larger 

the sample mean, the greater the precision for a given 

sample size. F3 density in Field 11 was greater than F2 

density, thus the RV curve for the F3 generation is consis

tently lower than that of the F2 generation (Figure 63). 

The opposite is true for Field 9 (Figure 64). 

The portion of greatest interest in an RV curve is 

that section where the concave curve "bends". After the 

bend, increased sample size provides proportionally less 

precision. Thus OSS is usually considered to correspond to 

the point where the curve begins to flatten out. The 

somewhat erratic nature in that region of the curve 

(Figure 63) is due to the mechanics of randomization. If 

the smallest sample sizes (n = 2 or 3) included an infested 

boll, and no more infested bolls were selected for some 
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time, the mean larvae/boll would systematically decrease 

until the next infested boll was selected at which point 

the mean larvae/boll would suddenly rise (especially if the 

sample size is still relatively small). Southwood's (1966) 

precision recommendation for extensive sampling is 

RV ~ 25%; for research purposes and for intensive 

samples, he recommends RV ~ 10%. Figure 63 shows a 

posteriori that during the F2 generation, 90 - 99 randomly 

selected bolls would have had to be sampled to attain RV = 

25% (true mean larvae/boll = 0.28); during the F3 genera

tion (true mean larvae/boll = 0.44) the number of samples 

required for the same precision level is 29 - 39. 

This was the only field in the 2 year study that had a 

large enough PBW population for RV = 10% to even be calcu

lated within the maximum sample size of 1000 bolls. 

Between 500 - 1000 bolls would have had to be sampled 

during the F2 generation for that much precision; the 

required sample size drops to 245 - 484 bolls with the F3 

generation. 

The RV curves for Field 9 (Figure 64) indicate that 

PBW density was so low in the F3 generation that the 

highest precision was 26.3% and that could only be achieved 

when 911 bolls were sampled. Since the F2 generation 

density was 3x higher, it is expected that higher precision 
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could be expected with fewer samples. This curve shows 

that the 25% level could be attained with a boll sample of 

ca. 500 bolls. The highest precision indicated for this 

generation (17.5%) was attained only after a simulated 

random sample of 915 bolls. 

Nine of the 16 boll generations over the two years of 

research had densities' large enough for a precision of 

RV = 25 to be attainable within the upper sample size limit 

of 1000 bolls. Each of these nine generations is plotted 

relative to each other in Figure 65 to form an RV curve 

that can be regarded as typical for use in commercial 

Arizona cotton fields. The power curve that is drawn 

through the observed points predicts the number of samples 

required for a precision of RV = 25% as a function of true 

mean larvae/boll. The curvilinear relationship predicts 

that when the true mean density equals 0.031 larvae/boll 

(ca. 3% infested bolls), a PCA would have to sample 934 

bolls to attain the 25% level of precision. When densities 

are below ca. 3% infested bolls, a peA could pull 

>934 bolls and still not be 25% precise in his estimate of 

mean density. 

Another interesting feature of this curve relates to 

the "typical" Arizona commercial situation. The typical 

PBW boll density in Arizona fields is 5% - 10% infested 
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bolls (= ca. 0.05 - 0.10 larvae/boll). At these levels, 

peAs should be pulling 235 - 470 bolls per field to reach 

Southwood's (1966) recommended precision level for pest 

management decision-making. The only conditions under 

which the common sample of 60 - 100 randomly selected bolls 

will reach the 25% level is when the mean density is 

0.28 - 0.37 larvae/boll. The mean larval boll density for 

the entire research project was 0.072 larvae/boll. This 

density may be considered representative since it was 

obtained under a wide range of conditions. By Figure 65, 

ca. 350 bolls must be sampled from Arizona fields to attain 

RV = 25%. 

This scenario supports Busacca's (1979) observation 

that the mean PBW density in commercial Arizona cotton 

fields is too low for Southwood's (1966) guideline to be 

practically acceptable. A PCA simply does not have the 

time to invest in such large samples. 

The Set of 25 Bolls as the Sample Unit 

It was suspected a priori that low PBW density would 

be encountered. The 25 boll sample unit collected at each 

sample site was to be a hedge against that possibility. A 

posteriori it is seen that in the majority of fields the 

PBW density was low, and that the large numbers of 25 boll 
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samples collected from each field were useful in alleviat

ing statistical concern. This section considers the set of 

bolls collected at each site as the sample unit. All 

expressions of F2 and F3 density are given as 

mean larvae/boll which were derived from the 25 boll unit. 

Sample size, therefore, refers to the number of 25 boll 

units, not the number of bolls. 

Relative Variability. The simulated random sampling of 

sites within the field was operationally achieved by 

randomly selecting records from each data set. The 

randomization process used here was different then the 

process used above. Whereas, one random number stream 

without replication was generated per set of 24 sample 

sizes above, one random number stream without replication 

was generated for each of the sample sizes examined in this 

analysis. Twelve to 13 sample sizes were used, ranging 

from 2 to 200 sites. Theoretically the different randomi

zation protocol is not a concern (a random number is a 

random number), but operationally it presented the pos

sibility of completely different records being selected for 

the different sample sizes. This is especially true for 

the smaller sample sizes. 
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The relationships illustrated in the figures referenc

ed here are essentially identical to those developed for 

the single boll sample unit. Figure 66 and Figure 67 show 

that smaller sample sizes gave inconsistent estimations of 

true mean. Stabilization of the mean was not achieved 

until 50 - 100 sets of 25 bolls had been sampled. 

The RV curves (Figure 68 and Figure 69) also maintain 

the relative relationship described for the single boll 

sample unit. The effect of re-randomization is evidenced 

by the irregularities in the curves. They reinforce the 

contention that a prohibitively large number of samples 

must be taken to reach the precision recommended by 

Southwood (1966) in low density fields. 

Taylor's Power Law and Iwao's Patchiness Regression. 

Determination of ass on the basis of RV curves makes no use 

of available information on the underlying distribution or 

any of the familiar aggregation indices that are used to 

mathematically characterize insect distributions. An 

advantage of using RV curves is that no a priori informa

tion is required for their construction. The only require

ments are mean denSity and standard error be known for 

several randomly selected units. 
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After a distribution has been modeled and mathemati

cally characterized, however, it behooves the calculation 

of ass on the basis of the model. Provided the model is an 

accurate representation of the underlying dispersion 

pattern, a truer indication of sample size requirements and 

realistic assessment of ass will result since the assump

tion of random distribution is not necessarily made (as it 

is for ass by RV). Equation 4 (TPL) (page 43) and equation 

7 (IPR) (page 47) were used to determine random sample size 

requirements for five fixed precision levels for each F2 

and F3 distribution. 

There are several points to be made that may unknow

ingly bias these results and/or discussion. First, the 

means used in these calculations were those that resulted 

from the independent random selection of the 12 - 13 sample 

sizes discussed above. Second, Taylor's constants, a and 

b, are based on data sets that were transformed prior to 

analysis by log(x + 1), indirectly then, sites with zero 

larvae were included so that entire data sets were used. 

Third, Iwao's constants, a and ~,are based on data sets 

in which sites where no larvae were found, were deleted 

prior to analysis. It was argued above that this was 

theoretically valid; in this context, it may not be valid, 

since ass by TPL and IPR are compared. Fourth, TPL models 
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fit the data sets much better than IPR models, as determin

ed by r2. Fifth, the discussion presented in this section 

is intended to evaluate the models by comparison. The 

impractical sampling method on which these models are based 

(sample unit is a set of 25 bolls; samples were collected 

from within 2 m of row), is not going to be argued. 

The number of samples required for fixed precision 

levels of 0.05, 0.1, 0.2, 0.4, 0.8 (expressed as proportion 

of true mean) were calculated. For clarity, only the 

curves for precision level 0.1 and 0.4 are presented in 

Figure 70 - Figure 73. The general relationships displayed 

for Field 11 and Field 9 are very similar to those in other 

fields. 

In general, the curves show that IPR models required 

more samples for the same precision level and mean density 

than TPL. It is not known whether this is artifactual and 

based on the differences in data set composition as dis

cussed above. 

It was expected and shown in all cases, that when 

precision levels were relaxed, i.e., 0.05 ~ 0.8, the 

number of samples required to reach the lower precision 

level was reduced, given the same mean density. 

At PBW density levels typically encountered in Arizona 

cotton fields, these calculations show that a prohibitively 
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large number of samples is required to attain a precision 

equal to 5% - 20% of the true mean. It is also shown that 

ass by TPL and IPR require many more samples than suggested 

by RV for the same precision. This indicates that incor

poration of distribution information, raises the number of 

samp~es required. This is to be expected, since it has 

been demonstrated that these models predict aggregated PBW 

distributions, in general. Zwick (1984) found this same 

relationship for aggregated distributions of lygus bugs in 

cotton. 

Table 26 aids in the interpretation of Figure 70 to 

Figure 73. The reader is reminded that of all the fields 

in the study, Field 11 had the highest density. Therefore, 

it is somewhat atypical and any sample sizes referred to, 

are deflated from what would be required in a field with 

more common densities. 

The sample size required for 0.05 precision by TPL for 

the F2 generation in Field 11 is 750 (at the true mean 

density of 0.28 larvae/boll). As expected, if precision is 

relaxed, ass decreases so that for a 0.8 level of preci

sion, only 3 samples are required. 

As long as comparisons are made within the same 

distribution model, ass change is easily explained, since 

it is due either to hypothetical mean density changes or 



Table 26. Sample size requirements from TPL and IPR models for Field 11 and Field 9 
at several fixed precision levels. -- Sample Unit = Set of 25 bolls. 
1985, 1986. 

Field 11 Field 9 

F21 F3 2 F2 3 F3 4 
Fixed Precision 

Level TPL IPR TPL IPR TPL IPR TPL IPR 

0.05 750 2075 779 1197 3295 6808 19835 22209 

0.10 188 519 195 300 824 1702 4959 5553 

0.20 47 130 49 75 206 426 1240 1389 

0.40 12 33 13 19 52 107 310 348 

0.80 3 9 4 5 13 27 78 87 

1 Mean density = 0.28 larvae/boll 

2 Mean density = 0.43 larvae/boll 

3 Mean density = 0.06 larvae/boll 

4 Mean density = 0.02 larvae/boll 

w 
0 
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changing precision level requirements. When ass changes 

are compared between generations (over time) explanatory 

statements are not as readily available. Explanations for 

these changes must be due either to the change in distribu

tional parameters, the change in mean density, or the 

. changing interaction between them, since these are the only 

variables in equation 4 (page 43) and equation 7 (page 47). 

The simulated random sample of the F3 generation 

reflected the increase in true mean density 

(ca. 0.43 larvae/boll) within the field. For this genera

tion, TPL requires a sample size of 779 to reach the 0.05 

level. Mean density increased, which would suggest a 

decrease in ass. The index of aggregation, b, decreased 

which also would suggest fewer required samples for the 

same precision. Since neither of these variables alone 

explain the inter-generational increase in ass, the 

interaction was suspected to be the main influence. 

Examination of equation 4 shows that a large increase in 

mean density over time is virtually negated when it is 

accompanied by a significant decrease in b. Substitution 

of the appropriate Field 11 variables in equation 4, gives 

the term, xb- 2 , equal 1.91 for the F2 and 1.93 for the F3. 

A rational explanation for this interaction and the 

counterintuitive increase in ass is not available, and may 
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be due to the peculiar changes in mean density and distri

bution parameters. 

Table 26 shows that ass by IPR, decreases between the 

F2 and F3. This conflicts with the ass increase required 

by TPL. However, an ass decrease is entirely rational. 

The increase in mean PBW density and the IPR model change 

(aggregated to random), suggest that fewer samples could be 

taken for the same precision level. 

Both TPL and IPR showed ass requirements in Field 9 to 

increase between the F2 and F3. For TPL, the change in 

distribution parameters does not explain the increase in 

ass. TPL predicted a change from aggregated to random 

distribution (Table 15). The mean density decreased 6x 

from the F2 to the F3 in this field. TPL sample require

ments for the F3 are ca. 6x greater than for the F2 . In 

this case, it appears that the change in mean density 

explains the entire increase in ass. IPR reflects the 

density decrease by increasing the required sample size. 

The IPR models of the F2 and F3 generations cannot be 

directly compared, however, since the F3 parameters were 

contradictory (Table 18). 

The conflicting results alluded to in this section and 

the lack of reasonable explanations for some of the changes 

creates a feeling of insecurity in the methodologies. The 



310 

conflicts may be due to one or more of the conditions set 

forth in the beginning of this section. 

Geostatistics. It is important to realize that models of 

regionalized variable variance (and subsequent sample size 

formulae) are a function of the distance and direction 

separating samples, not a function of the values of the 

samples themselves. It is the spatial dependence of PBW 

density that is quantified in the form of a semivariogram 

model, not the PBW mean density per see So the small PBW 

densities that have been referred to throughout this 

dissertation, do not seriously impair modeling efforts 

since it is the variance between samples that is predicted, 

not the magnitude of the samples. 

Since the semivariogram is a plot of semivariance as a 

function of distance (and direction in anisotropic models), 

geostatistical determination of ass is done indirectly and 

only after the optimum distance between samples has been 

established. optimum grid spacing can be converted into 

sample size by arithmetically calculating the number of 

grid line intersections (nodes) that can be contained in a 

field under that sampling interval. Of course, the same 

optimum grid spacing will give different ass in fields of 

different size or shape. 
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The computer program, OSSFIM (McBratney et ale 1981), 

was used to calculate maximum kriging variance based on the 

semivariogram models (Table 24) for a series of grid spac

ings. OSSFIM assumes that the maximum standard error of a 

kriged estimate is a reasonable measure of the goodness of 

a sampling scheme. With a plot of maximum kriging standard 

error as a function of grid spacing, it is a simple matter 

to choose the optimum grid spacing, and hence sample size, 

by either finding the grid spacing corresponding to the 

maximum allowable error in the survey, or conversely, the 

maximum standard error that can be expected if resources 

limit sample size. 

It should be pointed out that the statistical termino

logy used by MCBratney et ale (1981b) and that which is 

used throughout this dissertation is different. The source 

of confusion was traced to line 415 of the OSSFIM program 

listing. Although the authors programmed OSSFIM to output 

"Kriging Standard Error", line 415 proves that Kriging 

Standard Error, is in fact "Kriging Standard Deviation" 

since they simply take the square root of "Kriging Vari

ance". From this point forward and in all figures, any 

mention of kriging variance, kriging standard deviation, or 

kriging standard error will be according to the convention 

of Ruesink (1980), in which a standard deviation (S.D.) 
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equals the square root of a variance and a standard error 

(S.E.) equals a S.D. divided by the square root of sample 

size. Thus, before kriging S.E. can be calculated, the 

optimum grid spacing must be converted to the equivalent 

number of samples in that field. 

OSSFIM was used to calculate maximum kriging variance 

for both square grids and triangular grids. It has been 

mentioned previously that the maximum estimation variance 

can be minimized in an isotropic situation by sampling on 

an equilateral triangular grid. These results indicate 

that the large proportion of nugget effect in each of the 

tested models (Table 24) virtually negated the slight 

advantage of triangular grid sampling. Only when grid 

spacing was extremely large (conversely, sample size 

extremely small) was it seen that a triangular grid 

occasionally gave significantly lower maximum kriging 

variance. For that reason, all of the results presented 

here are based on square grid sample patterns. 

The OSSFIM results are not presented on a by field, by 

generation basis. The results in the form of graphs for 

Field 11 and Field 9 are shown in this section. The 

comments based on them are characteristic of the results 

for other fields. 
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One advantage of regionalized variable theory is that 

it can be used when only 1 insect is expected to inhabit a 

unit. TPL and IPR were not suited to modeling F1 distribu

tions because there was either zero or one larva in a 

flower. Figure 74 is a graphical representation of OSSFIM 

output. It compares the maximum kriging standard deviation 

for the F1 generation in Field 11 and Field 9 as a function 

of grid spacing. The only input required by OSSFIM are the 

parameters of the semivariogram model. The results are, 

therefore, direct reflections of those parameters. Since 

the F1 model in Field 11 was a pure nugget effect model, 

OSSFIM shows just that. Regardless of the grid density, it 

is expected that the maximum kriging S.D. will always be 

0.6163 larvae/flower since there is no spatial dependence 

between the samples. This S.D. is also what would be 

expected from non-grid, random samples. The Field 9 curve 

shows a very slight curvilinear increase in kriging S.D. 

with increased grid spacing. Table 24 shows that 86% of 

that model variance is nugget effect. The large proportion 

of inherent random variation translates into a rather 

insignificant advantage to sampling systematically on a 

grid. The curve predicts that if samples are arranged on a 

5 m grid across the field, the maximum standard deviation 

between samples will be 0.3128 larvae/flower. If the grid 
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spacing is increased to 220 m, the maximum standard devia

tion will be 0.3324 larvae/flower. 

By converting the grid spacing into an equivalent 

number of sample sites for Field 11 and Field 9, it was 

possible to produce Figure 75. It shows the maximum 

kriging standard error as a function of sample size 

(equivalent to grid spacing). It shows that even with a 

pure nugget effect model (Field 11) kriging S.E. decreases 

with sample size, since S.E. is itself a function of the 

square root of sample size. The curve for Field 9 is 

interpreted to predict that when 8 sample sites are 

arranged on a square grid across the field, the maximum 

standard error of the kriging estimate will be 

0.1175 larvae/flower. When the density of the grid is 

increased so that a sample site is located every 5 m, 

7155 sites could be placed in Field 9 and the maximum 

kriging S.E. of the estimate would be 0.0037 larvae/flower. 

Similar interpretive statements can be made of the 

Field 11, F2 and F3 generation results shown in Figure 76 

and Figure 77. The nugget effect proportion in the F2 and 

F3 models is 45% and 58%, respectively. The decrease in 

proportional nugget effect (relative to the F1 generations) 

produces a plot that shows marked differences in maximum 

kriging S.D. as a function of grid spacing (Figure 76). 



0.25 

0 

w 0.20 
0 

(/') 

0'> 0.15 
t: 

0_ 

0) 
0- 0.10 ~ 

~ 

E 0.05 
:J 

E 
0- -0.00 
x 

:l 
F1 Generation 

~ ~ 

FIeld 9 

..,~-rTi'-----~--~--~'-i'11'1i"IO'1 o '" I i 2: -0.05 l iii I iii 

N 
10 
Nodes 

10 2 

on Square 
10 J 10 4 

Grid 
Fig. 75. OSSFIM predictions for maximum kriging ~tandard error as a 

function of number of samples taken systematically on a square grid (F l 
generation, Field 11 and Field 9). 1985, 1986. 

W 
I-' 
(j\ 



0.35 

o 

o 
o 0.30 

(f) 

0'> 
C 0.25 

0-

rn 
0-

~ 

~ 
0.20 

E 
::; 

E 0.15 .-
"-/ 

'" o 
::l':: 0.10 -SO 

Field 11 

,I. 

o 50 100 150 200 250 
Square Grid Spacing (m) 

Fig. 76. OSSFIM predictions for maximum kriging standard deviation 
as a function of sampling interval on a square grid (Field 11, F2 and F3 
generation). Magma, Arizona. 1985. 

W 
f-' 
-...J 



0.12 

Field 11 
• w 
o 

(/) 0.08 

0'> 
s::: -l ~ ~ F'3 Gel"l9rotlon 

0_ 

0'> 
0-

!.... 

~ 

E 
::l 

E 
0-

x 
o 

2 

0.04 r2 Cenertrllon 

0.00 

-0.04 I IIII I I I IIII I I I I IIII IIIII 

N 
10 
Nodes 

10 2 10 3 10 4 

on Square Grid 
Fig. 77. OSSFIM predictions for maximum kriging standard error as a 

function of number of samples taken systematically on a square grid 
(Field 11, F2 and F3 generation). Magma, Arizona. 1985. 

w 
..... 
OJ 



319 

This plot could be used as an aid in the design of PBW 

sampling programs. Consider a research program that 

requires sampling precision of F2 PBW density such that the 

standard deviation of point estimates at unsampled loca

tions never exceeds 0.200 larvae/boll. The researcher 

could use this plot to see that as long sampling intervals 

are no greater than 40 m on a square grid, the maximum 

allowable error will not be exceeded. Suppose the sampling 

resources are limited to a maximum of 15 samples. It can 

be shown for Field 11 that 15 samples can be arranged on a 

square grid if they are situated 140 m from each other. 

Under this configuration, the maximum standard deviation of 

a F2 kriging estimate at an unsampled location will be 

0.2220 larvae/boll. 

The plots for Field 9 are presented in Figure 78 and 

Figure 79. The curves in Figure 78 illustrate the general 

relationship, as spatial dependence between samples 

increases, the maximum error of the kriging point estimate 

becomes more pronounced with different grid spacing. The 

F3 model has a nugget effect of 0.0024, but proportionally 

it makes up only 55% of the total variance. The F2 model 

has a similar nugget effect of 0.0029, but it makes up 76% 

of the total variance. It is seen that the model with the 

greatest spatial dependence between samples (F3) has the 
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most to gain by sampling on a square grid, especially at 

short intervals. For the same sample intensity, e.g., 

1 sample/5 m, the maximum kriging S.D. for the F2 is 

0.0548 larvae/boll and that of the F3 is 

0.0502 larvae/boll. 
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It should be recognized that the determination of 

optimum grid spacing when there are no funding constraints 

or maximum error allowances is subjective. Curves such as 

Figure 75, Figure 77, and Figure 79 are somewhat helpful in 

that the sample size corresponding to the "bend" in the 

curve, would be considered the optimum. By using linear X 

axes instead of logarithmic, it was found that the corres

ponding optimum grid spacing was consistently between 

15 m - 30 m. Under the conditions set forth by the 

parameters of the semivariogram chosen to represent PBW 

distributions, it can be generalized that a square grid 

arrangement with sample sites positioned every 25 m, is an 

optimum grid spacing. The number of samples required to 

meet that sampling interval will, of course, vary with 

field size and shape. In Field 11, it is 270 sites and in 

Field 9 it is 288 sites. 

Comparison of ass by RV, TPL, IPR, and Semivariograms. 

This relative comparison of ass determination by the 
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different techniques will use the F2 and F3 generation in 

Field 9 as the example. It is a relative discussion, in 

that increases or decreases in ass between generations, as 

predicted by the models, are discussed and not the magni

tude of the ass changes. 

Table 27 serves as the basis of this discussion. It 

restates that the true mean density in this field decreased 

3x between the F2 and F3. ass by RV reflects this decrease 

by decreasing the precision for the same size samples taken 

during the two generations. When the density is high, a 

random sample of 20 sites gives an RV of 23.8%; when the 

density is low, the same sample size gives an RV of 53.1% 

this represents a greater than 2x loss in precision of 

an estimate. 

The TPL model predicted that the F2 distribution was 

aggregated. The decrease in F3 density and variance 

decreased the slope of the model so that it was not 

significantly different than 1.0 and so was interpreted as 

a random distribution. It was argued that the change in 

density (-6x) was responsible for the increase in required 

sample size (+6x) since the change to a random distribution 

would have likely reduced the number of required samples 

for the same fixed precision level. 
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Table 27. Comparison of traditional and geostatistical model 
parameters and OSS statistics for Field 9, F2 and 
F3 generation. -- Sample Unit = Set of 25 bolls. 
Magma, AZ, 1986. 

F2 F3 

x Larvae/boll 0.06 0.02 

RV (N = 20) 23.8 53. 1 

TPL a 0.99 1.0 

b 1. 24 1.0 

Interpretation Agg. Ran. 

N at 0.40 52 310 

IPR -0.087 0.12 

3. 19 0.99 

Interpretation Agg. ? (Ran. ) 

N at 0.40 107 348 

Variogram Sill 0.0038 0.0044 

Nugget/sill 0.76 0.55 

Range 410 350 

Grid spacing ( kmax = 0.05) 5 60 

Eguiv. N 7155 56 
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IPR supports TPL in the prediction that the F2 

distribution was aggregated. It further predicts that 

within those aggregates a negative association exists 

between individuals, i.e., repulsion, so the individuals 

are predicted to be distributed somewhat uniformly within 

the clusters. The decrease in F3 density is the basis for 

the non-significant IPR model (prob. ~ = 0: 0.09). 

Despite the non-significance, it assumed that the distribu

tion most closely resembles a random one. Under that 

assumption, the change in OSS is not predicted by the 

change in distributions and must be the result of the less 

dense population, as was true for OSS by TPL. Over 3x more 

random samples must be taken in the random F3 distribution 

to achieve the same fixed precision level (0.40) than were 

required for the more dense, aggregated F2 generation. 

The variogram model also predicts that the total 

variance (randomness) of the F3 samples is greater than 

that of the F2. The sill increases 1.15x between genera

tions. This is consistent with the above models. If the 

discussion was terminated at this point and OSSFIM was used 

to predict maximum kriging S.D. for two pure nugget effect 

models that differed by 1.15x, we would see a need to 

increase sample size (decrease grid spacing) to maintain 



the same precision level for the distribution with the 

largest sill. 
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However, the sernivariogram models of both generations 

predict that there is spatial dependence between samples. 

That knowledge, and the wherewithal to model the spatial 

dependence, permits us to use it to our advantage. Between 

the F2 generation and the F3 generation, the proportion of 

the total variance due to nugget effect drops considerably, 

from 76% to 55%. It follows that there is proportionally 

more spatial dependence between F3 samples than F2 samples, 

despite the smaller population density (which is of no 

concern under regionalized theory, anyway). Therefore, ass 

by semivariograms takes advantage of this increased spatial 

dependence in the F3 generation and permits the grid 

spacing to be larger, relative to the F2 generation. 

Conversely, the number of samples can be reduced for the 

same precision level. RV, TPL, and IPR are limited in that 

spatial dependence is not even considered. So while ass by 

the traditional models is increased between generations, 

because it is based solely on the decreased density, ass by 

semivariograms decreases between generations because it 

considers and takes advantage of available spatial depen

dence. 



If the maximum allowable kriging S.D. for a point 

estimate is 0.0548, samples would have to be taken every 
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5 m during the F2 generation. In Field 9 this grid spacing 

is equal to 7155 samples. The large number is due to the 

relatively large proportion of inherent random variation 

(less spatial dependence) in. the samples. During the F3 

generation, this 0.0548 level of precision can be met even 

if sample interval is relaxed 12x to 60 m. This results in 

an impressive (128 x ) decrease in ass for the Field 9 

dimensions. 

MCBratney and Webster (1983) use several examples from 

the soil sciences to show that when classical sampling 

theory is used without regard for the spatial dependence in 

the data, estimates of the number of observations required 

are unduly exaggerated and have required more observations 

than investigators could afford to attain. They show with 

each of their examples that the sampling effort determined 

with geostatistics is less, and can be very much less, than 

would have been judged necessary using the classical 

approach. The rationale behind their discussion serves as 

a proper summary of geostatistics as it has been shown to 

apply to insect spatial dynamics. 

(When spatially oriented variables show depen
dence, i.e., autocorrelation) " ... the precision 
attained by random sampling can almost always be 
bettered by systematic sampling ... (the differ-



ence being more pronounced as the degree of 
spatial dependence between the variables increas
es). An observation (of a regionalized variable) 
therefore carries with it some information from 
its neighborhood. When a region is sampled at 
random some observations are almost inevitably 
very close. Close observations duplicate 
information to some extent, and duplication can 
be minimized by arranging for neighboring 
sampling points to be as far from one another as 
possible for a fixed sample size and area." 
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A direct comparison between random sampling and 

systematic sampling is provided for the boll samples taken 

from Field 11 and Field 9. Attempts to show PBW examples 

in the manner of McBratney and Webster (1983) were fraught 

with confusion until it was determined that comparison on 

the basis of what they called standard error was really a 

comparison on the basis of what this dissertation calls 

standard deviation. 

The direct comparison between the sample patterns 

should be restricted to the section of the curves where a 

common N is displayed (Figure 80 - Figure 83). The 

standard deviation for N outside of the common range is 

included to show patterns with increasing or decreasing N. 

The curve of traditional S.D. versus N is derived from the 

random selection of sample sites for the preparation of the 

RV curves (Figure 68 and Figure 69) and thus represents 

random samples of size N. The curve for kriging S.D. was 

output by OSSFIM and represents the maximum kriging 
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estimation error (in the form of S.D.) for point estimates 

when N sets of 25 bolls are sampled according to a square 

grid, where N equals the number of nodes in the grid. 

Examination of the specific cases in 

Figure 80 - Figure 83 reveals two relationships that can be 

generalized since the plots from all the fields showed the 

same pattern. First, systematic sampling on a square grid 

is not always the most precise method. This is a conse

quence of the large proportion of nugget effect present in 

the PBW data sets. McBratney and webster (1983) showed 

systematic sampling to be more precise than random sampling 

over the whole range of sample sizes they tested, but the 

nugget effect proportion in the three models they presented 

was 24%, 6% and 49%. In general, traditional random 

sampling is more precise when only a few samples can be 

afforded; systematic sampling is more precise when sampling 

resources are unlimited. The point at which it becomes 

advantageous to switch to systematic sampling is the first 

point of intersection of the two curves. This point of 

intersection will not be universal since it will depend at 

least on the spatial dependence between the insect samples, 

the configuration of the field, and mean density of the 

insect (since classical statistics are used to plot the 

traditional curve). For the Field 11 and Field 9 plots, 
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the point of intersection is ca. N = 33 and N = 14 for 

Field 11, F2 and F3' respectively; N = 27 and N = 80 for 

Field 9, F2 and F3' respectively. 
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The second generalization to be made concerns the 

ability to predict maximum estimation variance for spatial

ly dependent variables. The graphs show that, although, 

these samples were autocorrelated in space, random sampling 

does not take advantage of this. This may actually be a 

disadvantage if the assumptions of random sampling are 

critical. The result is a highly erratic precision line, 

especially at small sample sizes, and the traditional curve 

is not easily predicted. The maximum kriging estimation 

variance arising from systematic square grid sampling is 

highly predictable and regular since it is based on the 

semivariogram model. Robertson (1987) not only recognizes 

this advantage, but recommends the use of geostatistical 

theory to other ecologists working with spatially or 

temporally oriented variables. 

Table 28 is an attempt to compare all the boll samples 

during the two-year study. It is somewhat subjective in 

that visual determination of ass by RV is difficult and the 

geostatistical equivalent is the N that is nearest the ass 

by RV. Since geostatistical ass is only indirectly deter

mined as a function of optimum grid spacing, it was fortui-



Table 28. Comparison of OSS derived from traditional and geostatistica1 mode1s.--
Sample unit = set of 25 bolls. 

Traditional Geostatistica1 

Field Gen. OSS S.D. OSSl Grid Size Krig. S.D. Kriging S.D. OSS Diff-
(In ) Advantage erence 

11 F2 30 0.165 30 80 0.210 -0.045 0 

F3 35 0.313 33 70 0.284 +0.029 -2 

W15 F2 20 0.031 24 110 0.022 +0.009 +4 

F3 30 0.139 35 90 0.101 +0.038 +5 

7 F2 30 0.089 27 90 0.077 +0.012 -3 

F3 20 0.139 21 120 0.080 +0.059 +1 

W5 F2 60 0.034 72 70 0.028 +0.006 +12 

F3 40 0.043 45 90 0.055 -0.012 +5 

2 F2 25 0.043 24 100 0.063 -0.020 -1 

F3 30 0.037 27 90 0.043 -0.006 -3 

9 F2 100 0.083 80 50 0.057 +0.026 -20 

F3 40 0.024 48 70 0.056 -0.032 +8 

w 
w 
U1 



Table 28--Continued 

Traditional Geostatistica1 

Field Gen. OSS S.D. OSSl Grid Size Krig. S.D. 
(m) 

NE2 F2 30 0.022 28 60 0.031 

F3 30 0.028 28 60 0.032 

21 F2 125 0.011 150 30 0.010 

F3 50 0.026 39 60 0.014 

x F2+SD 52.5+39.46 73.8+26.69 

x F3+SD 34.3+9.04 81.3+20.31 

x +SD 43.4+29.20 77.5+23.24 

1 Closest sample size to traditional OSS. 

Kriging S.D. OSS Diff-
Advantage 

-0.009 

-0.004 

+0.001 

+0.012 

+0.064 

erence 

'" -t:. 

-2 

+25 

-11 

+16 

w 
w 
(jI 
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tous to find a geostatistical ass that exactly matched the 

ass by RV. In 7 cases, the advantage (more samples higher 

precision) went to geostatistics, in 8 cases, the advantage 

went to traditional, and in 1 case, ass was equal for both 

methods. This permitted the comparison of standard devia

tion of an estimate under as near conditions as possible 

for random sampling and systematic square grid sampling. 

aver all the distributions, the mean ass by RV for the 

F2 generation was 53 random samples, for the F3 generation 

it decreased to 35 samples, and the ass grand mean for both 

generations was 44 random samples. The optimum grid size 

by geostatistics was 73.8 m for the F2' 81.3 m for the F3 

and a grand mean for both generations of 77.5 m. aver all 

the distributions the highest precision level resulted from 

sampling systematically on a square grid. This sampling 

pattern resulted in an increase in estimation precision 

(measured by S.D.) equal to 0.064 larvae/boll over random 

sampling when sets of 25 bolls were considered the sample 

unit. 
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CONCLUSIONS 

Within a field, the size of the PBW FI larval popula

tion is strongly correlated with the size of the F2 popula

tion. A simple linear relationship is shown to predict F2 

infestation level based on the proportion of FI infested 

flowers. The highly significant relationship was obtained 

by sampling FI larvae when an average of I657±29.4 HU had 

accumulated from the date of planting. 

The size of the FI population in blooms depends 

directly on the infestation potential which is indirectly 

dependent on the date of planting. The infestation poten

tial is estimated with pheromone traps prior to first 

square. Whether the greatest population increase and 

expansion into unoccupied field space will occur with the 

F2 or the F3 generation is predicted by the size of the FI 

population. Fields which are geographically near each 

other and planted at nearly the same time displayed similar 

trends in population growth and expansion through the F3 

generation. 

Several formulae were developed to convert various 

expressions of larval density within generations. For a 
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specific sample site the highly significant equations are 

linear. On a field-wide basis, the relationship between 

the density expressions was significantly improved by the 

inclusion of the second order of a least squares polynomial 

regression. 

On a site-specific basis, the larval density in 

generation (x) is not a good positive or negative predictor 

of the density in generation (x + 1). On a field-wide 

basis, the density in generation (x) is positively correla

ted and a highly significant predictor of the density in 

generation (x + 1). Field-wide predictions of F2 density 

by F1 density are more reliable than field-wide predictions 

of F3 density by F2 density. A field-wide F1 flower 

infestation of 3.8% predicts a F2 boll infestation of 5% 

(n = 8; r 2 = 0.98). When 9.7% of the within-field sample 

sites were occupied by F1 larvae, 50% of the sites were 

occupied by F2 larvae (n = 8; r 2 = 0.84). 

Multiple regression analyses showed that, of the 

independent variables measured, no combination adequately 

predicted intra- or inter-generation pink bollworm density 

on a site-specific basis. It is suspected that the resolu

tion capacity of a 2 m site is too great and that predic

tive relationships may have been discovered had measure

ments been pooled over a larger area. 
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Taylor's power law (TPL) described the relationship 

between mean density and variance for the F2 and F3 genera

tions quite well. It could not be satisfactorily applied 

to F1 distributions since flowers were never found infested 

with >1 larva. The models predict that F2 and F3 distribu

tions are either aggregated or random. On a field by field 

basis, the models reflect a degree of individuality in 

trends and mean:variance relationships over time. In 

general, the models predict the F3 generation to be less 

aggregated (b = 1.25) than the F2 (b = 1.43). It is argued 

that this is due either to insecticide-induced mortality, 

or increased interference and competition among F3 ovipos

iting females. 

Iwao's patchiness regression (IPR) models support the 

relationships predicted by TPL. The significance of the 

IPR models is not as great as that for TPL models. When 

data sets are pooled to remove field effects, the basic 

component of the distribution is predicted to be the 

cluster. The generalized F2 distribution of clusters is 

predicted to be contagious. The generalized F3 distribu

tion is predicted to be composed of contagiously distribut

ed clusters, however, there is less positive contagion 

between the elements of the cluster. 
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Iwao's p-index revealed the spatial pattern within a 

field to be unique, highly complex, and made up of mosaics 

of different size clusters. In general, F3 cluster size 

and distribution pattern was similar to that of the 

previous generation. The smallest recognizable F2 cluster 

size occupied an average area of 0.33 ha. The smallest F3 

cluster size covered an area of 0.31 ha. 

Ninety five percent of the PBW distributions were 

shown to be autocorrelated in 2-dimensional space and shown 

to conform to regionalized variable theory by the success

ful application of geostatistics. Elementary geostatisti

cal models demonstrated the utility of this theory for 

analyzing entomological data which is spatially dependent. 

The moderate fit of isotropic spherical or linear models to 

sample semivariograms demonstrated the need for more 

complex modeling. Twenty two PBW distributions in eight 

different fields were modeled according to geostatistical 

theory. It was argued that geostatistical models of PBW 

spatial dynamiCS were in conceptual agreement with the 

interpretations of TPL and IPR and, therefore, represent a 

worthy alternative to the more traditional methods. In 

general, the semivariogram models tracked the predictions 

of TPL and IPR in almost every way, e.g., degree of 

aggregation, inter-generational variance change, inter-
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generational cluster density change, etc., even though the 

theoretical bases and assumptions are different. The range 

of influence of a sample was much larger than the estimate 

of cluster size by Iwao's p-index and no explanation was 

apparent. 

Based on the data sets from all fields and all genera

tions, 37% (on average) of the total variance in PBW 

density was explained by autocorrelation in 2-d space. 

This demonstrates the potential advantage of geostatistical 

analyses to insect distribution studies. It also serves as 

a cautionary statement to researchers whose studies depend 

on strict adherence to the assumptions of classical statis

tics. Yet the high proportion of nugget effect 

(average = 63%) severely limited geostatistical applica

tions to the PBW system. The greatest geostatistical 

advantage was conferred on the distributions with the 

largest densities. It is hypothesized that the general 

relationship on which TPL and IPR are founded can be 

extended under geostatistical theory, i.e., increased mean 

yields increased variance which yields proportionally more 

spatial dependence. The typically low PBW densities in 

commercial Arizona cotton fields in combination with the 

large nugget effect justify the conclusion that no changes 

be made in current recommendations for decision-making 
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sampling. This conclusion is conditioned on low densities. 

If densities reach a level that is similar to that found in 

Field 11 in 1985 (0.28 larvae/boll - 0.44 larvae/boll), 

then the advantages associated with application of geostat

istics far outweigh the familiarity advantage associated 

with classic statistical methods. This geostatistical 

advantage is obtained with little extra effort in the data 

collection phase, i.e., recording sample location in 2-d or 

3-d space. 

Punctual kriging was used to estimate pink bollworm 

density at unsampled locations. Cross-validation of the 

semivariogram models indicated, in general, a poor correla

tion between kriged estimates and data points. This is due 

to the rigors of punctual kriging, the large nugget effect 

proportion, and the relatively short ranges. An isarithmic 

map of kriging standard deviation is presented to illus

trate that the kriging interpolation method provides a 

measure of confidence in its estimate, which is not 

possible with other interpolation algorithms. 

A generational time series of three isarithmic maps is 

presented for each field. These maps facilitate the 

visualization of mathematically abstract models, and 

relative distributional pattern changes with generational 

time. In general, the maps revealed the highly individual-
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ized nature of distribution pattern in each field. They 

supported the prediction of increased variance in the F3 

generation by depicting steeper density gradients in 

smaller areas (relative to F2 maps). Visual map analysis 

reveals that Fl larval distribution is either generally 

spread out across a field, or highly localized along a 

field edge. The localized pattern is typical of fields 

which were planted later than surrounding fields and which 

were grown to cotton the previous year. The relative point 

of invasion was not found to be consistent between fields. 

The more general Fl establishment pattern was typical of 

fields which were the first planted and fallow the previous 

year. F2 and F3 maps verify that PBW density is more 

variable along field edges and corners than in the internal 

regions of the field. No consistent inter-generational 

dispersal pattern was visually identified. Without an 

independent variable that reliably predicts density, and 

without a consistent dispersal pattern within the fields, 

it is impossible to provide information to increase PBW 

sampling efficiency by recommending where boll samples 

should be taken. 

Typical pink bollworm densities in commercial fields 

are so small that optimum sample size (OSS) calculation for 

single boll units showed that 350 randomly selected bolls 
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must be sampled to attain a 25% precision level (measured 

by RV). Under typical Arizona conditions, a random sample 

of 60 bolls yields RV = 75% and a more intense sample of 

100 random bolls yields RV = 61%. 

The hypothesis: incorporation of distributional 

information into ass formulae for sets of 25 bolls results 

in a reduction of required boll samples relative to the RV 

method, was disproved. The aggregation indices and cluster 

information derived from TPL and IPR models suggested a 

significant increase in randomly sampled bolls. This is 

due to the clumped PBW distributions. ass by IPR generally 

required more samples than ass by TPL for the same fixed 

precision level. Comparison, discussion, and explanation 

of inter-generation OSS change is complicated by the 

interactions between distribution pattern modification and 

density change over time. It is argued that for the 

distributions examined, TPL and IPR OSS formulae respond 

more dramatically to density change than distribution 

modification. 

The optimum sampling interval for a given semivario

gram model was transformed into OSS for each distribution 

within a particular field configuration. The large nugget 

effect proportion, characteristic of the semivariogram 

models, negated the advantage of triangular grid sampling. 
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Square grids are, therefore, recommended for PBW sampling 

when geostatistical analyses are to be used. As the nugget 

effect proportion decreased, the advantage of sampling on a 

square grid relative to random sampling increased. Plots 

of kriging standard error versus sample size showed after 

back-transformation that the optimum grid spacing in 

Arizona fields is ca. 25 m. Under the configuration of 

Field 11 and Field 9 this is equivalent to ca. 250 sample 

sites. 

Systematic sampling on a square grid will not always 

result in estimates of higher precision than random site 

selection. Since the low density, large nugget effect 

interaction is typical in commercial fields, random site 

selection yields greater precision and is recommended when 

only a small number of samples can be taken. As more 

samples can be afforded, it becomes advantageous to use 

systematic sampling (under the assumption that the cost per 

sample is constant) for greater precision. The switch 

point is not universal, but is highly variable and depends 

at least on mean density, spatial dependence, and field 

configuration. For the distributions analyzed in detail, 

it became advantageous to switch to systematic sampling 

when 14 - 80 samples could be afforded. 
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The estimation error associated with random sampling 

is erratic and unpredictable as a function of sample size, 

especially for small samples. Maximum kriging estimation 

is predictable as a function of sampling interval and, 

therefore, can be used to plan sampling protocols based on 

the number of samples possible or the maximum allowable 

estimation error. 

Direct comparison was made between the error associat

ed with random sampling and systematic sampling for a 

sample size of 44, which corresponded to an average grid 

spacing of 77.5 m. The cumulative larvae/boll standard 

deviation for 44 random samples from all data sets (n = 16) 

was 1.227. The cumulative kriging standard deviation of 

larvae/boll for 44 samples arranged on a systematic square 

grid from all data sets (n = 16) was 1.163. The cumulative 

advantage of using systematic sampling and kriging estima

tion in this study was, therefore, a reduction in standard 

deviation of 0.064 larvae/boll. The average precision 

increase per distribution for a 44 site sample was 

0.004 larvae/boll. In the typical PBW system there is not 

enough spatial dependence (because densities are so small) 

to increase precision enough to justify the switch from 

classical to geostatistical analyses, or random to systema

tic sampling when sample size is small. 
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The utility of geostatistical modeling has been 

demonstrated for an entomological system. It is useful 

particularly if field density, or estimation error is to be 

estimated for visual analysis of patterns on computer

generated maps. It has been shown to conceptually agree 

with traditional model interpretations and, therefore, 

presents a worthy alternative to classical methods which do 

not consider and take advantage of spatial autocorrelation. 

The potential advantage of systematic sampling and kriging 

estimation over random sampling and density estimation by 

classical methods has been demonstrated. That advantage is 

limited, however, in the PBW system for two related 

reasons: 1) the typically low PBW density found in commer

cial cotton fields, and 2) the relatively large proportion 

of random variation that is present between even the 

closest samples. Therefore, there is no basis on which to 

recommend significant changes in the current PBW sampling 

recommendations for boll sample size or sample pattern. 

It is hypothesized that the advantage of geostatis

tical analyses would be more dramatic for entomological 

systems in which the mean denSity is higher and the degree 

of spatial dependence greater, e.g., research plots where 

insecticide interventions are non-existent and population 

growth allowed to proceed naturally; prolific arthropods 
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such as mites, aphids, or whiteflies; insects that lay 

masses of eggs such as gypsy moth, colorado potato beetle, 

or stinkbug; and insects tending to directional migration 

or movement with prevailing winds such as fall armyworm, 

and potato leafhopper as opposed to movement by random 

dispersal. 
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APPENDIX A 

GLOSSARY OF VARIABLE NAMES 
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Table AI. Complete listing of variable names and 
definitions used in statistical analyses. 
"????????" are wildcard characters. 1985, 1986. 

Variable Name Definition 

F11?????; W15????? refers to Field 11, or Field W15 

?????624 

ROW 

XCOORD 

YCOORD 

SUSQ???? 

OPFL???? 

PNKFL??? 

INFL???? 

YNGB???? 

SUSB???? 

MAB????? 

PCINF??? 

AVGPLHT? 

XO, Xl, ••• , X9 

LARVREC 

TOTBOL?? 

PCSUSB?? 

PCMAB??? 

INFB???? 

PCINB??? 

refers to month and date, e.g., June 24 

row number 

X coordinate of location 

Y coordinate of location 

number of susceptible squares 

number of open flowers 

number of pink flowers 

number of infested flowers 

number of young bolls 

number of susceptible bolls 

number of mature bolls 

.% infested flowers 

average plant height 

number of bolls with 0 exit holes, 1 
exit holes, ... , 9 exit holes 

number of larvae recovered 

total bolls 

% susceptible bolls 

% mature bolls 

number of infested bolls 

% infested bolls 
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Table A1--Continued 

Variable Name 

PCMU???? 

TOTXHOL 

AVGXHOL 

PCRECOV 

F1INF? 

F1PCIN? 

F1PCOC? 

F?AVGX 

F?INB? 

F?PCIN? 

F?TOTX? 

SUMINF? 

???????T 

Definition 

of infested bolls, percentage with >1 
exit hole 

total exit holes in sample 

average exit holes per boll 

% larvae recovered 

number of F1 generation infested 
flowers 

percent F1 generation infested flowers 

percentage of sites occupied in F1 
generation 

average exit holes (larvae) per boll for 
F2 or F3 generation 

number of infested bolls for F2 or F3 
generation 

percent infested bolls for F2 or F3 
generation 

total exit holes (larvae) for F2 or F3 
generation 

sum of infested flowers for all flower 
samples on a site-specific basis 

transformed variable 
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APPENDIX B 

SAMPLE SITE ARRANGEMENT AND FIELD ORIENTATION 



Field 1 1 (East, Headwater) 
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Fig. Bl. Relative sample site orientation and location in Field 11. 
Distance in meters, drawn to scale. 
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Field W15, (West, Tailwater) 
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r'ig. B2. Relative sample site orientation and locationin 
Field W15. Distance in meters, dra\>ln to scale. 

w 
V1 
U1 



Field 7, (East, Headwater) 
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Fig. B3. Relative sample site orientation and location in Field 7. 
Distance in meters, drawn to scale. 
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Field W5, (West, Tailwater) 
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Fig. B4. Relative sample site orientation and location in 
Field ws. Distance in meters, drawn to scale. 
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Field 2, (East, Headwater) 
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Fig. B5. Relative sample site orientation and location in Field 2. 
Distance in meters, drawn to scale. 
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Field 9, (East, Headwater) 

200 r 
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

100 ~+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

o I I I ! , ,I I I , I ,I , , , ! I II I I I , I, I I I , ~ , , , , ~ , , , , 
" 0 100 200 300 400 500 600 700 

Fig. B6. Relative sample site orientation and location in Field 9. 
Distance in meters, drawn to scale. 
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Field NE2 (North, Tailwater) 
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Fig. B7. Relative sample site ori-
entation and location in Field NE2. 
Distance in meters, drawn to scale. 
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Field 21, (East, Headwater) 
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Fig. B8. Relative sample site orientation and location in Field 21. 
Distance in meters, drawn to scale. 

w 
(j) 
I-' 



362 

APPENDIX C 

WITHIN-FIELD DENSITY STATISTICS BY FIELD, BY GENERATION, 

BY SAMPLE DATE 
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Table Cl. Within-field PBW density statistics; by genera-
tion, by field. -- 1985, 1986. 

Field Julian Days After Sites Sites INFL/OPFL Total 
Date First Sampled Occupied Larvae 

Flower Found 

11 171 1 214 52 62/165 62 

175 a 5 231 64 84/285 84 

179 9 115 12 12/98 12 

182 12 231 50 68/503 68 

185 15 115 36 45/382 45 

197 27 230 39 48/3419 48 

211b 40 230 210 1572 

244 c 74 226 220 2481 

W15 178 5 144 0 0/106 0 

184 a 11 147 1 1/171 1 

190 17 73 0 0/236 0 

206 23 73 0 0/689 0 

225 b 46 147 27 35 

263 c 84 145 110 356 

7 175 1 59 1 1/6 1 

179 a 5 105 1 1/35 1 

182 8 60 0 0/32 0 

192 18 105 1 1/324 1 

198 24 105 1 1/832 1 

215b 41 105 29 73 

255 c 81 105 49 137 
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Table CI--Continued 

Field Julian Days After Sites Sites INFL/OPFL Total 
Date First Sampled Occupied Larvae 

Flower Found 

W5 176 2 275 0 0/60 0 

178 4 140 0 0/75 0 

184 a 10 273 0 0/221 0 

196 22 276 1 1/2059 1 

217 b 43 278 42 71 

251 c 77 276 137 278 

2 161-168 0 276 0 0/0 0 

175 1 276 0 0/1 0 

178 4 276 0 0/18 0 

182 a 8 276 20 22/301 22 

189 15 276 16 18/951 18 

197 23 276 14 16/1838 16 

212b 38 276 172 356 

242 c 68 276 124 213 

9 160/167 0 252 0 0/0 0 

177 1 252 0 0/3 0 

182 6 252 18 19/229 19 

184 a 8 252 26 27/692 27 

188 12 252 11 12/988 12 

191 15 252 16 16/1424 16 

198 22 252 2 2/1639 2 
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Figure CI--Continued 

Field Julian Days After Sites Sites INFL/OPFL Total 
Date First Sampled Occupied Larvae 

Flower Found 

209 b 33 252 162 342 

234 c 58 252 47 III 

NE2 172 2 238 0 0/36 0 

183 a 13 238 0 0/249 0 

190 20 239 0 0/1189 0 

222b 52 214 32 51 

243 c 71 239 56 90 

21 174-181 0 264 0 0/0 0 

188 1 264 0 0/76 0 

192 5 264 5 5/509 5 

195a 8 264 5 8/872 8 

204 17 264 1 1/1173 1 

220b 33 264 17 17 

249 c 62 264 11 17 

a Used as Fl sample date. 

b Used as F2 sample date. 

c Used as F3 sample date. 
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APPENDIX D 

DATES OF INSECTICIDE TREATMENTS AND IRRIGATIONS 



Table D1. Insecticide treatment dates prior to F3 boll sample and start-finish 
irrigation dates. -- 1985, 1986. 

11 W15 7 W5 2 9 NE2 21 

Insecticide 22 Jun 18 May 22 Jun 14 Aug 18 Ju1 18 Jul 14 Aug 27 Jun 
Treatments 

27 Jun 21 May 27 Jun 24 Ju1 24 Ju1 18 Ju1 

5 Jul 13 Aug 5 Jul 30 Ju1 30 Ju1 24 Jul 

10 Ju1 10 Sep 10 Ju1 14 Aug 14 Aug 30 Ju1 

15 Ju1 17 Sep 15 Ju1 21 Aug 21 Aug 14 Aug 

23 Ju1 23 Ju1 21 Aug 

10 Aug 10 Aug 31 Aug 

24 Aug 24 Aug 

4 Sep 

Irrigation 27 May- 21 Jun- 16 May- 14 Jun- 28 May- 26 May- 12 Jun- 6 Jun-
3 Jun 25 Jun 20 May 18 Jun 2 Jun 30 May 13 Jun 9 Jun 

18 Jun- 14 Jun- 11 Jun- 3 Ju1- 17 Jun- 18 Jun- 26 Jun- 28 Jun-
22 Jun 17 Ju1 14 Jun 9 Ju1 22 Jun 22 Jun 27 Jun 1 Ju1 

4 Ju1- 2 Aug- 2 Ju1- 25 Ju1- 8 Ju1- 11 Ju1- 11 Ju1- 22 Ju1-
9 Jul 4 Aug 6 Ju1 28 Ju1 13 Ju1 14 Ju1 14 Ju1 25 Ju1 

w 
Q'\ 
...J 



Table D1--Continued 

11 W15 7 W5 2 9 NE2 21 

19 Ju1- 18 Aug- 20 Ju1- 14 Aug- 23 Ju1- 24 Ju1- 25 Ju1- 1 Aug-
23 Ju1 21 Aug 25 Ju1 17 Aug 27 Ju1 26 Ju1 26 Ju1 4 Aug 

6 Aug- 5 Sep- 5 Aug- 27 Aug- 4 Aug- 4 Aug- 6 Aug- 12 Aug-
9 Aug 8 Sep 8 Aug 30 Aug 7 Aug 8 Aug 7 Aug 14 Aug 

22 Aug- 18 Aug- 8 Sep- 16 Aug- 16 Aug- 20 Aug- 26 Aug-
26 Aug 20 Aug 11 Sep 20 Aug 19 Aug 21 Aug 29 Aug 

2 Sep- 29 Aug- 28 Aug- 2 Sep- 11 Sep-
6 Sep 5 Sep 4 Sep 3 Sep 13 Sep 

13 Sep-
14 Sep 

w 
(j\ 

co 
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APPENDIX E 

CORRELATION COEFFICIENT MATRICES FOR DENSITY EXPRESSIONS 

WITHIN AND BETWEEN GENERATIONS 



Table El. Correlation coefficient ( r) matrices of F2 and F3 density expressions 
for each field, within the generation, on a site-by-site basis. -- 1985, 
1986. 1 

F2 F3 

Field n /n INFB??T PCIN???T TOTX???T AVGX???T (1) (2) ( 3 ) ( 4 ) 
F2 F3 (1) ( 2) (3 ) ( 4 ) 

11 231/229 (1) 1.0 1.0 

( 2 ) 0.98 1.0 0.99 1.0 

(3) 0.96 0.95 1.0 0.96 0.95 1.0 

(4 ) 0.87 0.87 0.95 1.0 0.90 0.90 0.97 1.0 

W5 277/277 ( 1 ) 1.0 1.0 

( 2 ) 0.99 1.0 0.99 1.0 

( 3 ) 0.99 0.98 1.0 0.99 0.98 1.0 

( 4 ) 0.93 0.91 0.96 1.0 0.95 0.91 0.97 1.0 

W15 147/145 ( 1 ) 1.0 1.0 

( 2) 0.99 1.0 0.99 1.0 

( 3 ) 0.98 0.98 1.0 0.99 0.98 1.0 

( 4 ) 0.96 0.95 0.99 1.0 0.96 0.92 0.97 1.0 w 
.....,J 

0 



Table EI--Continued 

F2 F3 

Field n /n (1) INFB???T PCIN???T TOTX???T AVGX???T (1) ( 2) ( 3 ) ( 4 ) 
F2 F3 (1) (2 ) (3 ) ( 4 ) 

7 105/105 (1) 1 .0 1.0 

( 2 ) 0.99 1.0 0.99 1.0 

(3 ) 0.98 0.98 1.0 0.98 0.96 1.0 

(4 ) 0.97 0.93 0.97 1 .0 0.92 0.88 0.97 1.0 

2 276/276 (1) 1.0 1.0 

( 2 ) 0.98 1.0 0.99 1.0 

(3 ) 0.98 0.95 1.0 0.97 0.97 1.0 

( 4 ) 0.93 0.90 0.96 1.0 0.94 0.91 0.98 1.0 

9 252/252 (1) 1.0 1.0 

( 2 ) 0.98 1.0 0.99 1.0 

(3 ) 0.97 o .. 96 1.0 0.99 0.98 1.0 

( 4 ) 0.94 0.91 0.98 1.0 0.95 0.90 0.96 1.0 

w 
....J 
..... 



Table El--Continued 

F2 

Field nF2/ nF3 (1) INFB???T PCIN???T TOTX???T 
( 1 ) ( 2) (3 ) 

NE2 212/238 (1) 1.0 

( 2) 0.99 1.0 

(3 ) 0.97 0.95 1.0 

( 4 ) 0.90 0.86 0.97 

21 264/264 ( 1 ) 1.0 

(2 ) 1.0 1.0 

(3 ) 1.0 1.0 1.0 

(4 ) 1.0 1.0 1.0 

1 All r signif. at the 0.0001 level (Prob. (r = 0) 

AVGX???T (1) 
( 4 ) 

1.0 

0.99 

0.99 

1.0 0.98 

1.0 

0.99 

0.93 

1.0 0.86 

< 0.0001) 

F3 

( 2 ) 

1.0 

0.98 

0.95 

1.0 

0.93 

0.86 

( 3 ) 

1.0 

0.99 

1.0 

0.99 

( 4 ) 

1.0 

1.0 

W 
-..J 
t\) 



Table E2. Best correlation coefficient (r) for generation (A) at site (x) 
predicting generation (A + 1) at site (x). -- 1985, 1986. 

Field n 

11 213 

W15 71 

7 105 

W5 277 

2 276 

9 252 

NE2 212 

21 264 

Fl 
Variable 

SUMINFT 

SUMINF'r 

SUMINFT 

SUMINFT 

SUMINFT 

AVGPCINT 

F2 
Variable 

INFB729T 

INFB815T 

PCIN805T 

TOTX731T 

AVGX728 

AVGX808 

1 All correlation coefficients are N.S. 

a No Fl larvae found 

rl 

0.31 

-0.07 

-0.09 

a 

0.21 

0.30 

a 

0.02 

F2 
Variable 

AVGEX729 

AVGX815 

AVGX805 

AVGX807 

AVGX731 

AVGX728 

INFB812T 

AVGX808 

F3 
Variable 

AVGEX91 

AVGX922 

INFB914T 

PCIN908T 

AVGX830 

PCIN822T 

PCIN831T 

AVGX908 

rl 

0.04 

0.09 

-0.13 

-0.08 

0.13 

0.10 

0.07 

0.04 

W 
....J 
W 



APPENDIX F 

TAYLOR'S POWER LAW STATISTICS AND HYPOTHESIS TESTS BY 

FIELD, BY GENERATION 

374 



Table Fl. Taylor's power law statisticS
2 

by field, by generation. -- Means l and variances trans
formed to Log(x + 1) and Log(s + 1) prior to regression analysis. 1985, 1986. 

Hypothesis Tests 

Field Gen. Total Intercept +SE Slope +SE 
(b) 

r2 Probe Signif. Slopea Inter- Interpre-
b = a Regress. ceptb tat ion c df Log (a) 

11 Fl 226 0.010 0.0037 0.35 0.034 0.31 -5E-17 Yes < 1 > a Regular 

F2 231 -0.007 0.0047 1.49 0.037 0.87 -6E-17 Yes > 1 = a Aggregated 

F3 226 0.004 0.0081 1.22 0.046 0.76 2E-17 Yes > 1 = a Aggregated 

W15 Fl 147 0.000 0.0000 1.00 0.000 1.00 0.0 Yes = 1 = 0 Randan 

F2 147 -0.000 0.0004 1.27 0.039 0.88 -4E-17 Yes > 1 = a Aggregated 

F3 145 0.002 0.0017 0.92 0.031 0.86 -9E-17 Yes > 1 = a Aggregated 

7 Fl 105 0.000 0.0000 1.00 0.000 1.00 0.0 Yes = 1 = a Randan 

F2 105 0.002 0.0015 0.86 0.049 0.75 -2E-18 Yes < 1 = a Regular 

F3 105 -0.005 0.0042 1.49 0.105 0.66 -4E-17 Yes > 1 = a Aggregated 

W5 Fl 273 - - - - - - - - - - - - - - - No flowers infested - - - - - - - - - - - - - - -

F2 278 -0.001 0.0003 1.23 0.021 0.92 -lE-17 Yes > 1 = a Aggregated 

F3 276 -0.001 0.0006 1.09 0.022 0.90 2E-19 Yes > 1 = 0 Aggregated 

2 Fl 276 0.002 0.0013 0.15 0.023 0.14 2E-IO Yes < 1 = 0 Regular 
W 
...J 
lJ1 



Table Fl--Continued 

Hypothesis Tests 

Field Gen. Total Intercept +SE Slope +SE r2 Probe Signif. Slopea Inter- Interpre-
df Log (a) (b) b = 0 Regress. ceptb tat ion c 

F2 276 -0.001 0.0010 1.17 0.030 0.85 3E-18 Yes > 1 = 0 Aggregated 

F3 276 -0.001 0.0010 1. 29 0.043 0.77 -8E-18 Yes > 1 = 0 Aggregated 

9 Fl 252 0.002 0.001l 0.75 0.027 0.75 -3E-17 Yes < 1 = 0 Regular 

F2 252 -0.002 0.0013 1.24 0.040 0.79 -4E-17 Yes > 1 = 0 Aggregated 

F3 252 0.001 0.0006 0.99 0.028 0.84 -6E-17 Yes = 1 = 0 Randan 

NE2 F1 238 - - - - - - - - - - - - - - - No flowers infested - - - - - - - - - - - - - - -

F2 212 -0.002 0.0007 1.84 0.057 0.83 -3E-17 Yes > 1 < 0 Aggregated 

F3 238 0.000 0.0003 1.09 0.022 0.91 -lE-17 Yes > 1 = 0 Aggregated 

21 F1 264 0.000 0.0001 0.92 0.006 0.99 -3E-17 Yes < 1 = 0 Regular 

F2 264 0.000 0.0000 1.00 0.000 1.00 0.0 Yes = 1 = 0 Randan 

F3 264 -0.001 0.0004 2.24 0.065 0.82 4E-19 Yes > 1 = 0 Aggregated 

1 F1 means = larvae/flower: F2 and F3 means = larvae/boll 
a He: b = 1.0: t test w 
b He: a = 0.0: t test -...J 

c By Wratten and Fry (1980) 0'\ 



Table F2. Taylor's power law statistics for data pooled over space and/or tline. -- Data transformed 
by Log(x + 1) and Log(s2 + 1) prior to analysis. Mean = larvae/fruiting structure. 
1985, 1986. 

r2 
Hypothesis Tests 

Field Gen. Total Intercept +SE Slope +SE Prob. Signif. Slopea Inter- Interpretation 
df (log a) (b) b = 0 Regress. ceptb 

11 All 683 0.011 0.0041 1.07 0.029 0.66 < 0.0001 Yes > 1 > 0 Aggregated 

W15 All 439 0.001 0.0005 0.94 0.014 0.91 < 0.0001 Yes < 1 = 0 Regular 

7 All 315 -0.001 0.0015 1.22 0.048 0.67 < 0.0001 Yes > 1 = 0 Aggregated 

W5 All 826 0.000 0.0002 1.11 0.012 0.92 < 0.0001 Yes > 1 = 0 Aggregated 

2 All 828 0.008 0.0009 0.40 0.022 0.28 < 0.0001 Yes < 1 > 0 Regular 

9 All 756 0.002 0.0006 0.92 0.019 0.76 < 0.0001 Yes < 1 > 0 Regular 

NE2 All 688 -0.001 0.0003 1. 41 0.804 0.80 < 0.0001 Yes > 1 < 0 Aggregated 

21 All 792 0.000 0.0002 1.08 0.020 0.79 < 0.0001 Yes > 1 = 0 Aggregated 

All F1 1781 0.002 0.0005 0.38 0.011 0.39 < 0.0001 Yes < 1 > 0 Regular 

F2 1764 -0.002 0.0005 1.42 0.010 0.92 < 0.0001 Yes > 1 < 0 Aggregated 

F3 1782 -0.001 0.0007 1. 23 0.010 0.89 < 0.0001 Yes > 1 = 0 Aggregated 

All Allc 24 -0.0004 0.0232 1.25 0.056 0.96 < 0.0001 Yes > 1 = 0 Aggregated 
w 
-....J 

a H • o· b = 1.0; t test b Ho: a = 0.0; 
-....J 

t test c xF1 = 8; xF2 =8; xF3 = 8 
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APPENDIX G 

IWAO'S PATCHINESS REGRESSION STATISTICS AND HYPOTHESIS TESTS 

BY FIELD, BY GENERATION 



Table Gl. Iwao's ~~tchiness regression statistics, by field, by generation, with interpretation.--
Form: x = a + !3x (sites with x = 0 deleted fran analyses). 1985, 1986. 

Hypothesis Testsa 

Field Gen. Total Intercept +SE Slope +SE r2 Prob. Signif. a C Bd Model Typee 
df (a) ( B) B = 0 Regress. b 

11 Fl 62 0.53 0.046 -0.47 0.071 0.42 > 0.0001 Yes > a < 1 Contradictory 

F2 209 0.28 0.058 1.64 0.148 0.37 > 0.0001 Yes > a > 1 4 

F3 219 0.23 0.067 1.22 0.118 0.33 > 0.0001 Yes > 0 = 1 2 

W15 Fl 0 - - - - - - - - - - No test: Only 1 infested flower found - - - - - - -

F2 26 -0.30 0.165 9.40 2.919 0.29 0.0035 Yes = 0 > 1 3 

F3 109 0.004 0.032 0.77 0.191 0.13 > 0.0001 Yes = a = 1 1 

7 Fl a - - - - - - - - - - No test: Only 1 infested flower found - - - - - - - - - -

F2 28 0.23 0.130 0.26 0.872 0.003 0.7651 No ? 

F3 48 -0.20 0.152 4.02 0.973 0.267 > 0.0001 Yes = 0 > 1 3 

~'i5 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - -

F2 41 -0.07 0.054 2.92 0.604 0.37 > 0.0001 Yes = a > 1 3 

F3 136 -0.008 0.035 1.63 0.341 0.14 > 0.0001 Yes = a = 1 1 
w 
-...J 
I.D 



Table GI--Continued 

Hypothesis Testsa 

Field Gen. Total Intercept +SE Slope +SE r2 Probe Signif. etC Bd Model Typee 
df (et) (B) B = 0 Regress. b 

2 Fl 19 0.41 0.044 -0.39 0.062 0.69 > 0.0001 Yes > 0 < 1 Contradictory 

F2 170 -0.03 0.042 2.40 0.407 0.17 > 0.0001 Yes = 0 > 1 3 

F3 124 -0.14 0.066 4.69 0.813 0.21 > 0.0001 Yes < 0 > 1 Contradictory 

9 Fl 25 0.23 0.047 0.08 0.135 0.02 0.5430 No ? 

F2 161 -0.09 0.056 3.19 0.556 0.17 > 0.0001 Yes = 0 > 1 3 

F3 46 0.12 0.081 0.99 0.568 0.06 0.0894 No ? 

NE2 Fl - - - - - - - - - - - - - - - No infested flowers found - - - - - - - - - - - - - - - -

F2 31 -0.30 0.101 8.49 1.192 0.63 > 0.0001 Yes < 0 > 1 Contradictory 

F3 55 -0.02 0.075 2.42 1.031 0.09 0.0226 Yes = 0 = 1 1 

w 
()j 

o 



Table Gl--Continued 

Hypothesis Testsa 

r2 Probe Signif. aC Sd Model Typee 
S = 0 Regress. b 

Field Gen Total Intercept +SE Slope +SE 
df (a) ((3) 

21 Fl 4 -0.02 0.130 0.82 0.405 0.57 0.1374 No ? 

F2 16 0.04 0.000 0.0 0.000 - - - No test: No variance in larvae/boll 

F3 11 -1.03 0.198 24.78 2.767 0.90 > 0.0001 Yes < a > 1 Contradictory 

a At P < 0.05 

b He: S = 0 

c He: a = 0 

dR· o· S = 1 

e Fran Table 17 

? Regression N.S. 

w 
0) 
I-" 



Table G2. Iwao's patchiness regression statistics for pooled data sets. -- Sites with 3{= 0 deleted 
from analyses. Mean = larvae/fruiting structure. 1985, 1986. 

Hypothesis Testsa 

Field Gen. Total Intercept +SE Slope +SE r2 Prob. Signif. cP 6d Model 
df ( 0;) (6) 6 = 0 Regress. b Typee 

11 All 492 0.33 0.046 0.94 0.090 0.18 < 0.0001 Yes > 0 = 1 2 

W15 All 137 0.05 0.033 0.67 0.216 0.07 0.0024 Yes = 0 = 1 1 

7 All 78 ~0.01 0.108 2.35 0.663 -0.14 0.0007 Yes = 0 > 1 3 

W5 All 178 -0.02 0.030 1.89 0.298 0.18 < 0.0001 Yes = 0 > 1 3 

2 All 315 0.16 0.026 0.17 0.127 0.01 0.1919 No > 0 > 1 ? 

9 All 234 0.11 0.040 0.82 0.224 0.05 0.0003 Yes > 0 = 1 2 

NE2 All 87 -0.22 0.064 6.04 0.828 0.38 < 0.0001 Yes < 0 > 1 ? 

21 All 32 0.11 0.130 1.35 0.972 0.06 0.1732 No = 0 = 1 ? 

All Fl 115 0.41 0.028 -0.32 0.049 0.28 < 0.0001 Yes > 0 < 1 ? 

All F2 689 0.06 0.021 2.05 0.090 0.43 < 0.0001 Yes > 0 > 1 4 

w 
OJ 
N 



Table G2--Continued 

Hypothesis Tests a 

Field Gen. Total Intercept +SE Slope +SE 
( S) 

r2 Prob. Signif. 
S = 0 Regress. b 

aC Sd 
df (a) 

All F3 754 0.05 0.022 1.47 0.067 0.39 < 0.0001 Yes > 0 > 1 

All All 1560 0.11 0.016 1.17 0.050 0.26 < 0.0001 Yes > a > 1 

a At P < 0.05 

b He: S = 0 

c H . o' a = 0 

d H . o' 8 = 1 

? Contradictory statistics according to Iwao (1970) or regression N.S. 

e Fran Table 17 

Model 
Typee 

4 

4 

w 
()j 

w 
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APPENDIX H 

EXPLANATORY DISCUSSION OF IWAO'S RHO-INDEX TABLES 
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Explanatory Discussion of Iwao's p-Index Tables 

Consider the first row in Table 20 for Field 11, F2 

generation. The quadrat size is the smallest considered so 

QUADINCR equals 1. The quadrat size is so small that each 

of the 231 sample sites is considered a quadrat in and of 

itself. In essence, the field is divided into 231 AREAS 

and each one of those areas was used in the analysis 

(N = AREAS). Within the whole field (231 AREAS), 

1572 larvae were found (= TOTXHOL). The average number of 

larvae found per quadrat (= XBAR) was 6.81 (= 1572/231). 

The variance (S2) of TOTXHOL is 40.51. XSTAR is the mean 

crowding, was calculated by Equation 5, and in this case is 

equal to 11.76. PINDEX is Iwao's p-index and is calculated 

according to Equation 8. For this smallest size quadrat, 

there is no quadrat, (i - 1), so PINDEX = XSTAR/XBAR = 1.73 

(Iwao 1972). 

Consider the second row of Table 20. The statistics 

in this row are for the second increment of quadrat size 

(QUADINCR = 2). The field is divided into 128 equal areas 

(AREAS = 128). Ideally, 2 boll samples would be included 

in an area that is twice as large as the smallest quadrat. 

Unfortunately, the configuration is not ideal and 128 is 
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not exactly 1/2 of 231. Of the 128 AREAS, only 112 (= N) 

had sample sites in them (Iwao [1972] states that one of 

the advantages of the p-index is that there is no necessity 

for keeping the ratio between two successive quadrat sizes 

constant in a sequence). Nevertheless, there were still 

TOTXHOL = 1572 within the whole field, but now they are 

divided among 112 quadrats so XBAR = 1572/112 = 14.04 and 

the variance, S2 = 327.35. XSTAR is calculated as above 

and PINDEX = ([36.36 - 11.76] / [14.04 - 6.81]) = 3.40. 

Consider row 9 of Table 20. QUADINCR is equal to 9 

since it is the ninth incremental increase in quadrat size. 

This is the largest quadrat size and the whole field is 

considered a single AREA (= 1). TOTXHOL from all 231 boll 

samples are pooled together so 

XBAR = TOTXHOL / N = 1572 / 1 = 1572. Since there is only 

one estimate of PBW/quadrat, S2, XSTAR, and PINDEX cannot 

be calculated. 



Table H1. Calculation of Iwao's p-index for increasing quadrat size. -- XBAR = 
TOTXHOL/N. 1985, 1986. 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

W15 F2 1 147 147 0.306 0.24 0.52 2.20 

TO'fXHOL = 35 2 128 99 0.496 0.35 0.76 2.03 

3 64 62 0.742 0.57 0.88 0.58 

4 32 32 1.765 1. 09 1. 71 1. 57 

5 16 16 2.300 2.19 2.24 0.48 

6 8 8 6.268 4.38 4.81 1. 18 

7 4 4 24.917 8.75 10.60 1. 32 

8 2 2 60.500 17.50 19.96 1. 07 

9 1 1 35.00 

F3 1 145 145 7.041 2.46 4.32 1. 76 

TOTXHOL = 356 2 128 99 17.121 3.60 7.36 2.66 

3 64 62 32.555 5.74 10.41 1. 42 

4 32 32 61.339 11. 13 15.64 0.97 

5 16 16 120.333 22.25 26.66 0.99 w 
CP 

6 8 8 201.714 44.50 48.03 0.96 
-....l 



Table HI--Continued 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

7 4 4 620.667 89.00 94.97 1. 05 

8 2 2 648.000 178.00 180.64 0.96 

9 1 1 356.00 

7 F2 1 105 105 3.233 0.70 4.35 6.25 

TOTXHOL = 73 2 64 56 6.470 1. 30 5.27 1. 51 

3 32 32 12.854 2.28 6.92 1. 69 

4 16 16 42.929 4.56 12.97 2.65 

5 8 8 72.125 9.13 16.03 0.67 

6 4 4 74.250 18.25 21.32 0.58 

7 2 2 4.500 36.50 35.62 0.78 

8 1 1 73.00 

F3 1 105 105 5.43 1. 31 4.46 3.42 

TOTXHOL = 137 2 64 56 11. 45 2.45 6.13 1. 46 

3 32 32 29.95 4.28 10.28 2.26 
w 

4 16 16 40.66 8.56 12.31 0.48 co 
co 



Table HI--Continued 

Field Gen. QUADINCR AREAS N 

5 8 8 

6 4 4 

7 2 2 

8 1 1 

WS F2 1 278 278 

TOTXHOL = 71 2 128 128 

3 64 64 

4 32 32 

5 16 16 

6 8 8 

7 4 4 

8 2 2 

9 1 1 

S2 XBAR 

103.55 17. 13 

388.25 34.25 

2244.S0 68.S0 

137.00 

0.59 0.26 

1. 35 0.56 

2.73 1.11 

5.53 2.22 

16.00 4.44 

55.84 8.88 

192.25 17.75 

1104.50 35.50 

71.00 

XSTAR 

22.17 

44.S9 

100.27 

1. 56 

1. 99 

2.57 

3.71 

7.04 

14.17 

27.58 

65.61 

PINDEX 

1. 15 

1. 31 

1. 63 

6.10 

1. 45 

1. 05 

1. 03 

1. 50 

1. 61 

1. 51 

2.14 

LV 
CP 
~ 



Table H1--Continued 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

F3 1 276 276 2.21 1. 01 2.20 2.19 

TOTXHOL = 278 2 128 127 7.46 2.19 4.60 2.03 

3 64 64 19.37 4.34 7.80 1. 49 

4 32 32 49.77 8.69 13.42 1. 29 

5 16 16 156.52 17.38 25.38 1. 38 

6 8 8 325.64 34.75. 43.12 1. 02 

7 4 4 1049.67 69.50 83.60 1. 17 

8 2 2 2738.00 139.00 157.70 1. 07 

9 1 1 278.00 

2 F2 1 276 276 2.31 1. 29 2.08 1. 62 

TOTXHOL = 355 2 128 III 6.91 3.20 4.36 1. 19 

3 64 56 15.17 6.34 7.73 1. 07 

4 32 32 38.02 11. 09 13.52 1. 22 

5 16 16 88.56 22.19 25.18 1. 05 
w 

6 8 8 117.41 44.38 46.02 0.94 
1..0 
0 



Table H1--Continued 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

7 4 4 264.92 88.75 90.74 1. 01 

8 2 2 24.50 177.50 176.64 0.97 

9 1 1 355.00 

F3 1 276 276 1. 27 0.78 1. 42 1. 29 

TOTXHOL = 214 2 128 111 3.58 1. 93 2.78 1. 19 

3 64 56 7.10 3.82 4.68 1. 00 

4 32 32 18.22 6.69 8.41 1. 30 

5 16 16 53.85 13.38 16.40 1. 20 

6 8 8 80.50 26.75 28.76 0.92 

7 4 4 124.33 53.50 54.82 0.97 

8 2 2 162.00 107.00 107.51 0.98 

9 1 1 214.00 

NE2 F2 1 212 212 0.62 0.24 1. 82 7.55 

TOTXHOL = 51 2 128 120 1. 22 0.43 2.30 2.62 
w 

3 64 64 2.26 0.80 2.63 0.90 \.0 
~ 



Table Hl--Continued 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

4 32 32 3.93 1. 59 3.06 0.53 

5 16 16 10.70 3.19 5.54 1. 56 

6 8 8 17.70 6.38 8.15 0.82 

7 4 4 26.25 12.75 13.81 0.89 

8 2 2 84.50 25.50 27.81 1. 10 

9 1 1 51.00 

F3 1 238 238 0.64 0.38 1. 07 2.84 

TOTXHOL = 90 2 128 128 1. 68 0.70 2.09 3. 11 

3 64 64 3.74 1. 41 3.06 1. 39 

4 32 32 9.96 2.81 5.36 1. 63 

5 16 16 19.18 5.63 8.04 0.95 

6 8 8 38.21 11. 25 13.65 1. 00 

7 4 4 53.67 22.50 23.89 0.91 

8 2 2 128.00 45.00 46.84 1. 02 
w 

9 1 1 90.00 \.0 
N 



Table Hl--Continued 

Field Gen. QUADINCR AREAS N S2 XBAR XSTAR PINDEX 

21 F2 1 264 264 0.06 0.06 0.004 0.06 

TOTXHOL = 17 2 128 128 0.13 0.13 0.13 1. 78 

3 64 64 0.29 0.27 0.37 1. 84 

4 32 32 0.77 0.53 0.99 2.32 

5 16 16 1. 93 1. 06 1. 88 1. 68 

6 8 8 1. 55 2.13 1. 86 -0.02 

7 4 4 2.92 4.25 3.94 0.98 

8 2 2 0.50 8.50 7.56 0.85 

9 1 1 17.00 

F3 1 264 264 0.13 0.06 1. 07 16.56 

TOTXHOL = 17 2 128 128 0.26 0.13 1. 07 o . 1 1 

3 64 64 0.48 0.27 1. 09 0.10 

4 32 32 0.84 0.53 1. 11 0.08 

5 16 16 2.06 1. 06 2.00 1. 69 
w 

6 8 8 5.55 2.13 3.74 1. 63 I.D 
w 

~, 



Table Hl--Continued 

Field Gen. QUADINCR AREAS N 

7 4 4 

8 2 2 

9 1 1 

S2 XBAR 

10.92 4.25 

4.50 8.50 

17.00 

XSTAR 

5.82 

8.03 

PINDEX 

0.98 

0.52 

W 
1.0 
~ 
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APPENDIX I 

SAMPLE AND MODEL SEMIVARIOGRAM PLOTS CROSS-VALIDATED BY 

BLUEPACK 3-D 



0.020 

0.015 

r-.O.010 

0.005 

BLUEPACK Generalized Covariance Model: 
C = 0.00 i A 1 = -0.0000054 
Proposed Spherlca.1 Model Parameters: 
Nugget = 0.0 i Sill = 0.008 ; Range = 130.8 
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Fig. II. Sample semivariogram and proposed geostatistical model 
for Field W15, Fl generation. Z = number of infested flowers/2 m 
site. Marana, Arizona. 1985. 
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8LUEPACK Generalized Covariance Model: 
C = 0.0004 ; A 1 = -0.0000008 
Proposed Modol: Pure Nugget Effect 
Sill = 0.00048 ~ ~ 
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Fig. I2. Sample semivariogram and proposed geostatistical model 
for Field W15, F2 generation. Z = mean exit holes/boll. Marana, 
Arizona. 1985. 
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r.. 

0.025 BLUEPACK Generalized Covariance Model: 
C = 0.0001 i A1 = 0.0 
Proposed L1noar Model Parameters : 
Nugget = 0.007 ; Slope = 1.5E-5 • 
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Fig. I3. Sample semivariogram and proposed geostatistical model 

for Field W15, F3 generation. Z = mean exit holes/boll. Marana, 
Arizona. 1985. 
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F3 Generation 
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0.000 I I 
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Fig. I4. Proposed geostatistical models for F2 and F1 generation 
of Field W15, relative to each other. Z = mean exit holes/boll. 
Marana, Arizona. 1985 

w 
-0 
\.0 



r.. 

0.030 

0.020 

0.010 

0.000 
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8lLLEPACK Generalized Covariance Model: 
C :: 0.00 ; A 1 = 0.00005 
Proposed lineoi Model Parameters: 
Nugget = 0.008 i Slope = 1.3E:-5 
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Mean Sample Pair Distance 
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em) 
Fig. IS. Sample semivariogram and proposed geostatistical model 

tor Field 7, FI generation. Z = number of infested flowers/2 m site. 
Magma, Arizona. 1985. 
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f'0.004 

0.002 

0.000 
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BLUEPACK Generalized Covarlan~e Model: 
C :: 0.0051 ; A 1 :: -0.000002 
Proposed SpherIcal MOdel Parameters: 
Nugget :: 0.005 ; Sill :: 0.006 ; Range = 239.0 
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Fig. 16. Sample semivariogram and proposed geostatistical model 

for Field 7, F2 generation. Z = me~n exit holes/boll. Magma, 
Arizona. 1985. 
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0.020 8LUEPACK Generalized Covariance Model: 
C = 0.00 ; A 1 = -0.00005 
Proposed Spherical Model Parameters: 
Nugget = 0.001 ; Sill = 0.008 ; Range = 320.0 
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Fig. 17. Sample semivariogram and proposed geostatistical model 

for Field 7, F3 generation. Z = mean exit holes/boll. Magma, 
Arizona. 1985. 
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Fig. 18. Proposed geostatistical models for F2 and Fl generation 

for Field 7, relative to each other. Z = mean eXlt hole~/boll. Magma, 
Arizona. 1985. 

,p,. 
o 
w 



r.. 

0.003 

0.002 

0.001 

SLUEPACK Generalized Covariance Model: 
C = 0.0004 ; A 1 = -0.00001 
Proposed l.Inear Model Parameters: 
Nugget = 0.00078 ; Slope = 1.1 E-6 
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Fig. I9. Sample semivariogram and proposed geostatistical model 
for Field W5, F2 generation. Z = mean exit holes/boll. Marana, 
Arizona. 1985. 
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BLUEPACK Generalized Covariance Model: 
C = 0.0029 ; A 1 = 0.00 
Proposed Spherical Model Parameters: 
Nugget = 0.002 ; Sill = 0.005 ; Range = 550.1 
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Fig. llO. Sample semivariogram and proposed geostatistical model 
for Field W5, F~ generation. Z = mean exit holes/boll. Marana, 
Arizona. 1985.~ 
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Fig. Ill. Proposed geostatistical models for F? and F3 generation 
of Field W5, relative to each other. Z = mean exi~ holes/boll. 
Marana, Arizona. 1985. 
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8LUEPACK Generalized Covariance Model: 
C = 0.0385 ; A 1 = -0.00044 
Proposed Spherical Model Parameters: 
Nugget = 0.066 ; Sill = 0.115 ; Range = 303.0 
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Fig. I12. Sample semivariogram and proposed geostatistical model 

for Field 2, F1 generation. Z = number of infested flowers/2 m site. 
Magma, Arizona. 1986. 
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0.006 

0.004 

0.002 

8LUEPACK Generalized Covariance Model: 
C = 0.0033 ; A 1 = -0.000002 
Proposed Spherical Model Parameters: 
Nugget = 0.003 ; Sill = 0.004 : Range = 217.0 
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Fig. 113. Sample semivariogram and proposed geostatistical model 

for Field 2, F2 generation. Z = mean exit holes/boll. Magma, 
Arizona. 1986. 
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0.004 BLUEPACK Generalized Covariance Model: 
C = 0.0018 ; A1 = 0.00 
Propossd Sphorlcal Modol Paramoters: 
Nugget = 0.0017 ; Sill = 0.0020 ; Range = 237.0 

0.003 

6 
~ 

., 

r-.O.002 
Co 

=r 6 
I) " 

I) I) 

C tit 

~tll!l .,'II1t II 
a ~ 

II (I 

tl 
Q 

0.001 

.. . .. 
.. 

.. 

~ 

.. 

0.000 III i I( iii i lil Iii III i i III iii iii iii II i I11I III III iii iii Iii iii i (i II iii! I 

o 100 
Mean 

200 
Sample 

300 
Pair 

400 500 600 700 
Distance em) 

Fig. I14. Sample semivariogram and proposed geostatistical model 
for Field 2, F3 generation. Z = mean exit holes/boll. Magma, 
Arizona. 1986. 
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Fig. 115. Proposed geostatistical models for F2 and F~ generation 
of Field 2, relative to each other. Z = mean exit holes/~oll. Magma, 
Arizona. 1986. 
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BLUEPACK Generalized Covariance Model: 
C = 0.00 ; A1 = -0.000018 
Proposed Spherical Model Parameters: 
Nugget = 6.8E-4 ; Sill = 9.5E-4 ; Range = 196.0 
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Fig. 116. Sample semivariogram and proposed geostat~stical model 
for Field NE2, F2 generation. Z = mean larvae/boll. Marana, Arizona. 
1985. 
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BLUEPACK Generalized Covariance Model: 
C = 0.0008 : A 1 = -0,000003 
Proposed linear Model Parameters: 
Nugget = 7.3E-4 : Slope = 2.0E-6 
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Fig. 117. Sample semivariogram and proposed geostatistical model 
for Field NE2, F3 generation. Z = mean larvae/boll. Marana, Arizona. 
1985. 
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Fig. I18. Proposed geostatistical models for F? and F3 genera
tion of Field NE2, relative to each other. Z = mean larvae/boll. 
Marana, Arizona. 1985. 
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0.08 BLUEPACK Generalized Covarlance Model: 
C = 0.00 ; A 1 = -0.00075 
Proposed Spherical Model Parameters: 
Nugget = 0.027 ; Sill = 0.053 ; Range = 179.0 
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Fig. 119. Sample semivariogram and proposed geostatistical model 
for Field 21, Fl generation. Z = number of infested flowers/2 m site. 
Magma, Arizona. 1986. 
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BLUEPACK Generalized Covariance Model: 
C = 0.00008 ; A 1 = -0.0000004 
Proposed Llnoar Model Parameters: 
Nugget = 8.8E-5 : Slope = 4.1 E-8 
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Fig. I20. Sample semivariogram and proposed geostatistical model 
for Field 21, F2 generation. Z = mean larvae/boll. Magma, Arizona. 
1986. 
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BLUEPACK Generalized CovarIance Model: 
C ::: 0.00006 : A 1 ::: -0.000002 
Proposed Linear Model Parameters: 
Nugget = 1.3E-4 : Slope = 3.5E-7 
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Fig 12l. Sample semivariogram and propo~ed geostatistical model 
for Field 21, F3 generation. Z = mean larvae/boll. Magma, Arizona. 
1986. 
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Fig. 122. Proposed geostatistical models for F2 and F3 genera

tion of Field 21, relative to each other. Z = mean larvae/boll. 
Magma, Arizona. 1986. 
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APPENDIX J 

POSTING OF ORIGINAL DATA AND ISARITHMIC MAPS OF PINK 

BOLLWORM DENSITY, BY FIELD, BY GENERATION 
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Field W15, F1 Generation: Original Data 
Q 0 9 0 9 Q 9 9 . Q Q · Q Q Q Q 9 

Q 9 Q Q 9 9 9 9 9 Q 

o 0 0 0 0 9 0 0 0 0 0 0 0 . . · · • . • · · . · . 

9 9 9 9 9 Q 9 Q Q Q 9 9 9 9 

9 9 9 9 9 Q Q 9 9 9 9 9 Q 

1 9 0 0 0 0 9 Q Q Q 9 0 9 9 . . . . . 

Q 9 0 0 0 9 <} 0 0 0 9 0 Q · · · · · · · 
9 9 9 Q Q Q 9 9 9 9 9 9 Q 9 

o 0 0 0 0 a a 0 0 0 0 0 0 . . · · · . . · · · . · . 
Q 9 Q Q Q 9 9 9 9 Q 9 

0 0 0 0 0 0 0 0 0 0 0 0 . . . . . . . . . . • . 
Fig. Jl. Original data posted dt sample site locations 

on field map (Field W15, FI generation). Z = number of infest-
ed flowers/2 m site. Marana, Arizona. 1985. 
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Field W15, F1 Generation 
West. Tailwater 

300 

200 

100 

o 
o 100 200 300 400 500 

Fig. J2. Isarithmic map of Field W15, F1 generation density. 
Contour interval = 0.18. Line 0.01 is average infestation line; 
line 0.19 is 10% infested boll 11ne. Z = number of infested 
flowers/2 m site. Marana, 1985. 

~ 
:-v 
o 



Field W15, F2 Generation: Original Data 

9 0.940.28 (} 9 
Q 

2 9 9 9 0.04 (} . 9 Q 
9 

Ii' 9 Q 0.94 Q 0.94 Ii' 0.98 9 Q 

o 0 0.08 0.04 0 0·12 0 0 a a 0 0 a · . · . . · · . · t · · 

(} 9 9 9 0.94 9 9 9 Q 0.94 Q (} QJ.Q4 

90.96 0.24 2 2 0.94 9 9 9 0.98 9 (} 0.94 

9 9 9 0.94 0.94 9 9 9 Q Q 9 9 9 Q 

0.04 a a.os 0 a 0.04 0 0 0 0 0 0 0 · . · . . . · · . · . · · 
Q)·94 9 \I 0.94 9 9 9 Q 9 9 9 9 9 

o 0 0 0.94 Q Q 0 0 Q 0 0 0 0.04 · . · · · · . · · 
9 9 Q Q Q Q 0.94 Q 9 9 Q 

0 0 Q 9 0 0 9 0 9 0 9 9 . . . . . . 
Fig. J3. Original data posted at sample site locations on 

field map (Field W15, F2 generation). Z = mean larvae/boll. 
Marana, Arizona. 1985. 
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Fig J4. Isarithmic map of Field W15, F2 generation density. 
Contour interval = 0.10. Line 0.01 is average infestation line; 
line 0.11 1S 10% infested boll line. Z a mean larvae/boll. 
Marana, Arizona. 1985. ~ 
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Field W15, F3 Generation: Original Data 
0.48 . Q 0.13o·t9 0.1 2 o.~20.16 0.tBO.?8 0.~40.94 0.~20.16 0.~60.12 

0.,29 0.94 0.98 0.98 0.1 2 0.1 2 0.94 9).94 

0.1Q.04 · . o . 0.94 Q 0.~2 0.g4 0.12 . 0.04 0.04 0.04 0.04 0.08 . . . .. 

0·9Jl1 2 9 0.p4 9 9 9 0.96 Q O·fB 9 0 .• 2 9)·12 

0.Q8 9 0.Q8 0.98 Q 0.94 0.~6 0,,2 9 0.98 0.94 0.Q4 0.94 

0 .. B·t4 0.94 0.?4 0.98 o.! 6 0.94 Q 0.2 . 0.?4 0.12 . 0.94 0·~94 

0.19.08 · . 0.94 Q 0.g4 9 0.04 . 0.1 2 0.98 0.94 o . 0.08 0.g4 

0·~98 9 0.1 6 0.98 0.1 2 9 0.1 6 Q 0.1 6 0.1 2 0.94 9).Q8 

O.1~32 · . Q Q Q a.OB . 0 .. 2 o.oa . o . 0.93 0.!2 0.1 2 Q 

Q Q Q 0.1 6 0.]2 0.98 0.1 3 0.1 2 0.94 O·l l 
0.32 . O.J 2 0.p8 O.OB . 0.04 . 9 o O.OB 0.04 . . . o 0.12 . . o . 

Fig. J5. Original data posted at sample site locations on 
field map (Field W15, F3 generation). Z = mean larvae/boll. 
Marana, Arizona. 1985. 
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Field W15, F3 Generation 

West, 

300 o 
o o o 

200 

o o 
100 o o 

o ! II o ~ II V/ 

100 200 300 500 400 

Fig. J6. Isarithmic map of Field W15, F3 generation density. 
Contour interval = 0.01. Line 0.10 is average infestation line; 
line 0.11 is 10% infested boll line. Z = mean larvae/boll. 
Marana, Arizona. 1985. ~ 
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Field 7, F1 Generation: Original Data 

Q Q Q 0 Q . 
00 0 0 0 0 0 0 0 0 0 0 0 0 1 Q Q . . . . . . . . . . . . . . . 

Q Q 0 Q 9 Q 9 9 9 9 9 9 Q 0 9 . . 
99 9 9 Q Q 9 9 If If 9 9 9 If Q 9 9 

9 9 0 0 0 0 0 0 0 0 0 0 0 0 0 . . . . . . . . . . . . . 
99 Q Q If If If 9 If Q 9 9 If 9 Q 9 9 

Q If 9 0 9 0 0 0 0 
. 

0 . . . . 
Fig. J7. Original data posted at sample site locations on 

field map (Field 7, F1 generation). Z = number of infested 
flowers/2 ro site. Magma, Arizona. 1985. 
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Field 7, F1 Generation 
East. Headwater 

100 200 300 400 500 600 700 

o 
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Fig. J8. Isarithmic map of Field 7, FI generation density. Distance 
is in meters. Contour interval = 0.18. Line 0.01 is average infest
ation line; line 0.19 is 10% infested boll line. Z = number of infest
ed flowers/2m site. Magma, Arizona. 1985. 
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Field 7, F2 Generation: Origina I Data 

O~l 9 Q Q 9 
00 0.2 0 0.1 0 0 0 0.1 0.4 0.5 0 0 0 0 o 0 . . .. . . . . . . . . . . . . . , 

9 Q 0.2 Q Q 9 9 Q Q Q 9 Q 9 9 0 . . 
99 9 0,.2 <] 9 9 9 9 9 9 9 9 9 Q 9 9 

0 0 0 0 0.1 9 0.1 0 0 0 0 Q 9 0 0 .. . . .. . . . . . . . . 
flJ .. 2 Q Q 9 9 9 9 9 9 9 9 9 9 Q 9 9 

0 
Q 

0 
9 

0 
9 

0 
9 

0 
9 . . . . . 

Fig. J9. Original data posted at sample site locations on 
field map (Field 7, F2 generation). Z = mean larvae/boll. 
Magma, Arizona. 1985. 
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Field 7, F2 Generation 
East 

200 ~ 
100 o 

o 
o 100 200 300 400 500 600 700 

Fig. J10. Isarithmic map of Field 7, F2 generation density. Distance 
is in meters. Contour interval = 0.08. Llne 0.03 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1985. 
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Field 7, F3 Gan e ration: Original Data 

Q 9 Q Q O~1 

99 0 0 9 0 0.1 0 0~1 0 0 0 0 9 0 .. 2 0.10 
~ . . . . . . . . . . 

0.1 2 0 Q 0.1 9 0 9 0.1 Q 9 Q 0 9 9 · . • . . . 
99 Q 9 9 9 9 9 9 9 Q 0.1 9 9 9 9 9 . 

0.2 0 0 0 0 O~1 0 0 0 0 0.2 0 0 0.2 0.1 • . . . . . . . . . . . . . 
\D~1 Q Q 9 Q 9 9 Q 9 9 Q 9 9 0.1 O~3Q . 

Q 9 9 9 0.2 
0 0 0~1 0.4 0 

. 
· . . 

Fig. Jll. Original data posted at sample site locations on 
field map. (Field 7, F3 generation). Z = mean larvae/boll. 
Magma, Arlzona. 1985. 
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Field 7, F3 Generation 
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Fig. J12. Isarithmic map of Field 7, F3 generation density. Distance 
is in meters. Contour interval = 0.06. Llne 0.05 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1985. 
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Field W5, F1 Generation: Original Data 
Q 9 9 Q 000 0 0 000 0 0 0 0 0 0 • 0 • 0 . 0 • 0 • 0 • 0 . 0 • 0 • 0 • 0 • 0 • 0 • 

+ • l' • .. .. .. .. • .. .. 

o . 
99 9 
99 Q 

Q 9 

9 

9 

9 9 
9 Q Q 9 9 9 9 9 9 Q 9999 

999 9 9 9 Q 9 9 999 Q 

9 

9 
o 0 . . o . Q o . 

00 o o o . . . . . 
00 0 .. . o . o • 9 
00 •• 9 o • o • 

99 Q Q 9 9 
99 9 9 9 

99 9 9 9 
99 Q 9 Q 

o 0 0 0 .. .. .. ., 

9 

o 

Q o 0 . . o . o . Q Q o . o . o . o . o . o . o . o . 
9 o 0 . . 9 o . 9 o . 9 o . 9 o . o . o . o . o . 

9 o 0 . . o . 9 Q 9 9 o . 9 9 o . o • 9 Q 
o . o a . . 9 Q 9 o . 9 9 Q a • o . Q 9 9 

Q Q Q Q Q Q Q Q Q 9 
9 9 9 9 9 

Q 9 9 9 9 
9 999 999 9 Q 9 

9 Q Q 9 999 Q Q 9 Q 9 Q 9 9 

9 Q 9 9 9 Q Q 9 Q 9 Q 9 Q Q 9 
o Q 0 0 Q 0 Q 0 Q 0 Q 0 9 0 Q 0 9 0 Q 0 Q 0 Q 0 Q 0 9 0 
.. .. • .. .. • .. 't .., ., .. ., .. ., .. 

Fig. J13. Original data posted at sample site locations on 
field map (Field W5, F1 generation). Z = number of infested 
flowers/2 m site. Marana, Arizona. 1985. 
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Field W5, F1 Generation 

West. Tailwater 
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Fig. J14. Isarithmic map of Field W5, FI generation density. 
Distance is in meters. Contour interval = 0.00. Z = number of 
intested flowers/2m site. No infested flowers found. Marana, ~ 
Arizona. 1985. W 

~ 



F'ield Vv5. F'2 Generation: Original Data 
0.08 0 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0 0.04 0 0 
•• - • ·0'0-0-0·0-0-0·0·0-0-0'0·0'0-9 .. ... .. . ... . .. .. .. .. .. .. .. .. 

C} C} 9 9 9 9 Q Q 9 9 Q Q 0.<]4 9 Q 9 <] 9 9 9 9 

9·Q4 0.1}4 0.]2 0.94 Q Q 9 9 o.? 1 <] Q 9 Q Q 9 9 (} <] <] 

0.04 0 0.04. 0 0 0 0 0 0 0 O.OB 0.04 0 0 0 0 0 0 0 0 ..... .. .. . .. .. .. .. .. .. .. .. .. .. .. .. . .. .. 

0.04) 0.04 0 0 0 0 0 0 0 0 0 0.04 0 0 0 0 0 0 0 . " .. .. . .. .. .. .. .. .. .. .. .. .. ... .. .. .. .. 
o 0 0 0.04. 0 0.12 O.OB 0 0 0 O.OB 0 0 0 0 0 0 0 0 0 0 ....... .. .. ... .. .. .. .. .. . .. .. .. . .. .. .. .. .. 
o 0 0 0 0 0 0.04 0 0 0 0.04 0 0 0.04 0 0.04 0 0 0 0 
.. to .. .. + .. .. .. .. .. .. • .. .. .. .. .. .. .. .. 

9 C} Q Q 0.1 2 Q 0·1 G Q 0·9.1. Q Q Q 9 9 9 Q Q Q 9 Q 0.94 

1}·12 Q I} 0.1}4 Q Q Q 9 Q 9 9 Q 9 Q 9 Q I} 0.94 9 

q C} 0·9a Q Q 0.94 0.98 9 0.94 Q Q Q Q 9 9 Q <] 9 9 9 Q 

0·9~ Q 0.94 I} Q Q <] 9 Q <] Q I} 0.1}4 9 9 Q I} 9 9 
0.32 0 0 0 0.18 0 Q 0 0.04 <] 0 <] 0 Q 0 <] 0 Q 0 Q 0 Q 0 Q 0 Q 0 Q 00.<]40 <] 0 

... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

Fig. J15. Original data posted at sample site locations on 
field map (Field W5, F2 generation). Z = mean larvae/boll. 
Marana, Arizona. 1985. 
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Field W5, F2 Generation 
West, Tailwater 
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r r.~ 
~ 

~ <:>'" 
<:>' 
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Fig. J16. Isarithmic map of Field W5, F2 generation density. 
Distance is in meters. Contour interval = 0.10. Line 0.01 is 
average infestation line; line 0.11 is 10% infested boll line. 
Z = mean larvae/boll, Marana, Arizona. 1985. 
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Field W5, F3 Generation: Original Data 
0.16 0 0.S2 0.4 0.12 0.08 o.oa 0.24 0.04 0 0.04 0.04 O.OB 0.04 0 0 0.04 0 0.1..? 04 

• • • • -0.24· 0 '0.04 '0.04· 0 '0.04 "0.04· 0 • 0 '0.04 -O.OB '0.04 '0.04 "0.08 .cr •• 
.. • • .. 't .. • .. .. • .. .. .. .. 

o.Q~ 0.1 G 0.14 O.gB 0.12 0.9B Q 0.12 Q 0.Q4 Q 0.98 0.94 9 Q Q 0.94 0.!2 0.94 Q 

o.9fiP 0.94 9 0.?8 0 .. 2 0.98 0.g8 0 .. 2 Q 0.98 Q 0.94 0.94 0.12 0.94 9 0.12 0.94 Q 

o 00.04 0.04 0 0.08 o.oa 0 0.08 0.04 0.13 0 0.12 0.08 0 0.04 0.04 0 o 0.04 0.04 ...... .. .. . . .. .. .. .. . .. . . .. .. .. . . . 
00 0.04 O.OB 0 0.04 0.08 0.04 0 0 0 0 0 0 0 0 0 0.04 0.13 0.04 . .. .. . . .. ,. .. " . .. .. .. . .. . . . .. .. 

0.17>0.04 0.12 0.04 0 
... '! • • .. 

o . 9 9 o . Q 9 o Q 9 o 0.04 0 . . . 9 o 0.04 . -
O.QB? 9 o 0.2 0.08 0.08 0.04 0.12 0 .. .. .. .. . .. .. o 0.04 0 . . . Q Q o 0.09 0.16 . . . O.OB • 

0.Qt.pD.Q8 Q 0.16 9 o.p Q Q Q 9 Q Q 0.]2 Q 0.g4 Q 0.94 Q o.g' Q 

0·911 Q 0.98 9 0.94 Q 9 Q 0.94 0.94 Q 0.94 0.Q4 Q 0.94 Q Q Q Q 

0·9Ep Q Q 0.g8 9 Q 0.g8 0.g8 9 Q 0.94 9 0.94 Q Q Q 9 Q 0.g5 0.94 

o.g~ 0.16 0.94 0.94 Q Q Q 0.94 0.94 Q 9 Q Q Q 9 0.95 0.94 Q Q 

o 0 o.oa 0.08 0 0 9o.oB 0 ~.04 Q 0 90.05 9 0 90.0490.0490.04 Q 0 gog OO·Q~.2 9 0 .. .. .. .. .. .. .. .,. .. .. .. .. .. .. .. .. .. .. " 

Fig. J17. Original data posted at sample site locations on 
field map (Field W5, F3 generation). Z = mean larvae/boll. 
Marana, Arizona. 1985. 
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Field W5, F3 Generation 
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Fig. J18. Isarithmic map of Field W5, F3 generation density. 
Distance is in meters. Contour interval = 0.07. Line 0.04 is 
average infestation line; line 0.11 is 10% infested boll line. 
Z = mean larvae/boll. Marana, Arizona. 1985. 
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Field 21 F1 Generation: Original Dato 
000 000 0 000 0 0 000 0 0 0 0 1 000 003 1 000 1 000 0 0 0 000 
• • + • • • • • • • • • t • • • • • • • • • • • • • • • • • • • • • • • t • t • 

o 0 0 000 0 0 0 0 0 0 000 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 · . . . . . . . . . . . . . . . . . . . . . . . . .. ........... . 
q q Q Q 9 Q Q Q 9 Q Q q q 9 9 Q Q 9 Q Q Q 1 Q q Q Q 9 191 Q 9 9 q 9 9 9 1 Q 1 

000 000 0 0 0 0 0 0 000 0 0 0 000 0 0 001 0 000 1 000 0 0 0 0 0 0 · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Q Q Q 999 9 999 Q 9 9 9 Q 9 9 Q Q Q Q Q Q 9 Q Q Q Q 1 Q Q 9 Q Q Q 9 9 1 Q 9 

o 0 000 0 0 000 000 0 0 0 0 0 0 0 0 000 000 0 1 0 0 000 1 0 0 . . . . . .. ~........... ................. . 
000 0 000 0 0 000 0 0 0 000 0 0 0 0 0 0 0 0 0 0 000 0 0 000 0 
• t • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Fig. J19. Original data posted at sample site locations on 
field map (Field 2, F1 generation). Z = number of infested 
f1owers/2 m site. Magma, Arizona. 1986. 
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Field 2, F1 Generation 
East 
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Fig. J20. Isarithmic map of Field 2, F1 generation density. Distance 
is in meters. Contour interval = 0.11. Llne 0.08 is average infestation 
line; line 0.19 is 10% infested boll line. Z = number of infested flowers/ 
2 m site. Magma, Arizona. 1986. 
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Field 2, F2 Generation: Original Data 
0.200.10.1 0 00.1 00.20 00.2).;0.1 00.2 0 00.10.10.10.1 00.1 00.3).2 0 0 0 0 00.1 0 00.10.2).1 00.1 

• • • • • • • • • • • • t • • • • • t • • • • t • • • • • • t • t • • • • • • • 

o 0 0 0 0 0 0 0 00.30.1 0 00.2 00.10.1 0 00.1 0 0 0 00.2 00.1 00.10.10.1 0 00. ro. 2:l. 2:>.4>.2 0 0 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • t • • • 

I} Q <} <}0~ro~2)~1 "'O~1 9 90~'IO~2 I}O~1 90~ID~10~1O~2 <}O~2 QO~2)~2 9 It <} 9 90,,29 9 <}O~:D~1 Q I}O~1 9 

0.20 0 0 0 0 0 0 0 00.10.10.10.1 0 00.10.1 0 0 0 00.1 0 0 00.1 0 0 0 0 0 0 0 0 0 0 0 0 a · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
O~2 90~1 go.,' <} Q '" 90~z 9 90,,10.,2 gO~1 90~10~1O~ro~10.,1 Q Q Q 90~' 90.,' <} <} <} <}O~tO~1 <} 90.,2 9 <} 

00.1 0 0 0 0 00. '0.1 00.10.1 a 0 0 0 0 0 00.10.1 0 00.1 0 0 0 0 0 0 0 0 0 0 0 0 00.1 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
0.10.10.2 00.10.1 0 0 0 0 0 0 0 00.1 0 0 00. n.l0.1 a a a 0 0 0 0 0 0 0 0 0 00.1 0 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Fig. J2l. Original data posted at sample site locations on 
field map (Field 2, F2 generation). Z = mean larvae/ball. Magma, 
Arizona. 1986. 
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Field 2, F2 Generation 
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Fig. J22. Isarithmic map of Field 2, F2 generation density. Distance 
is in meters. Contour interval = 0.06. Llne 0.05 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Field 2, F3 Generation: Original Data 
0.10.20.1000 0 00.20 0 0 000 0 COO.l 0 0 00.100.10.10 00.10 0 0 0 00.100.10 0 00.1 

• • • ~ • • • • • .. .. • • • • • + • • , • • • • • • • • t • • • • • • , • • • • 

o 0 0 0 0 00.10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00.1 00.1 0 0 00.1 0 0 0 0 0 0 0 0 00.1 · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
o~ q q 9 Q Q Q Q 90~ 9 QO~ 9 Q Q Q Q QO~ q 9 9 Q Q Q 9 Q Q Q Q 9 Q QO~ 9 Q QO~ Q 

0.10.1 0 00.1 0 0 0 0 0 0 00.1 00.2:>.1 0 0 0 00.1 0 a 0 0 0 a 0 0 0 0 0 00.2 a 0 0 a 0 0 · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
O~3)~1 2 QO •• W~1 20~1 9 Q 9 9 go . .1 9 9 9 9 9 q 90 •• 1 9 Q Q Q 9 9 90 .,1 9 9 g 9 9 Q 9 9 9 9 

00.10.1 a 0 0 0 0 a 0 0 00.1 0 00.1 0 a a 0 0 0 0 0 0 a 0 00.1 0 0 0 0 0 0 0 0 0 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
o 00.200.200 a 0 00.10 0 00.20 0 00.200.10 0 00.10 0 a 00.10 00 000 0 .. . . . . . . . .. . . . . . .. . . . . . . . . . .. .. . . . . . .. . .. . .. . 

Pig. J23. Original data posted at sample site locations on 
field map (Field 2, F3 generation). Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Fig. J24. Isarithmic map of Field 2, F3 generation density. Distance 
is in meters. Contour interval = 0.08. Llne 0.03 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Field 9, F1 Generation: Original Data 

Q 9 9 Q Q 1 Q Q Q 9 Q Q Q 1 Q Q 9 I Q 1 Q 1 9 1 9 Q 1 9 Q Q 9 Q 9 9 9 9 9 Q 9 9 Q 

000 000 1 0 100 0 0 000 0 1 000 0 0 0 000 000 0 0 0 1 000 
• .. .. .. .. .. ... ........ ......".........." .......... .. t .. .. .. .. .. .. .. .. 

o 1 0 0 2 0 0 0 0 0 0 0 000 000 0 0 0 0 0 000 0 0 0 0 0 0 0 0 0 0 000 0 0 .. .. .. .. .. .. .. ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

Q 1 Q Q Q 1 9 Q 9 Q Q Q Q Q Q Q 9 Q Q Q 9 9 9 9 Q 9 Q Q 9 9 9 9 9 Q Q Q 9 9 Q Q 9 

000 000 0 0 0 0 0 a 000 0 0 0 0 0 0 0 0 000 0 0 0 0 0 000 0 0 0 0 0 0 0 .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

Fig. J25. Original data posted at sample site locations on 
field map (Field 9, Fl generation). Z = number of infested 
flowers/2 m site. Magma, Arizona. 1986. 
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Field 9, F1 Generation 
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Fig. J26. Isarithmic map of Field 9, F generation density. Distance 
is in meters. Contour interval = 0.08. Line 0.11 is average infestation 
line; liue 0.19 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Field 9, F2 Generation: Original Data 

9 90 .. 10 .. '0 .. 2) .. ' 9 Q 9 gO .. 1 90 .. '0',29 go .. 'O .. a> .. 'O .. 'O .. 29 9 go.,'D .. ' 9 9 gO .. 1 9 9 9 Q 90,.' 9 go.,' 9 9 

o 00.10.' 00. D.' 00.2>.2>.1 0 OO.~. '10.10.10. to. '0.10.10.1 0 0 00. 'D. '0.1 00.1 0 0 00.10.1 0 0 0 00.1 0 
.. .. • .. .. t .. ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. • .. .. .. .. .. .. .. .. .. • .. .. .. .. .. .. .. 

o.~ 0 0 00.200.1 0 00.20 0 0 0 0 0 0 0 0 0 0 00.1 0 0 0 0 00.1 0 0 0 0 0 0 00.1 00.1 0 0 
.. .. .. .. .. " .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. t .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

90.:D .. ' 90 .. Z go .• , QO." gO .. 1 go .. 1.) .. 'O .. ' 9 9 9 90 .• ' 9 9 90 .. ' 90 .. ' 9 Ii> 9 9 g 9 90 ',290 .. ' 9 9 9 90 .. ' 

o 00. n.n.t 00.2 a 0 a 00.1 0 0 0 0 0 00. D.l 0 0 0 0 0 00.' 00.1 00.2 00.1 0 a 0 a 0 0 0 0 .. .. .. .. .. .. .. .. .. ,. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

Fig. J27. Original data posted at sample site locations on 
field hlap (Field 9, F2 generation). Z = mean larvae/boll. 
Magma, Arizona. 1986. 
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Field 9, F2 Generation 
East, Headwater 
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Fig. J28. Isarithmic map of Field 9, F2 generation density. Distance 
is in meters. Contour interval = 0.05. Llne 0.06 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
A~izona. 1986. 
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Field 9, F3 Generation: Original Data 

0 •• 4 Q Q Q Q Q Q Q Q Q Q Q Q 9 Q Q 9 9 9 Q I] I] 9 Q I] 9 9 Q 9 Q Q Q Q Q 90·.' Q Q 9 Q Q 

o 0 0 00.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00.1 0 a 0 
.. • • .. .. .. .. ... .. .. .. ... .. .. ... .. .. .. .. .. .. of .. .. .. .. .. .. .. .. ... f' .. .. ... .. .. .. .. .. .. 

O. tOO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00.20 0 0 0 0 0 ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... .. .. .. .. .. .. .. .. .. .. ... .. .. ... .. .. .. .. .. .. .. .. .. .. .. 

0~2 Q Q 9 9 Q Q Q Q 9 9 9 9 Q 9 9 9 Q 9 9 Q 9 9 Q 9 Q 90~' 9 Q Q 9 Q 9 9 9 Q Q 9 Q Q 

o 0 00.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00.1 0 0 0 0 0 0 0 00.6 0 0 0 00.1 0 0 0 0 0 0 0 .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... .. .. .. .. .. .. ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

Fig. J29. Original data posted at sample site locations un 
field map (Field 9, F3 generation). Z = mean larvae/boll. 
Magma, Arizona. 1986. 
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Field 9, F3 Generation 

200 o 

100 o~ 
o 

o 

100 
o r /\ t-. If \ o C\ :W.:·:·::·:-:({ I ( (\ I (\ I \ 

200 300 500 600 700 400 

Fig. J30. Isarithmic map of Fielu 9, F3 generation density. Distance 
is in meters. Contour interval = 0.09. Llne 0.02 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Field NE2, F1 Generation: Original Data 

99 0 9 9 0 9 0 9 0 9 0 Q 0 9 0 99 
00 0 0 0 0 0 0 0 0 00 .... ... ... .. ... .. .. ".of 
00 0 0 0 0 0 0 0 00 
.+ .. + ... ... ... .. .. ++ 

00 0 0 0 0 0 0 0 0 00 ....................... 
00 0 0 0 0 0 0 0 00 
++ of .. .. .. ... ... .. .... 

00 0 0 0 0 0 0 0 0 00 +.... .. ... .. ... .. .. .. ... 
00 0 0 0 0 0 0 0 00 
++ .. ... .. .. ... .. .. • .. 

00 0 0 0 0 0 0 0 0 00 
++.. .. ... .. .. .. ... .. + .. 

00 0 0 0 0 0 0 0 00 
++ .. ... .. .. .. .. .. •• 

00 0 0 0 0 0 0 0 0 00 
..... .. ... .. .. .. .. ... ++ 

00 0 0 0 0 0 0 0 00 
++ .. .. .. .. .. .. .. 4-" 

00 0 0 0 0 0 0 0 0 00 +... .. .. .. .. .. .. ...<to 
00 0 0 0 0 0 0 0 00 .+ .. ... .. .. .. .. .. .+ 

00 0 0 0 0 0 0 0 0 00 
.... + .. .. .. .. .. .. ..... 

00 0 0 0 0 0 0 0 00 .+ .. ... .. ... .. .. .. 0&-+ 

00 0 0 0 0 0 0 0 0 00 ..... .. .. .. .. .. .. .. .. 
00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 
0909090909090909090 .. .. .. .. .. .. .. .. .. .. 

Fig. J3l. Original data posted at sample site locations on 
field map (Field NE2, Fl generation). Z = number of infested 
flowers/2 m site. Marana, Arizona. 1985. 
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Field NE2, F1 Generation 
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Fig. J32. Isarithmic map of Field NE2, F 
generation density. Distance is in meters. 1 
Contour interval = 0.00. Z = number of infested 
flowers/2m site. No infested flowers found. 
Marana, Arizona. 1985. 
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Field NE2, F2 Generation: Original Data 

QQ 090 Q 0 Q 0> .• 10 Q 0 Q 0 0 .. 
00 0 0 0 0 0 0 0 00 ... .. + .. .. + · · •• 
00 0 0 0 0 0 0 0 
.. + .. .. + . .. + .. 

00 0 0 0 0 0 0 0 o 00 
• + .. • .. · · .. • · ... 
00 0 0 0 0 0 0 0 
+ • • .. • • .. + .. 

000 0 a 0 a 0 0 o 00 .... .. + • .. + • • • •• 
00 0 0 0 0 0.1 0 
+ • • .. .. + .. .. 

00 0 0 o 0.2 0 0 o 00 .. . + • • · · • • + • 

00 0 0 0 0 0 0 0 
.. + • .. + + .. + . 

00 0 0 0 0 a 0 0 o 00 
... + .. .. .. .. + .. • + .. 
00 0 0 0 0 0 0 0 ... .. .. + + + + > 

00 a 0 o 0.1 0 0 0 0 0 
.+ + .. + • .. · .. + + 
00 0 0 0 0 0 0 0 
.. o. + + .. + .. .. .. 

00 0 0 0 0 0 0 0 0 0 
~o. .. + .. + • .. .. • • 
00 a a 0 0 a 0 a 0 
... .. + .. .. + .. .. .. 

00 0 0.1 0 0 0 0 0 0 0 
++... ... ... + .. + ... ... .. 

00 0 0 0 0 0 0 0 0 0 <9. 1<9. 30 0 .1 
09 0 9090909090909+ 0 
+ + .. .. .. ~ • + .. 

Fig. J33. original data posted at sample site 
locations on field map (Field NE2, F2 generation). 
Z = mean larvae/boll. Marana, Arizona. 1985. 
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Field NE2, F2 Generation 

300 

200 

o 
100 

Gooa, 
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Fig. J34. Isarithmic map of Field NE2, F2 

generation density. Distance is in meters. 
Contour interval = 0.10. Line 0.01 is average 
infestation line; line 0.11 is 10% infested 
boll line. Z = mean larvae/boll. Marana, 
Arizona. 1985. 
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Field NE2, F3 Generation: Original Data 

fJ 

0 .. 1? 0 9 0 9.>.1 9 6\10 9.>.19090 Q9 
00 0 0 0 0 0 0 0:1 0 00 
+ .. + .. .. of .. .. ... • ++ 

00 0 0 0 0 0 0 0 00 
.... ... + .. .. .. .. .. ++ 

00 0 GOO 0 0 0 0 00 .... .. ... .. .. .. .. ... ... 
00 0 0 0 0 0.1 0 0 00 
.+ .. ... + + + + .. ++ 

00 0 0 0 0 0 0 0 0 00 
.+ ................... +. 

O.D 0 0 0 0 0 0 0 00 
++- .. • .. + ... .. .. ++ 

00 0 0 0 0 0 0 0 0 00 
++... .. ... .. ... .. .. .. •• 

00 0 0 0 0 0.1 0 0 00 
++ ... ... .. .. .. .. .. •• 

0.0 0 0 0 0 0 0 0 0 00 
.... .. .e. .. ... .. ... .. +. 

00 0 0 0 0 0 0 0 00 
•• .. • .. .. ... .. .. ++ 
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Fig. J35. Original data posted at sample site 
locations on field map (Field NE2, F3 generation). 
Z = mean larvae/boll. Murana, Arizona. 1985. 
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Fig. J36. Isarithmic map of field NE2, F3 
generation density. Distance is in meters. 
Contour interva~ = 0.09. Line 0.02 is average 
infestation line; line 0.11 1S 10% infested boll 
line. Z = mean larvae/boll. Marana, Arizona. 
1986. 
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Field 21, F1 Generation: Original Data 

g g g g g g g g g g g g g g g g g g g g g g 
6 0 0 6 0 6 6 0 000 f 0 0 0 0 0 0 0 0 0 0 

~ ~ g 8 8 g ~ 8 ~ 8 8 ! g 8 8 ~ ~ 8 8 g 8 ~ 
6 0 0 6 0 0 0 0 0 0 0 6 600 6 0 0 0 0 0 0 

g ~ g 8 & g ~ 8 & g ~ & 8 ~ & g g & g g ~ & 
o 0 0 0 0 0 0 0 6 0 0 6 0 0 0 0 0 0 0 0 0 0 

8 8 g 8 8 & ~ 8 ~ g 8 & & 8 g g & 8 g & 8 g 
o 0 tOO 0 600 0 0 0 0 0 0 0 0 0 000 0 . . . . . . . . .. .. ~ .. .... 

Fig. J37. Original data posted at sample site locations on 
field map (Field 21, Fl generation). Z = number of infested 
flowers/2 m site. Magma, Arizona. 1986. 
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Fig. J38. Isarithmic map of Field 21, Fl generation density. Dlstance 
is in meters. Contour interval = 0.16. Line 0.03 is average infestation 
line; line 0.19 is 10% infested boll line. Z = number of infested flowers/ 
2 m site. Magma, Arizona. 1986. 
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Field 21, F2 Generation: Original Data 

g s g g g g S 01' g g g g g g 
o () () () 0 0 0 0 () 0 0 () 0 0 
8 ~ 0.g4 g o.g' g g ~ g 8 ~ & g g 

0.04 0 () 0 0 0 0 0 () 0 0 () 0.04 0 
6 0 6 ~64 0 ~04 0 0 0 0 6 6 6 0 o 0 6 0 0.04 0 0 0 0 0 0 0 0 0 
o 0 0.04 0 0 0 () 0 0 0 0 6 0 0 

8 8 g 8 g g g 8 ~ g ~ ~ & ~ 
6 () 6 6 () 0 0 0 () 0.04 () 6 0 0 . . . . . . . . . . . . . 

g g g g g 0.g4 g g 
6 0 0 000 0 0 

g 8 ~ 8 g 8 g 8 
() 0 000 0 0 0 o O,(M 0 0 0 0.04 0.04 6 o 0.04 0 0 0 0 0 0 o 0.04 0 0 0.04 0 0 0 

8 g g 8 8 ~ ~ 8 
o 0 0 {) 0 0 0 0 . . . . . . . . 

Fig. J39. Original data posted at sample site locations on 
field map (Field 21, F2 generation). Z = mean larvae/boll. 
Magma, Arizona. 1986. 
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Fig. J40. Isarithmic map of Field 21, F2 generation density. Distance 
is in meters. Contour interval = 0.107. Llne 0.003 is average infestation 
line: line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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Field 21, F'3 Generation: Original Data 

g g g 8 8 g g g g g g g g g g g g °18 g g g g 
6 060 6 0 0 6 0 0 0 6 0 {) 0 0 0 {) 0 0 {) () 

S ~ ~ S ~ 8 ~ S ~ 8 ~ 8 8 ~ S ~ ~ ~ 8 ~ ojs 8 o 0 0 6 0 0 0 {) {) 0.f14 0 0 () 0.04 {) () 0.04 {) 6 0 6 {) 

g ~ 8 g g g g 8 ~ 8 8 ~ g S g 8 ~ 8 8 ~ S g 
0.08 0 0 6 0.04 0 0 0 0 0 0 6 () {) 0 () 0 0 0 0 0 0 

8 ~ ~ g 8 8 S S 8 8 S 8 8 S 8 8 S g 8 ~ g ~ 
6 0 0 0 0.04 () 0 {) 6 o.Os 0 6 0 {) 0 0 0 0.04 6 0.04 {) () . . . . . . . . . . . . . . . . . . . . . . 

Fig. J4l. Original data posted at sample site locations on 
field map (Field 21, F3 generation). Z = mean larvae/boll. 
Magma, Arizona. 1986. 
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Fig. J42. Isarithmic map of Field 21, F3 generation density. Distance 
is in meters. Contour interval = 0.107. Line 0.003 is average infestation 
line; line 0.11 is 10% infested boll line. Z = mean larvae/boll. Magma, 
Arizona. 1986. 
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