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ABSTRACT 

Phymatotrichum root rot is a fungal disease with a 

host range that includes many economically important crops 

in the southwestern United States and Mexico. While it 

has been studied since the late nineteenth century, 

ecological relationships of the disease, particularly 

those related to its distribution and dispersal, are not 

understood. Combined ground radiance sampling and aerial 

photographic interpretation was employed to study the 

distribution of Phymatotrichum root rot in cotton. 

Radiometric ground sampling showed that diseased cotton 

has a characteristic spectral signature that is 

significantly different from healthy cotton at visible 

wavelengths. Micro-scale examination of distribution 

within fields utilized mu1titempora1 photography, both 

within season (1983) and for four seasons (1979-1982), 

revealing that the disease spreads during a season but is 

not recurrent in many cases between years. Meso-scale 

mapping employed mu1titempora1 photography to map 

distribution during a four-year period. When compared to 

mapped soil units, these data revealed a significantly 

non-random relationship between the diseased areas of 

fields and fine-textured soil units that may be based on 

x 



moisture-holding potential. A yield analysis was also 

performed using Thematic Mapper Simulator data and 

computer analysis. 

xi 



INTRODUCTION 

Phymatotrichum root rot (Texas root rot) is a 

plant disease that has a host range of more than 2,000 

species of dicotyledonous plants. The casual fungus, 

Phymatotrichum omnivorum (Shear) Duggar, is endemic on 

many native trees and shrubs at lower elevations in the 

southwestern United States and northern Mexico (Figure 1). 

Cotton, alfalfa, almond, pecan, apricot, pistachio, apples 

and other economically important crops are also 

susceptible to root rot (Hine et ale 1980, p. 2). 

While Phymatotrichum root rot has been identified 

and studied since the late nineteenth century, both its 

distribution and dispersal mechanism are poorly 

documented. As a result, ecological relationships of the 

disease within a given site and situation are not 

understood. An understanding of the ecological 

relationship between Phymatotrichum omnivorum and its 

hosts is essential both for estimating its impact on crop 

yield and developing an effective control strategy. 

Accurate estimates of the areal extent of the 

disease and associated crop loss are difficult to appraise 

from ground survey alone; however, the use of aerial and 

satellite imagery offers an alternative to extensive field 

1 
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Figure 1. Distribution of Phymatotrichum root rot 
in the United States 
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data collection. The use of geographical analysis to 

study the relationship of the disease, as indicated by 

infested plants, and potentially associated environmental 

factors such as soil texture, provides insight into the 

ecology of the disease and a plausible explanation for its 

occurrence and distribution. 

Research Method 

The geographical method employs comparison of 

spatial data to identify covariation between potentially 

related phenomena. While simple spatial coincidence does 

not constitute a causal relationship, it provides a 

direction for more intensive study. This may lead to an 

explanation of the relationship of phenomena. 

Remotely-sensed imagery, either conventional 

aerial photography or digital data from a satellite-borne 

scanning system, constitutes a source of spatial data on 

reflectance or emittance of electromagnetic energy •. 

Variations in overall reflectance and emittance, observed 

as changes in brightness or darkness, and wavelength

dependent variations observed as changes in color, 

indicate the makeup of the surfaces from which the 

electromagnetic energy emanates. The characteristic 

reflectance/emittance pattern of a phenomenon, called its 

signature, allows it to be identified. 
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Phymatotricnum root rot has both spectral and 

spatial signatures on remotely-sensed imagery. The 

dessication and associated bronzing of leaves produces a 

distinctive tone on multispectral products such as color 

photography, and the resulting radial pattern of impact 

within cotton fields is unique to this disease (Figure 2). 

These signatures allow an interpreter to readily identify 

Phymatotrichum root rot on aerial photography and map its 

distribution. Comparison of this distribution with that of 

potentially related ecological factors such as soil 

texture and composition can provide a measure of 

association. 

Statement of Hypothesis 

As a fungal disease harbored in soil, 

Phymatotrichum root rot cannot be mapped from direct 

observation. However, its impact at a given point in time 

can be inferred from plants affected by the disease. The 

extent of effect, mapped at different times both within a 

growing season and through a number of seasons, defines a 

distribution pattern that characterizes the relationship 

of the disease to associated ecological factors. It is 

hypothesized that the distribution of Phymatotrichum 

omnivorum (Shear) Duggar is a function of one or more 

measurable ecological variables that occur with a 

significant level of spatial coincidence with the disease. 



.Figure 2. Kill pattern of Phyrnatotrichurn root rot 
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A test of this hypothesis may be performed by 

mapping the distribution of the disease and then comparing 

it with the distribution of other mapped ecological 

variables. A measure of statistically significant 

association between the distribution of Phymatotrichum 

root rot and that of another variable allows this 

hypothesis to be accepted. 

This test requires several assumptions: 

1) Remote sensing can be used to identify and 

map the presence of Phymatotrichum root rot. 

2) Multi-temporal mapping of disease patterns 

within fields will indicate patterns and 

relative rates of spread of the disease 

through its environment. 

3) Coincidence of Phymatotrichum root rot with 

environmental variables can reveal causal 

relationships. 

A potential application of this methodology is to 

assess the impact on crop yield, based on mapped extent of 

the disease within a given season. This distributional 

data on extent, combined with ground sampling, can be used 

to estimate yield reduction in a crop attributable to the 

disease. 
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Geographical Re1evence 

The need for a geographical approach to the study 

of Phymatotrichum root rot is suggested by several 

indications in the literature: 1) the disease 

demonstrates a characteristic spatial pattern in areas of 

occurrence~ 2) based on reported incidence, it is not 

ubiquitous within its range of distribution, and 3) 

despite initial attempts in the 1920's to monitor its 
-

spatial progress within a field, little is known about its 

inter-seasonal or intra-seasonal movement, proximal 

recurrence through time, or spatial association with 

ecological factors potentially relevant to its 

distribution. While a geographical study of plant disease 

in general, or Phymatotrichum root rot in particular, may 

not fit into a common category of agricultural geography, 

its value to plant pathology and agricultural sciences is 

suggested by the paucity of information on distribution or 

spatial ass9ciation of plant disease with other features 

of the environment. 

The Study Area: Marana and Vicinity 

To examine the coincidence of Phymatotrichum root 

rot with ecological variables, a study area was selected 

which met the following criteria: 

1) Located near the University of Arizona~ 



2) Situated within the distributional range of 

Phymatotrichum omnivorum: 

3) Available fields of both extra-long staple 

(Pima) and Upland varieties of cotton for 

sampling: and, 

4) Availability of remote sensing data. 

An area meeting these criteria is located within a ten

mile radius of Marana, Arizona (Figure 3). 

8 

The Marana study area is located approximately 38 

kilometers (24 miles) northwest of Tucson, Arizona. The 

agricultural units studied are all situated between the 

Santa Cruz River on the south and U.S. Interstate 10 on 

the north, along a 10 kilometer (six-mile) zone extending 

from a point a~proximate1y .8 kilometers (.5 miles) west 

of Rillito west to a point located east of Marana Airpark. 

Land use within this area is primarily irrigated 

field agriculture. The study area comprises approximately 

14,000 hectares (35,000 acres), less than half actually 

cUltivated at the present timeo Principal crops of this 

area are, in ranked order of dominance: cotton (90 percent 

or more upland), alfalfa, sorghum, small grains, and 

various truck crops (corn, tomatoes, lettuce). Remaining 

land is urban, transportation (interstate highway and 

railroad), and other land, of which an estimated 80 

percent is used for low-intensity grazing. The 
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incorporated town of Marana is located centrally within 

this area. 

10 

The climate of the area may be characterized as 

semi-arid, receiving approximately 40.6 cm (16 inches) per 

year average annual precipitation. Distribution of this 

precipitation is nearly bimodal, with the primary mode 

occurring-during the last half of the summer, and 

remaining precipitation falling throughout the late fall 

and winter months. 

The physiography is predominantly alluvial valley, 

bordered by alluvial fans extending from the Tucson 

Mountains on the southeast, Tortolita Mountains on the 

North, and Silver Bell/ Roskruge Mountains on the west. 

Principal drainage is from the southeast to northwest 

along the Santa Cruz River. Drainage from the south is 

carried in Brawley Wash. Both streams are ephemeral. 

Soils of the region are of the Grabe-Anthony-Gila 

Association, characterized as level to gently-sloping 

alluvial soils ranging from loam to gravelly/sandy loams 

formed on flood plain and alluvial fans (Soil Conservation 

Service 1972, p. 3). Slopes range from 0 to 3 percent, 

with elevations of 580 to 640 meters (1,900 to 2,100 

feet). Grabe and Gila soils dominate on the western half 

of the study area. Both are loamy soils, the former 

ranging from gravelly loam to silty clay loam, and the 

later ranging from sandy to silty clay loam. The eastern 
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part of the area is characterized with soils of coarser 

texture and lower water-holding capacity. Anthony soils 

and inclusions of Brazito/Arizo soils within the Vinton

Anthony group provides a variety of textures, typically of 

low to moderate water-holding capacity, that characterize 

the active channel zone of the Santa Cruz River as it 

passes the natural obstruction of the Rillito Narrows and 

opens into the Lower Avra Valley. 

Within the Marana Area, cotton fields range from 

approximately 40 acres to nearly 320 acres. Sample fields 

were selected from a set of identified fields of cotton, 

the sample number varying according to the type of study 

applied (16 for yield estimation, 5 for radiometry and 

transect study). Field selection utilized previous-year 

aerial photography to delineate field units, and a 

combination of windshield-survey and low-level aerial 

oblique photography to identify candidate fields. 

Selection ensured dispersal of sites while retaining 

random choice to eliminate bias based on distance from the 

area center, as well as field size or shape. 

Methodological Organization of the Study 

Four related activities comprise this study. 

First, ground-based analysis of radiance associated with 

diseased plants was examined to provide the basis for 

subsequent mapping of disease effects from aerial 
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photographs. Second, detailed field distribution 

variability was studied, both within and between seasons, 

to examine patterns of recurrence and spread. Third, the 

distribution of the disease was assessed, based upon 

mapped extent of diseased plants within an agricultural 

region, and then compared with the distribution of soil 

units. Last, estimates of yield reduction derived fro~ 

maps of diseased cotton were produced from remotely-sensed 

data. 



BACKGROUND 

For its contribution to the state's economy, 

cotton leads as the principal agricultural crop in planted 

area as well as returned value. In 1982, the economic 

return from cotton was $350 million (Arizona Crop and 

Livestock Reporting Service, 1983). 

Within the state, nearly all irrigated agriculture 

is situated on broad alluvial plains associated with the 

major river systems (Figure 4). As the predominant crop 

in acreage, cotton is grown primarily in Maricopa, Pinal, 

Yuma, Cochise, Cochise, Pima, and Graham counties by rank 

of planted area. The primary types are varieties of 

Gossypium hirsutum (Upland). Long-staple cotton, G. 

barbadense (Pima), while formerly dominant in Arizona, 

occupies less than ten percent of the total cotton area. 

While cUltivated experimentally in small plots in 

southern Arizona during the last three decades of the 19th 

century, cotton was not introduced officially into Arizona 

until 1901. Its small-scale commercial success in Yuma 

county in 1911 resulted in substantial planting of the 

crop on a large scale in the Salt River Valley of Arizona, 

as well as Imperial County in California. Within five 

years, it ranked as the primary crop in area and value for 

13 
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both Maricopa and Yuma counties (Taylor 1975, p. 51). 

In 1917, wartime demand for extra-long staple 

cotton increased the market value to nearly $1.00 per 

pound. Goodyear Tire and Rubber Company, followed shortly 

by Firestone, Fisk and Dunlop Rubber Companies, acquired 

interests in the crop and promoted production increases. 

By the peak war demand in 1919, nearly three quarters of 

the Salt River Valley's agricultural acreage was planted 

in cotton, replacing alfalfa as the primary crop. The 

total state area of 92,000 hectares (230,000 acres) was 

not exceeded for 17 years. 

The end of the war was accompanied by a depression 

in the cotton market as a result of cutbacks in production 

demand and reacquired access to overseas supplies. Cotton 

area dropped to 37 percent of its 1920 peak in one year. 

A growing demand for upland cotton, sought for its higher 

yields, strength and quality, brought about a change in 

area to this formerly restricted variety, which has 

maintained its dominance. 

The later history of cotton in Arizona similarly 

is one of fluctuations in area as an product of market 

pricing: during World War II and again during the Korean 

conflict, area and price peaked with demand (Taylor 1975, 

p. 54). Between the world wars and in the post-Korean era, 

cotton area declined. Federal controls on cotton set in 

1954, as well as recent (1983) payment-in-kind subsidy for 



restricted planting now override marlcet pricing as a 

factor in the areal extent of cotton in Arizona. 

16 

In addition to its dominance as a state crop, 

yield values for cotton in Arizona are the highest on a 

per-acre basis of any in the United States (Taylor 1975, 

p. 56). This is attributed primarily to climate and the 

quality of soils. However, both agricultural amenities 

are associated with the crop's inherent liabilities: 

insect pests which survive the moderate winters, and soil 

pathogens that are accomodated with combined frost-free 

tempera ture s and bas ic so i 1s • 'In 1967, an unu sua1ly 

severe infestation of the pink bollworm on Arizona cotton 

resulted in a significant decline in yield. The 

subsequent banning of insecticide used to combat the pink 

bollworm led to sustained depression in yield over a four

year period. Grower-imposed restrictions on planting and 

post-harvest plow-down dates have been introduced to 

provide a host-free period into the year, eliminating the 

pest from Arizona cotton. 

The principal yield attenuating factor, however, 

is not an insect pest, but a soil-borne fungus, 

Phymatotrichum omnivorum. This pathogen, first documented 

approximately thirteen years before the introduction of 

cotton into Arizona, still accounts for major damage to 

the state's crop in terms of yield reduction (5 percent) 
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and lowered lint quality. 

Phymatotrichum Root Rot in Arizona 

Phymatotrichum root rot was first described and 

studied in Texas in 1888 (Pammel 1889), where it had been 

attributed by farmers to alkali soils, bardpans, poor 

drainage, and climatic change. Recognized by Pammel as a 

fungus, the disease was eventually correlated to rot in 

alfalfa (Medicago sativa L.), almonds, peaches, apricots, 

and a number of different shrubs and trees (Streets and 

Bloss 1973, p. 7). The disease was first documented in 

Arizona in 1889 in alfalfa (Tyler 1900). 

Since 1916, Phymatotricbum root rot has been 

studied intensively, particularly by the U.S. Department 

of Agriculture. Initial mapping of the disease within 

fields was conducted in 1919 (Scofield), and subsequent 

studies through the 1920's attempted to characterize the 

occurrence, dispersal, and, losses in a variety of crops. 

The significant finding from this period was that the 

disease varies considerably in its effect, both temporally 

and spatially. 

Research from 1930 to 1~60 produced the first 

effective measures of control: application of organic 

amendments to the soil, particularly green manure: and 

developments in early-maturing varieties of cotton that 

could produce acceptable yields before infection. While 
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offering a means of mitigating impact from the disease, 

neither course offers a permanent or cost-effective cure. 

Research on Phymatotrichum root rot since 1960 has 

emphasized the physiology and biochemistry of the disease, 

factors in its resistance by certain host species, and 

ecological relationships (Streets and Bloss 1973, p. 7). 

Measures of disease-induced yield reduction have included 

fallowing and crop rotation, application of soil fumigants 

and, most recently systemic fungicides. While methods of 

fumigation have been successfully demonstrated on orchard 

tree crops (Hine et a1. 1970), cost-effective treatment of 

cotton has yet to be demonstrated. 

Distribution of the Disease 

Information on distribution of Phymatotrichum root 

rot is based primarily on agricultural extension office 

records and farm reports. Within the United States, the 

regional distribution includes nearly all of Texas, 

southern Oklahoma, western central Louisiana, southern New 

Mexico, southern Arizona, and possibly localized areas of 

Imperial Valley in California. In Mexico, it is found 

throughout northwestern Sonora, Upper Baja del Norte, 

along the Rio Grande to the Gulf of Mexico, and at upper 

elevations southward to the Igua1a Experiment Station 116 

miles south of Mexico City (Streets and Bloss 1973, p. 8). 

While verified only within North America, the same or 
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similar disease is reported in India, Pakistan, the Union 

of Soviet Socialist Republics, and Hawaii. 

The disease has been observed where mean annual 

temperatures of 15.6 degrees Celsius or greater occur, 

along with an annual frost-free period of 200 or more 

days. While found within a variety of soils in Texas 

(typically clay loams with high water capacity), it 

appears in Arizona in fine-textured soils associated with 

flood plains (Streets and Bloss 1973, p. 20). 

The fungus survives in the lower root zone of the 

soil and initially infects the tap root of susceptible 

plants. It then spreads through the entire root system. 

The triggering mechanism for the disease is unknown, and 

has been hypothesized either as a cumulative heat function 

that activates the fungus after a given number of days 

with sustained soil temperatures above some threshold, or 

a response to the presence of a root exudate associated 

with mature host plants. The first observed symptom is a 

wilting of the leaves and petioles, followed by leaf 

bronzing. Complete wilt usually occurs within 72 hours of 

initial observed wilt. The measured temperature 

difference of leaves between these phases is on the order 

of 2 to 5 degrees Celsius. This syndrome occurs when the 

tap root of a mature plant reaches the soil depth of the 

fungus, cited variably at 20.3 - 360 cm (8 inches to 12 

feet) depending upon the plant species affected. Initial 
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symptoms of the disease are observed between June 15 and 

July 28, and thus are apparently dependent upon conditions 

of temperature, humidity, soil moisture, and planting 

date. 

Physically, soil fungii may exist in several 

states: hyphae, the filaments of the thallus or vegetative 

body of the fungus; sclerotia, consisting of a hardened 

mass of specialized hyphae that protect the fungus in a 

dormant state and allow it to remain viable over sustained 

periods of time~ and sporophoric, producing ~pore mats for 

the purpose of reproduction. Phymatotrichym omnivorum, 

while producing sporemats, is apparently incapable of 

reproduction or spread by spore formation and release 

(Streets and Bloss 1973, p. IS). Except for the sporadic 

appearance of inviable sporemats, the disease cannot be 

observed at the surface. It exists perennially in the 

lower soil, apparently remaining viable under adverse 

conditions through the production of sclerotia, and 

usually reappearing in the same area of a given field from 

season to season. The fungus is not readily spread within 

the field by cUltivation practices, as an affected area 

remains largely unchanged within a given growing season. 

Over a period of years, however, the area of affect may 

expand until it encompasses an entire field, or contract 

and disappear. Regeneration of individuals within "kill 
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zones" may be observeo. during a given season, apparently 

resulting from subsequent development of lateral roots and 

short-term replacement of the root system damaged by the 

fungus. 

The primary mechanism of survival of the fungus is 

its formation of sclerotia, enlarged masses of tightly

packed hyphae, that can persist in fallow soils for 

periods of up to 12 years (Streets and Bloss 1973, p. 16). 

The sclerotia can survive moderate drought over sustained 

periods, as well as complete saturation for periods of 6 

months. They remain viable with soil temperatures as low 

as -23 degrees Celsius. 

Mechanisms of transportation of the disease are 

unknown. There are no known vectors, and conidia formed 

on the sporemats are believed to be sterile. Sclerotia 

are the probable life mode during transportation, possibly 

by means of stream action (Peltier et ale 1936, p. 104). 

The disease has been demonstrated as being transportable 

with root stock, in several cases introduced into new 

regions with trees planted as shelterbelts (Streets and 

Bloss 1973, p. 20). 

Soils are generally alkaline (pH: 7.0 - 8.5), 

with no observed occurrence on acid soils with a pH of 

less than 5.0. Mueller (1981) rejected a long-held 

hypothesis (Lyda 1978, p. 203) that related the disease 

with available sodium, potassium, calcium, and magnesium 



in the soil after conducting an extensive comparison of 

soil samples from affected plots in Arizona. 
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Effective control treatments are of two broad 

categories: 1) application of fertilizers and amendments: 

and, 2) intensive sterilization of soil. While the factor 

contributing to the success of the first treatment is not 

known, it has been hypothesized as one or more of the 

fo~lowing: 

1) A change in the acidity of the soil with the 

release of organic acids that is unfavorable to 

the fungus: 

2) Production of ammonia gas that destroys the 

viability of sclerotia: 

3) Encouragement of greater lateral root 

development, resulting in shallow tap roots and 

less probable contact with the zone of 

inoculation: or, 

4) Provision of nutrients and a more favorable 

environment for the development of 

microorganisms that can inhibit the 

pathogenicity of the disease. 

Planting of barrier crops that are not susceptible 

to the disease has been proven to be effective in test 

cases; however, the practice is not readily amenable to 

field agriculture methods of planting and harvesting. 



Sterilization, achieved by sieving of hyphae and 

sclerotial material from soil or through chemical 

treatment to destroy the fungus, is not a cost-effective 

measure for extensive field crops. 
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The impact of Phymatotrichum root rot on cotton is 

primarily in lint and seed yield reduction. This 

reduction results from two factors: 1) early termination 

of the boll maturation process, and 2) a lowering of the 

grade of fiber due to the introduction of plant leaves and 

sterns into the lint during harvesting. 

Desireable areas of research concentration have 

been identified (Streets and Bloss 1973, p. 30) as: 

1) identification of affected different crops 

in the various soils of the region for 

increased knowledge leading to control: 

2) determination of the factors which influence 

inoculation potential, rate of dissemination, 

survival, and pathogenicity of the fungus: and, 

3) evaluation of new lands for agriculture 

before planting of perennials and permanent 

orchards. 

While the focus of this study is on the first and second 

objectives, application of the method for evaluation of 

lands potentially infested agricultural lands shows 

promise as an objective of remote sensing for detection 
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and mapping of the disease. 

Geographical Study of Plant Disease 

Methodological statements on agricultural 

geography emphasize different sets of relationships that 

make up the breadth of the field: those between the 

physical environment and agricultural operations~ between 

population density and available agricultural space~ and 

an ensemble of historical relationships. A study of 

disease may be located within this methodological niche of 

environment and agriculture~ however, the examples are 

concerned with a much broader scale -- that of 

agricultural potential within a given physical setting -

rather than a specific topical approach. Coppock offers a 

different perspective under the heading "Physical Factors 

in Farming" in which he includes potato-blight prediction, 

along with weather forecasting and relationships of 

shelter to crop productivity, as plausible topics of 

consideration (Coppock 1964). 

A major segment of agricultural geographic 

literature is devoted to origins and dispersals of crops, 

livestock, and agricultural practices (Sauer 1956: 

Conklin 1954). While room abounds to include flora, 

fauna and microorganisms with historical construction, 

little activity seems to be directed to this subfield. 
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From a settlement viewpoint, much has been written 

about such topics as land division, farm size, management, 

buildings, and the agricultural landscape (Hart 1975). 

There is no apparent interaction of the subfield of 

settlement with biogeography, though settlement is 

concerned in part with factors of climate, plant stock, 

soil, nutrients and water availability. 

Since plant disease is not a popularly-identified 

subdiscipline of agricultural geography, other 

geographical fields were searched for a topically 

proximate phenomena or method. A relatively obscure body 

of literature, called variously "Biogeographical 

Phytopathology", "Patho-Geography", "Geo-Phytopatho1ogy", 

and even "Geophytomedicine" has gathered a small following 

of European geographers (Reichert 1950: 1954: 1958: 

Reichert and Pa1ti 1967: We1tzien 1972: 1978). 

Principally biogeographers, they analyze distributions, 

observe and explain patterns, and model epidemic spreads 

utilizing spatial correlation or areal covariation. A 

review of their literature citations, however, reveals 

little reference to contemporaneous geography, but a very 

great degree of dependence upon microbiology, plant 

sciences, and plant pathology. In essence, they adopt 

some geographical methods to plant physiological ends, 

rather than employing pathological data for geographical 

ends. 
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Radiometric Study of Vegetation 

The earliest measurements of total leaf 

reflectance were made in 1908 (Coblentz 1913). These 

measurements, taken of nine species, indicated the 

presence of a higher reflectance peak in the near-infrared 

wavelengths relative to both visible radiation and longer

wavelengt~ infrared. 

In 1929, C.A. Shull noted a decrease in 

reflectance from leaves associated with both advanced age 

and incidence of disease. He also cited changes in 

reflectance according to the season of sampling (Shull 

1929) • 

Following World War II, substantial interest in 

the detection of strategic targets by the military 

stimulated research in radiometric characterization of 

different surfaces, including a variety of agricultural 

crops (Myers and Allen 1968, p. 1820). Much of this 

activity took place under the Air Force Target Signatures 

Measurement Program (Barrett and CUrtis 1982, p. 273). 

The advent of airborne and orbital digital measurement and 

imaging instrumentation further stimulated measurements of 

both reflectance and emittance, as well as study of 

relationships of radiance with plant condition, density, 

and yield (Myers and Allen 1968, p.1821). Study of cotton 

reflectance dealt principally with association of 
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reflectance and soil salinity, plant density, leaf 

thickness, water content, and yield (Thomas et ale 1967~ 

Myers and Allen 1968~ Gausman et ale 1969~ Gausman et ale 

1970~ and Gausman et ale 1971). 

Study of multispectral characteristics of crops 

have dealt with modeling of canopy reflectance though the 

use of scattering coefficients, transmission through 

multiple layers of canopy, and variability in soil 

reflectance (Myers and Allen 1968). Additional work 

includes the evaluation ~f variability in reflectance 

between different plant species (Gausman and Allen 1973)~ 

influences of solar illumination on canopy reflectance 

(Kollenkark et al. 1982): and studies of atmospheric 

influence on canopy reflectance (Jackson et al. 1983). 

Remote sensing studies of plant disease were first 

conducted in 1927 with aerial photography of Phymtotrichum 

root rot in Texas using panchromatic film (Taubenhaus et 

al. 1929). The initial application of multispectral 

techniques to plant disease were by Colwell (1956), who 

utilized color infrared photography to detect cereal 

diseases in California. Subsequent use of color and 

black-and-white infrared film has revealed plant diseases 

such as late blight of potatoes and halo blight of beans 

(OdIe and Toler 1976): bacterial pathogens on soybeans 

(Jackson 1964): Cercospora leaf spot of sugar beets 



(Myers 1975)~ southern corn leaf blight (Myers 1975~ 

Od1e and Toler 1976)~ root rot in avocado (Od1e and 

Toler 1976)~ and young citrus tree decline (Myers 1975). 

Micro-Scale Assessment of Plant Disease 
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Pamme1, in his first report on lithe Root Rot of 

Cotton, II describes "dead spots of considerable size • • • 

which show no regularity whatever" (Pammel1888, p. 61). 

While root rot was not generally accepted as a fungus

caused disease, its spread was believed to start with a 

single plant at "a half grown stage" and then to spread to 

neighboring plants (p. 61). He also cited its 

reccurrence from year to year, and an increase in size of 

the dead spots over time. While recognizing that 

alternation of crops does not eliminate the disease, it 

was erroneously believed that the destruction of plants 

would increase every season that cotton was planted 

(p. 64). 

The earliest published study of patterns of root 

rot based upon mapping was that of Scofield (1919). 

Working with rotation plots of 0.1 hectare (.25 acres), he 

mappe~ incidence of root rot in cotton over three years 

(Figure 5). He found that during the years studied, 

nearly all of the plots were affected to some degree, but 

that no more than half of a plot was affected for a given 

year. Growth of plants within areas previously affected 
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Figure 5. Schofi.eld map of Phymatotrichum root rot 



was substantial enough for him to conclude that root rot 

does not reappear in the same place from year to year. 

Over the next 17 years, a substantial amount of 

research effort was spent on characterizing spatial 

characteristics of Phymatotrichum root rot (Streets and 

Bloss 1973, p. 19). Among these, King (1923) reported 
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on root rot in alfalfa, noting the recurrence in 

successive seasons as originating with plants immediately 

beyond the preceeding year's perimeter. He also noted the 

rate of spread in cotton as between 9.1 and 9.4 meters 

during a period of 50 days (King 1923, p. 415). He 

characterized the spread as "radial", exhibiting both 

centrifugal and centripetal momentum from an initial ring. 

McNamara (1926), working with cotton plots, 

extended the earlier work of Scofield to the study of 

growth after sustained (2-year) fallow of disease-ridden 

plots. His findings suggest that the fallowing reduced 

the impact of the disease upon subsequent planting: 

however, he cautioned that continued work over a period of 

years was warranted (McNamara 1926, p. 24). 

King and Loomis (1926) experimented in Arizona 

with applications of manure as a means of control of root 

rot. While the manure applications apparently reduced the 

impact of the disease within previously infected areas, 

the authors noted that some natural phenomenon also 

occurred that "cleared up" effects of the disease in 
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untreated areas. They observed that the manure led to 

more extensive development of shallow, lateral roots on 

the cotton plants that allowed them to avoid contact with 

the fungus (King and Loomis 1926, p. 308). 

Subsequent study by King and Loomis (1929) brought 

them no further to a successful eradication method. They 

observed by this time that 1) the disease occurred deeper 

than 50 em (20 inches), surviving and spreading past 

trench barriers of that depth (p. 220), and 2) that the 

disease can exist saprophytically without living plant 

materials (p. 221). 

Continued mapping activities through the 1930's 

brought no additional insight into the mechanism of 

spreading (King and Stewart 1932: Ratliffe 1934). After 

this period, studies of spatial behavior of the disease 

gave way to physiological studies, particularly on 

biological resistance and mechanisms of fungastasis. 

Meso-Scale Assessment of Plant Disease 

There are no studies of root rot at a scale that 

would include an agricultural region. Most studies of the 

disease have emphasized in-field (micro-scale) patterns of 

distribution and change: the remainder deal with reported 

or predicted distribution throughout its habitable range 

(Streets and Bloss 1973: Percy 1983). Mueller (1981), 

while sampling from affected cotton in several different 
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agricultural areas, neither mapped nor compared 

distributions for his sites. Citing Streets and Bloss 

(1973), Percy (1983) describes edaphic conditions linked 

to the disease and plots potential distribution throughout 

the North American continent, but does not look at 

specific agricultural regions to establish distribution by 

ecological habitat. 

Assessment of Yield Reduction 

Smith et ale (1978) used aerial photography to map 

the extent of Phymatotrichum root rot in cotton in Texas. 

During the 1976 growing season, 1:20,000 scale color 

infrared photography was used to detect disease in fields. 

Field boundaries were transferred to standard 7.5 minute 

topographic maps. A random dot grid was projected onto 

the photography. Dots within healthy and diseased areas 

were counted to derive areal percentages of disease by 

field, which were then translated to real areas based upon 

planimetered areas on the topographic maps. For yield 

reduction estimation, the authors considered the infested 

areas as areas of total yield loss. 

In 1981, Mulrean, Mueller and Hine (1984) used 

aerial infrared photographs to estimate yield reduction in 

cotton. Unlike Smith et ale (1978), ground sampling of 

yield was conducted over the 46 fields studied. To 

measure the areal extent of root rot, disease boundaries 
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were obtained and measured from the photographs to 

calibrate yield reduction values derived from ground data 

for estimation of the actual yield by field. As yields in 

infested areas ranged from 50 to 75 percent of the healthy 

area yields, the calculated field yield values were 

subtantially higher than would be those had the measuring 

method of Smith et ale (1978) been applied. 



RADIOMETRIC CHARACTERIZATION OF 
PHYMATOTRICHUM ROOT ROT 

Remote sensing is defined as the gathering of 

information about the earth's surface from a distance, 

typically employing radiant electromagnetic energy. The 

procedure by which this energy is utilized may be 

summarized as follows: 

1. Radiant energy from the earth's surface, 

either reflected or emitted, is collected by 

a sensing instrument. 

2. This energy is recorded and stored, either in 

image form as a photograph, as a numerical 

component of a digital array, or as an analog 

signal which may be reproduced subsequently 

in a photograph-like form. 

3. By means of human visual interpretation which 

may be aided by machine, the presence/absence 

and value of this recorded energy is 

associated with a surficial phenomenon 

through a process of interpretation, or 

inferred from the presence of an identifiable 

feature with which an association is 

probable. 
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4. Through this interpretation, the phenomenon 

may be delineated on the image and ultimately 

transposed to a map. 
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The associative process of interpretation utilizes 

a set of image characteristics, or elements, that ideally 

are unique for a given surficial phenomenon: 1) spatial 

resolution, 2) spectral resolution, 3) size, 4) shape, 5) 

shadow, 6) texture, 7) pattern, 8) site, and 9) 

association. Of these elements, spectral resolution is the 

most important in this application since differential 

emittance or reflectance by wavelength is of fundamental 

importance in the discrimination of many earth materials. 

Spectral resolution is the discrimination of 

variability among features based upon different patterns 

of reflectance or emittance of electromagnetic energy 

according to wavelength. This is predictable for similar 

materials: vegetation has a characteristic pattern of 

spectral reflectance that is discernible from non

vegetation. While significant variation occurs within 

vegetation, the characteristic reflectance from vegetative 

surfaces is more similar to that of other vegetation than 

with that from non-vegetated surfaces. The particular 

pattern of reflectance or emittance associated with a 

given material is called its spectral "signature," and its 

measurement may be defined as radiometry. 
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In a general sense, radiance from an agricultural 

field is a function of the strength of irradiance from the 

sun and interaction between that irradiance and a given 

surface. The interaction of a plant surface is 

characterized within the visible spectrum by absorption in 

the blue-violet and red, and relatively higher reflectance 

in the green. Within the near-infrared portion of the 

spectrum, reflectance from healthy plants is typically 

high relative to that of the visible wavelengths. Other 

materials encountered in a field may be readily 

distinguished from vegetation with different wavelength 

patterns of reflection: soils are typically strong 

reflectors in both red and near-infrared wavelengths, 

while standing water is often highly absorptive in red and 

near-infrared (Figure 6). 

Radiometric characterization of plant disease 

involves the comparative analysis of reflection, 

transmission and absorption patterns of healthy and 

diseased plants. In addition, the disease must be 

discernible from other diseases that may affect the 

plants. Measurement of plant reflectance has been 

conducted in two ways: laboratory measurement, utilizing 

precision instruments such as spectrophotometers, and on

site field measurements using portable radiometers. 

Nearly all reported studies have been conducted in the 

laboratory. 
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Procedure 

Field reflectance measurements were taken over two 

seasons (1982 and 1983) of 1) healthy cotton (both upland 

and Pima cotton varieties) and 2) cotton affected with 

Phymatotrichum root rot as interpreted by photographic 

interpretation of sample areas within kill zones. 

Sampling in 1982 was performed between September 15 and 

October 10i while that in 1983 was conducted between July 

6 and September 25. Sample plots were drawn from selected 

fields to characterize r~flectance characteristics both of 

healthy and diseased cotton. During the first phase of 

study in 1982, sixteen fields of varying area were 

selected from all cotton fields within the study area 

(Figure 7). Field selection was based upon a systematic 

randomized technique: the area was divided into four 

quadrants, each of which was divided in half. Two fields 

were selected at random from each of the quadrant halves, 

for a total of sixteen fields. 

For each of the sixteen fields, four plots were 

located within the field, the criterion for selection 

being only that two were located within healthy cotton and 

two within diseased cotton. Each plot was defined as a 

one-meter square containing two one-meter segments of 

planted row. Reflectance measurements for each plot were 

taken across the spectral range of .4 to 1.0 micrometers 



Figure 7. fields 1982 study 
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using a RMR-10 multispectral radiometer (~adiometrics 

Inc. 1979). These measurements were taken in 

the reflectance mode (percentage reflectance by band) for 

the ranges listed in Table 1. 

Table 1. Spectral bands for Radiometrics RMR-10 
portable radiometer. 

Band Wavelength Range (micrometers) 

1 0.4 - 0.5 

2 0.5 - 0.6 

3 0.6 - 0.7 

4 0.7 - 0.8 

5 0.8 - 1.1 

6 0.4 - 1.1 

l-1hi1e each spectral range is defined as a "channel" on the 

radiometer, they collectively are referenced as "bands" in 

this study. 

Prior to measurement, reflectance at each plot was 

standardized by reading the white (90 percent reflectance) 

side of a Kodak standard test card. All readings were 

taken from a vertical perspective from a distance of two 

meters off a ladder with a 20 degree field of view, 

recording reflectance from an area of approximately .6 



meters on a side (Figure 8). Measurements were made 

between 9:00 a.m. and 3:00 p.m. to minimize irradiance 

variations between long and short wavelengths associated 

with atmospheric scattering. 
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Each plot was also photographed from approximately 

two meters height using a 35 millimeter camera and 

conventional panchromatic black-and-white film. The 

camera was equipped with a 28 millimeter lens, yielding a 

field of view of approximately 1.3 by 2.0 meters to ensure 

that the complete field plot was included. To locate the 

plot and determine photographic scale, a 1.0 meter rod, 

graduated in decimeters, was placed at ground level for 

each photograph. After photographing each plot, the rod 

was used to define the plot edges for plant measurement. 

Photographic prints were maCl.e of each plot to a 

common scale. Analysis of leaf area relative to soil 

surface or shadow requires that leaf surfaces be 

discernible from these other surfaces, as well as 

measurable. To identify and measure relative areas of 

leaf cover, soil and shadow, each photographic print was 

"density-sliced" using a Spatial Data Systems Model 704 

density slicer. This instrument consists of a videcon 

television camera that t~anslates the photographic image 

into an analog electrical video signal, a variable-level 

electronic slicer tnat decodes the analog signal into a 

finite set of classes based upon signal level, a color 
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encoder and monitor that displays the resulting signal 

level classes on a video display (Figure 9), and a 

planimeter that provides a percentage-area value for each 

class. Mean levels of each class, as well as class 

widths, are adjustable to accomodate different image 

density ranges of images being analyzed. 

Student's T-Test was used to analyze radiomatric 

data for comparison of mean values by spectral band 

between both healthy and diseased sites. The Statistical 

Package for the Social Sciences (Nie et al. 1975, p. 280) 

was used. In addition, Pearson's Product Moment 

Correlation analysis was performed between reflectance 

values by spectral band and the relative values of leaf 

area, soil and shadow reflectance to evaluate the 

contribution of each to the overall reflectance response. 

The radiometric data collected for the 1983 season 

were principally transect data through areas known to be 

affected by Phymatotrichum root rot. A preliminary survey 

at the beginning of the season indicated that many of the 

fields sampled in 1982 were not subsequently planted; 

hence, new fields were selected. Selection was made 

through random selection from the population of fields 

planted to cotton within the study area. The total 

population was diminished over the preceeding year because 

the U.S. Department of Agriculture implemented a surplus

reduction program, Payment in Kind (PIK), to reduce the 



-Figure 9. Ground plot photograph depicting 
healthy cotton 
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total planted area of a number of surplus crops, including 

cotton. A preliminary windshield survey of the area in 

June was supplemented with a low-level aerial survey 

utilizing both natural color and color infrared 

photography to detect emergent cotton. From the survey 

results, five fields were selected for an intensive 

combined radiance/yield sampling program (Figure 10). 

Radiometric sampling for each of the fields was of 

two types: transect sampling and plot sampling. 

Transects were selected randomly along rows in each of the 

five study fields. Each transect, which started at the 

field edge, was defined as a sequence of radiometric 

measurements taken at ten-pace intervals for a total of 

twenty samples. This was repeated for each of two 

transects for,each field on a bi-weekly basis throughout 

the season. 

Measurements of radiance values were calibrated 

against a 90 percent reflectance standard (Kodak standard 

test card). Calibration readings were recorded, along 

with time of day, at the beginning and end of each 

transect sequence. These were subsequently employed to 

scale the radiance measurements for change in irradiance 

associated with solar zenith angle • 

. Sample plots were established within each field 

using fully-randomized locating techniques. The total row 

length witnin each field was estimated by a ground-level 
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count of rows and aerial-photograph measurement of row 

length. This total was then divided by the length of a 

desired sample segment (3 meters). The result provided a 

total number of sample segments that could be tested 

within each field. Plots were defined by selection of two 

random segments, as defined from a random-number table, 

for every 25th row of the field, taken from opposite 

sides. The number of selected segments (usually 10), 

divided by the total number of possible sample segments 

within the field, provided the percentage sample value. 

The starting side and pace count of each sample 

plot was recorded, and the associated row was flagged with 

marking tape. In addition, the starting plant of each 

plot was similarly flagged. While plant height was still 

under .5 meters (July 12), each plot was marked and plants 

within the plot counted to supply figures for plot and 

average field planting density. 

At a biweekly interval, all sample plots were 

measured with readings taken toward the center of the plot 

row from a distance of approximately 2 meters. As 

vertical radiometric measurements were found to be 

impractical due to plant height ana cover density, 

readings were taken with a standard depression angle of 

approximately 30 degrees on axis with incident radiation 

for uniformity. As with transect data, all radiance 

readings were calibrated for solar zenithal angle using 
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time rate-of-change scaling, and assuming the change to be 

linear and the time interval between measurements to be 

constant within the period of sampling. 

In addition to the radiance measurements, 

qualitative observations were recorded with transect and 

plot visits. These were to note the presence of 

vegetation other than cotton within the field, atmospheric 

conditions, occurrence of wilt or other disease symptoms, 

readings of areas with anomalously low plant cover or 

height, and soil dampness. These recorded notes were 

subsequently employed as plant-condition markers with 

spectral plots. 

Analysis of radiance data utilized two procedures: 

plotting of radiance values against distance (transect 

data) and time (plot data) to study spatial and temporal 

changes in values~ and statistical testing of values to 

determine whether significant variability occurred with 

radiance. 

Results 

Analysis of the relationship between spectral 

response and the presence or absence of Phymatotrichum 

root rot reveals predictable results: areas of healthy 

cotton, as classified by field examination, demonstrated 

comparatively high values of reflectance in near-infrared 

wavelengths and low reflectance in visible wavelengths, 
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while diseased areas showed high reflectance values in 

both infrared and visible wavelengths. Between plots, 

significant variation occured in visible wavelengths, but 

not in infrared (Table 2). While infestation and 

subsequent destruction of plants is associated with the 

breakdown of chlorophyl in the leaves and resulting 

elimination of visible green reflection and red 

absorption, the relatively high near-infrared reflection 

from leaves is replaced with comparably high near-infrared 

reflection from the newly-exposed soil surface. 
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Table 2. Analytical relationship of plant condition 
(healthy/diseased) with spectral reflectance 

Band Healthy Diseased 
(micrometers) Mean Std. Mean Std. 

.4 - .5 .012 .0092 .020 .0142 

.5 - .6 .011 .0072 .017 .0122 

.6 - .7 .022 .0185 .043 .0316 

.7 - .8 .074 .0466 .062 .0417 

.8 -1.1 .211 .1271 .152 .1002 

.4 -1.1 .212 .1178 .200 .1245 

Mean differences: (T-test scores) 

Band Difference T-value 

.4 - .5 .0079 2.56 

.5 - .6 .0063 2.42 

.6 - .7 .0209 3.13 

.7 - .8 -.0016 -1.01 

.8 -1.1 -.0581 -1.96 

.4 -1.1 -.0118 -0.38 

Critical value of T (.010 level): 2.326 
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The initial analysis of radiometric 

characteristics of Phymatotrichum root rot involved 

transect samples taken within diseased fields, with 

measurements of radiance throughout the spectral range .4 

to 1.0 micrometers wavelength (visible blue to reflected 

infrared light). Since the health of the plant is closely 

related to its color, field measurments of radiance along 

a transect that intersects a diseased area should show 

appreciable variation corresponding to the infestation. 

By taking a sequence of measurements along the transect, 

the reflectance values associated with the kill zone are 

observed as a IIhillll in the vis ible wavelengths and a 

IIvalleyll in the infrared wavelengths (Figure 11). To 

optimize the infrared-to-visible relationships observed, 

the infrared values (RMR band 5) were divided by values of 

visible red (RMR band 3) for each transect sample, and the 

resulting values plotted on the transect. This ratio 

yields high values (20 or greater) for healthy vegetation, 

low values (less than 10) for diseased or dead vegetation 

and soil, and intermediate values associated with wilted 

vegetation. 

Field-derived radiance values are also influenced 

by variations in illumination angle, which is a function 

of the sampled wavelength of energy, and atmospheric 

interference, which is minimal for longer (red and 
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infrared) wavelengths. l~ile these factors are sometimes 

measured and used in the ultimate derivation of a 

reflectance measurement, the use of ratio values for these 

plots eliminated the need for correction due to these 

variations since both are similar in practical application 

for the red and near-infrared wavelengths ratioed. These 

wavelengths, relative to blue or green (.3 - .5 

micrometers), are minimally subjected to atmospheric 

scattering effects. This shortcut, however, is only an 

expedient when simple comparison is desired, rather than 

absolute measurement. 

The transect signature that typifies a 

Phymatotrichum root rot kill zone can be compared with 

sample transect data to identify the current development 

of the disease. Two sample transects were taken at 10-

pace intervals on two dates. The plotted ratios of 

infrared-to-red radiance are shown in Figure 12. The first 

site, while showing pronounced dip in the center for both 

dates, does not approach the dip associated with that of a 

known kill zone (Figure 11). The higher values for nearly 

all points along the August 26 transect are likely 

indicative of leaf maturation, commonly associated with an 

increase in infrared reflectance (Myers et al. 1975, 

p. 1717). The variance exhibited in values along the 

transect is apparently characteristic of healthy cotton. 
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The second site also shows higher values of 

infrared-to-red reflectance on the later date. This 

transect provides a pronounced dip that coincides with a 

kill zone in the field. The difference between the low 

points for the two dates is most likely due to different 

positions along the transect for the readings. 
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Two factors impeded field radiometric measurement 

along transects. First, access to the row rapidly 

diminished as the field reached maturity. The periodic 

application of irrigation water wetted rows for a period 

of three to 10 days, making movement within the field 

difficult. In addition, one field developed a severe 

infestation of annual weeds that nearly choked the sampled 

rows. The second factor, a four-day period of sustained 

rainfall and associated flooding, produced moderate to 

severe damage to all of the field sites, prematurely 

terminating field collection activities. 

Hand-held radiometric readings allow 

characterization of radiance patterns (spectral 

signatures) associated with kill patterns from 

Phymatotrichum root rot. This is enhanced with the use of 

infrared-to-red ratio values. Comparison of the resulting 

signature with those from other sample transect values 

allows a rapid and simple means of interpretation for 

healthy cotton, in contrast to a kill zone from 

Phymtotrichum root rot. However, natural variance within 
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healthy cotton, as well as changes in radiance associated 

with plant maturity, must be taken into account. 

Plots within 16 fields were sampled for radiance 

using the hand-held radiometer deployed from a ladder over 

one square meter sample areas at a 20 degree field of 

view. Each plot was differentiated according to cotton 

variety (Pima or Upland) and health (diseased or healthy, 

based on visual identification). Each plot was also 

sampled for cover (percent cover by leaf surface, soil 

surface, and shadow) and average plant height. 

Analysis of the radiometric values against these 

factors was made difficult by the relatively small number 

of sample plots. Table 3 lists Pearson's coefficient of 

regression (R) values for upland cotton sites aggregated 

according to health and height. Those for Pima were too 

few to evaluate adequately. The very low values of the 

regression coefficient are not easily explained, 

considering the evident variation in radiance associated 

with disease alone under conditions of transect. Two 

factors may contribute: first, the resulting sample was 

too small for analysis of the disaggregated factors. 

Second, the radiance values could have been normalized 

before comparison had an adequate sample had been taken. 



Table 3. Correlation coefficients (Pearson's) 
by spectral band, aggregated by 
healthy and diseased Upland cotton 
(n = 30) 

Band Healthy Diseased 

1 -.364 .035 

2 -.338 .029 

3 -.351 .043 

4 -.167 .102 

5 -.202 .154 

6 -.231 .147 
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MICRO-SCALE EVALUATION OF SPATIAL PATTERNS 

The micro-scale of study for Phymatotrichum root 

rot, as defined here, includes features up to a field size 

in scale -- that is, areas up to 128 hectares (320 acres). 

At this scale, the smallest individual element of study is 

the individual~otton plant, and the largest single 

features are kill zones of cotton within a field. 

Procedure 

The procedure employed for studying distribution 

involved the use of combined vertical and oblique aerial 

photography, both between years and within one growing 

season. While earlier investigators cite the use of 

photography as an aid in mapping the disease (King 1923, 

p. 414), there is no indication that within-season mapping 

activities have utilized aerial photography. Taubenhaus 

(1929), while photographing the effects of disease to 

assess total damage, apparently did not utilize the 

technique for within-season mapping of distribution and 

detection of spatial change. 

Since 1978, the U.S. Department of Agriculture, 

Fruit Protection and Production Laboratory, Weslaco, Texas 

annually has acquired large- and medium-scale color 

infrared aerial photography at a scale of 1:6,700 for the 
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Marana area (Figure 13). At this scale, kill zones are 

evident within fields which can be related with ground 

verification to Phymatotrichum root rot. The coverage 

area for this photography is approximately 275 square 

kilometers (110 square miles). 

Using this photography, Phymatotrichum root rot 
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extent was plotted between the years 1979, 1980, 1981, and 

1982 (Table 4) with an RC-I0 aerial camera equipped with a 

12 inch focal length lens on color-infrared film (Kodak 

2443). The film was projected onto a standard mapping 

base of 1:4,800 using the Kargl Reflecting Projector 

(lucidograph) with adjustable magnification and tip/tilt 

bed. 

Table 4. U.S. Department of Agriculture aerial 
photography of the Marana area. 

Date Film Scale 

October 1, 1978 CIR 1: 6,500 

September 12, 1979 CIR 1: 7,500 

October 15, 1980 eIR 1: 6,700 

October 11, 1981 CIR 1: 6,500/ 
1:11,500 

September 25, 1982 CIR 1: 6,700/ 
1:11,100 



Figure 13. Example of large-format 
aerial photography 

6U 
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To interpret the extent of Phymatotrichum root rot 

impact, the presence of diseased or dead plants, as 

indicated by a lighter tone, was delineated wherever at 

least two rows were affected. Unlike diseased areas, 10w

vigor areas were readily separable by their linearity or 

characteristic dendritic pattern associated with stream 

channel configuration and related coarse soil texture. 

Areas affected by Phymatotrichum root rot, on the other 

hand, were characterized by one of three features: an 

arc, circular belt, or dispersed small kill patches of 

compact shape, often intermingled with plants of vigorous 

appearance. 

Mapping was completed for four of the five 

selected fields -- the fifth field was fallow for three of 

the four years. Areas were measured on the final map 

products, at a scale of 1:4,800 using a Numonics 1224 

gr~phics calculator. Because tip-and-ti1t distortion 

effects were minimal, spatial correction of measurements 

was not needed. 

After ~he first ground-observed presence of 

Phymato~richum root rot in cotton in the study area, low 

level aerial photographs were taken of the five 1983-

season fIelds (Table 5). Photographs were taken with 35 

millimeter camera equipment, using conventional color 

positive transparency film (Figure 14). For two of the 
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overflights (August 11 and September 22), a portable 

camera mount was used that allowed photographs to be taken 

vertically. The other missions were photographed with 

hand-held equipment from the window of the aircraft. 

Though these were taken during a steep bank, the resulting 

photos are oblique. Nominal altitude was 1775 meters 

(5,856 feet) above ground level. Using a 50 millimeter (2 

inch) lens on the camera, the photo scale was 

approximately 1:35,493. 

Table 5. Low-level small format aerial photography 
for the Marana area, 1983. 

Date Film Mount 

August 11 Color Vertical 

August 22 Color Hand-held 

August 27 Color Hand-held 

September 22 Color Vertical 

Maps were made of the study fields by projecting 

the 35 millimeter images onto the frosted-glass screen of 

an International Imaging Systems color additive viewer. 

The mapping scale of the projected image was 1:5,280, 

enlarged by the projector approximately 6.7 times. Scale 

adjustment and partial correction for oblique perspective 
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were made by reprojecting the initial maps with a Kargl 

Reflecting Projector to a scale of 1,4,800. The resulting 

maps were measured for area of Phymatotrichum root rot 

with the Numonics 1224 graphics calculator. 

Results 

Comparison of annual maps of Phymatotrichum within 

fields yields several important conclusions. Figure 15 

depicts Phymatotrichum root rot (in black) within four 

sampled fields over four years (1979-1982). Table 6 

provides areas of infestation and disease as a percentage 

of field total area. Most noteworthy is 1) the large 

change in total affected area from one year to the next. 

Also evident is the locational change in affected area, 

although no significant pattern is evident, 2) the areas 

of effect are apparently not consistent, 3) nor is the 

return of a disease-impacted area to healthy cotton 

consistently apparent from one year to th~ next. 
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Figure 15. Distribution of Phymatotrichum root 
rot in four fields, 1979 - 1982 
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Table 6. Percentage of area affected by 
Phymatotrichum root rot from 
1979 to 1982 for four fields 

Year 

1979 

1980 

1981 

1982 

Field 1 

.69 

3.36 

2.52 

1.78 

Field 2 

11.79 

5.39 

11.44 

4.97 

Field 3 Field 4 

1.90 5.04 

7.17 3.41 

(n.d.) a .19 

4.29 5.01 

a (n.d.): data. not available due to fallow 
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To evaluate the level of coincidence for affected 

areas between years, a grid was placed over each field. 

Points of intersection within the grid were counted as 

affected or unaffected by Phymatotrichum root rot, and 

marked (Figure 16). The resulting point map was then 

compared with the next year's field map and recounted; in 

addition to affected and unaffected values, coincidence of 

points between years was noted, the total number of 

points by ~ield rangin~ from 140 to 260. The results, 

displayed in Table 7, show low to moderate coincidence 

between years, with values ranging from 3 to 59 percent, 

on a scale where 100 percent indicates perfect coincidence 

of points. While the disease may reoccur in areas of 

certain fields with greater than random probability, 

recurrence is not generally characteristic of 
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Figure 16. Grid-intersect layout for fields 



Phymatotrichum root rot. This conclusion is consistent 

with the hypothesized natural limitation imposed by an 

increased population in microflora that eradicate the 

disease in its active form and force it into dormancy. 

Development of a competetive population, which may be 

harbored in the soil between seasons, would limit the 
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recurrence of Phymatotrichum: however, in areas previously 

unaffected by the disease, Phymatotrichum root rot can 

revitalize and spread with little impediment until 

competetive populations have developed. 

Table 7. Coincidence of areas affected 
by Phymatotrichum root rot 

Year 

1979-1980 

1980-1981 

1981-1982 

Field 1 

.04 

.52 

.28 

Field 2 

.59 

.37 

.52 

Field 3 Field 4 

.23 .58 

(n.d.)a .50 

{n.d.)a .03 

a 
(n.d.): data not available due to fallow 

Intraseasonal (within-season) mapping similarily 

reveals a number of important characteristics in the 

spread of Phymatotrichum root rot. Figure 17 shows maps of 

five sample fields over the four dates studied. Table 8 

provides infestation areas for the five fields by date. 
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These data illustrate that the extent of the disease is 

dynamic over the course of plant maturity with areal 

change ranging from 299 percent to 907 percent between the 

first and last date. In rare instances, some degree of 

recovery was visible on the photography. Both findings 

rely heavily on the accuracy of interpretation. Since the 

latest photography is taken after a normal application of 

defoliant on the cotton, the resulting change may 

influence delineation of the disease area. In addition, 

conditions of sparse vegetation not originating from 

Phymatotrichum root rot but likely due to soil type, 

appear to be included within the area of disease in two 

cases (Fields 4 and 5). This inclusion error is due to 

difficulty in interpretation of the disease between dates, 

primarily resulting from problems in obtaining vertical 

coverage and consistent scale and photographic exposure. 

For the large part, however, substantial spread of the 

disease during the period mapped must be occurring. 



Date 

Aug. 6 

Aug. 20 

Aug. 27 

Sep. 22 

Table 8. Total area affected on four dates 
by Phymatotrichum root rot within 
one growing season (1983) for 
five fields (hectares) 
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Field 1 Field 2 Field 3 Field 4 Field 5 

.69 .46 1.11 2.35 .61 

1.08 1.13 1.46 2.61 1.97 

1.69 1.81 5.18 5.12 4.46 

3.41 2.41 5.30 7.02 5.53 

% Change 494 524 477 299 907 



MESO-SCALE EVALUATION OF SPATIAL PATTERNS 

The meso-scale evaluation covers the range of area 

between the micro-scale study (field unit size) and the 

total study area, considered an agricultural subregion 

since it occupies all of the agricultural land within a 

uniform physiographic unit. At this scale, Phymatotrichum 

root rot is studied as a distinctive ecological component 

within a uniform physiographic unit (river valley). 

Procedure 

Collection and mapping of spatial data on crop 

disease may be achieved in several ways: use of reported 

incidence and tabular data on extent within an 

agricultural area: labor-extensive field observation and 

transfer to a base map: or employment of remote sensing 

and direct mapping from synoptic imagery such as high

altitude aerial photography. A range map for 

Phymatotrichum root rot has been compiled using the first 

technique (Streets and Bloss 1973, p. 8). The second 

technique has been limited to single plots (Scofield 1919: 

King 1923: McNamara 1926: King and Loomis 1926). 

While cotton within the Marana area is typically 

monoculture, approximately 20 percent is rotated with 

either small grains or lettuce/small grains (Mulrean and 
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Mueller 1984, p. 4). Intervening fallow also occurs 

according to actual and perceived market value and, in 

1983, under guidelines of a voluntary federal surplus crop 

subsidy program. For this reason, only a partial range of 

the disease can be mapped during a single season. 

Based on data from the micro-scale study, the area 

of affect by Phymatotrichum root rot changes from year to 

year. In addition, cotton fields are periodically rotated 

through fallow seasons. For these reasons, imagery from a 

number of seasons must be interpreted and the results 

spatially combined. An area of approximately 20 square 

kilometers was selected surrounding Marana, Arizona. 

Criteria for selection included: long-term (four or more 

years) predominance of cotton with minimal fallowing; 

ready accessibility of fields; and contiguous fields 

within a single geomorphological setting of flood plain 

and associated terraces on one side of the Santa Cruz 

River. The area is comprised of 82 fields ranging in size 

from 4.3 to 54 hectares. Soils within this area range 

from clay loam to gravelly sandy loam (Soil Conservation 

Service, 1972). 

A base map was constructed using a u.S. Geological 

Survey topographic quadrangle at 1:24,000 scale. The 

portion of the map containing the area of interest was 

photographed and reproduced on mylar with 50 percent 

density reduction to provide adequate contrast between 
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base map information (contours, roads) and added 

information on field boundaries and disease patterns. 

After adding a graphic scale, border and locational 

reference data to the base map, diazo mylar contact copies 

were printed. Seasonal and composite Phymatotrichum root 

rot distribution data and soil data were mapped onto this 

reference base. 

Affected areas were mapped on color infrared 

photography according to color and pattern. Maps from 

each year were then combined on a single composite map. A 

Kargl Reflecting Projector was used to adjust each map to 

the common mapping scale of 1:24,000. 

The composite map was compared with soil map units 

derived from the Soil Conservation Service soil survey of 

Avra Valley (Soil Conservation Service 1972) at 1:20,000 

scale (Figure 18). Coincidence of root rot with soil 

units was determined using a grid intersect technique: a 

6.35 millimeter grid (150 meters ground distance) was 

overlayed onto the combined soil unit and disease range 

map. The soil unit was recorded for each gridline 

intersect, as well as the presence or absence of disease. 

Tabular data were analyzed using Chi-square statistic to 

test the randomness of the coincidence of soil units and 

Phymatotrichum root rot. After tabulation, physical 

characteristics of soil units showing statistically 

significant coincidence with the disease were tabulated 



1 Agua very fine sandy loam 8 Gila loam (1-3 'IIi slope) 
2 Anthony loam 9 Grabe loam 
3 Ariza gravelly sandy loam 10 Grabe silty clay loam 
4 Brazllo loamy sand 11 Pima silty clay loam 
5 "Brazile sandy loam 12 Rlverwash 
6 Gila Bandy loam 13 Vlnlon loamy land (0-1 '" 
1 GUa loam (0-1 .. slope) 14 Vinton-Anthony sandy loam 

Source: U.s. Department 0·' Agriculture. 8011 CanunaUon 8enlce, U172. 
Soll·su",e, of TUCIon-Awra Valle, Aree, Arizona (W •• hlngton. D.C.: GPO) 

1.0 .8 0.0 1.0 kllom ••• r. 
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Figure 18. General soil units of the Marana area .,.J 
U1 



76 

and studied for similarities. 

A quadrat analysis was also performed to determine 

whether there was statistically significant clustering of 

root rot occurrence. Chi-square analysis was used to 

assess the probability of randomness in the sampled 

distribution. 

Results 

Four maps were produced for the same season from 

aerial photography for the years 1979, 1980, 1981 and 1982 

(Figures 19-22). These were overlayed and combined to 

produce a multiseasonal distribution map (Figure 23) of 

Phymatotrichum root rot. This product was used for all 

subsequent analysis of the disease. 

The area of each of the 82 fields was measured 

within the mapped area, as well as the composite disease 

area within each field. While the defined study area 

covers 1986 hectares, the combined field areas total only 

1719 hectares. The balance is comprised of roads, urban 

and suburban land, and small parcels of undeveloped land. 

Of the total field area, 716 hectares of the cropped area 

(41.6 percent) was affected by Phymatotrichum root rot 

between 1979 and 1982 while under cUltivation for cotton. 

The area of disease within a field ranged from none to a 

high of 33.2 hectares during the period~ as a percentage 
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of field area, it ranged from none to 92 percent. 

Grid intersect points were used to sample 

coincidence of diseased areas with mapped soil units. 

Table 9 lists summary data on this measured soil unit 

coincidence. Of the total of 878 intersect points within 

the study area, 36 percent of the points fell on diseased 

areas. 

Table 9. Occurrence of Phymatotrichum root rot 
by soil unit (hectares) 

Soil Healthy Diseased Total Area 

Agua very fine sandy loam 78 219 297 

Anthony loam 20 39 59 

Brazito gravelly sandy loam 16 39 55 

Brazito sandy loam 10 49 59 

Gila sandy loam 22 74 96 

Gila loam (0-1% slope) 239 331 570 

Gila loam (1-3% slope) 4 14 18 

Grabe loam 18 27 45 

Grabe silty clay loam 70 76 146 

Vinton loamy sand 0 20 20 

Vinton-Anthony sandy loam 147 208 355 

Total: 624 1096 1720 
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Within the area, 33 percent of the soil is nearly 

level (zero to one percent slope) Gila loam. A 

corresponding high percentage (38 percent) of the diseased 

points fell within this unit. The other significant 

associations were with Vinton-Anthony sandy loam (24 

percent) and Agua very fine sandy loam, which respectively 

rank second and third in total area. These relationships 

suggest that the occurrence of the disease might be 

random: however, examination of the relative percentages 

of diseased-to-undiseased points by soil unit reveal that 

the highest incidence (48 percent) is associated with the 

finest-textured soil unit within the area (Grabe silty 

clay loam), and the lowest percentages of occurrence (17 

percent) are on sandy loam, the most coarse-textured soil 

unit represented within the area. 

A Chi-square analysis of this relationship shows 

an association between disease presence and soil type: 

rejection of independence at the .005 level requires a 

Chi-square greater than 25.1882 (degrees of freedom: 10): 

however, the measured Chi-square value across the 11 

represented soil units is 31.319, so a significant 

relationship is demonstrated at the .005 level (Table 10). 



Soil 

Table 10. Chi-square summary for Phymatotrichum 
root rot and soil coincidence 

Healthy Diseased 

84 

Type Observed Expected Observed Expected 

1 112 96.84 40 

2 20 19.11 10 

3 20 17.84 8 

4 25 19.11 5 

5 38 31.22 11 

6 169 185.39 122 

7 7 5.73 2 

8 14 14.65 9 

9 39 47.78 36 

10 10 7.01 1 

11 106 115.31 75 

Total 560 560.00 318 

Chi-square = 31.319 (df=10) 

Critical value at .005 = 25.1882 

Soil Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Type 

Agua very fine sandy loam 
An thony loam 
Brazito gravelly sandy. loam 
Gila sandy loam 
Gila loam (0-1%) 
Gila loam (1-3%) 
Grabe loam 
Grabe silty clay loam 
Vinton loamy sand 
Vinton-Anthony sandy loam 

55.16 

10.89 

10.16 

10.89 

17.78 

105.61 

3.27 

8.35 

27.22 

3.99 

65.69 

319.00 
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An additional test of this relationship was 

conducted by again tabulating coincidence of disease from 

the composite map with soil units: however, fields that 

were not planted in cotton for at least three of the four 

years mapped were eliminated from tabulation. Table 11 

provides a Chi-square summary for these data. Elimination 

of these fields increased the Chi-square value, suggesting 

a more significant relationship between soil units and 

disease occurrence. This is very likely due to two or 

more factors working in union: 

1) Increased moisture-holding capacity of the 

fine-textured soils (loams, clay loam) provides 

a medium through which root exudates can reach 

the dormant sclerotia, triggering generation of 

hyphae and subsequent ramification of the 

disease through the plants. 

2) The increased intercrumb air space within the 

coarser soils (sandy loam) affords a hostile 

environment to the growth of fungal hyphae: 

hence, infestation is minimized by a factor of 

spread control. 
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Table 11. Chi-square summary for Phymatotrichum root 
rot and soil coincidence (fields not planted 
in cotton three or more years not included) 

Soil Healthy Diseased 
Type Observed Expected Observed Expected 

1 96 83.04 40 

2 19 17.71 10 

3 20 17.10 8 

4 24 17.71 5 

5 38 29.92 11 

6 139 155.71 116 

7 1 1.83 2 

8 14 14.04 9 

9 23 32.97 31 

10 10 6.72 1 

11 99 106.25 75 

Total 560 483.00 308 

Chi-square = 36.757 (df=10) 

Critical value at .005 = 25.1882 

Soil Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Type 

Agua very fine sandy loam 
Anthony loam 
Brazito gravelly sandy loam 
Gila sandy loam 
Gila loam (0-1%) 
Gila loam (1-3%) 
Grabe loam 
Grabe silty clay loam 
Vinton loamy sand 
Vinton-Anthony sandy loam 

52.96 

11.29 

10.90 

11.29 

19.08 

99.29 

1.17 

8.96 

21.03 

4.28 

67.75 

308.00 
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A casual observation that is not quantitatively 

verified suggests that surface and near-surface soil 

characteristics may playa significant role in the 

distribution of the disease. During the photographic 

interpretation, clusters of Phymatotrichum root rot kill 

zones were often observed to follow a linear segment of a 

no-growth area in a dendritic pattern. These surficial 

variations are not seen in the soil survey map. The form 

suggests that soil inclusions, produced by relict drainage 

systems and too small to 'be delineated in the soil survey, 

may be closely associated with the distribution of the 

disease. Whether this is due to the moisture-holding 

capacity of a given soil, its chemical composition, 

physical composition, or structure is a question requiring 

further analysis. 

To test a hypothesis of spatial independence of 

the disease, a quadrat analysis was performed by 

aggregating field areas within 13 one-mile sections (2.6 

square kilometers) represented in the study area. Disease 

occurrence data were collected using the grid intersect 

method described above. Totals are shown in Table 12. 

Using Chi-square analysis, a measured value of 35.052 was 

above the rejection threshold of 28.29 (12 degrees of 

freedom) at the .005 level: hence, distribution of 

Phymatotrichum root rot is not spatially independent at a 



resolution of 2.6 square kilometers. This observation 

adds further value to the demonstrated non-random 

coincidence of Phymatotrichum root rot with mapped soil 

units. 

Table 12. Chi-square values for quadrat analysis 
of Phymatotrichum root rot 

Quad Healthy Diseased 
Observed Expected Observed Expected 

1 49 62.61 59 45.39 

2 37 31.30 17 22.70 

3 49 55.07 46 39.93 

4 78 62.03 29 44.97 

5 10 9.85 7 7.15 

6 4 4.06 3 2.94 

7 53 48.11 30 34.89 

8 30 22.61 9 16.39 

9 54 51.59 35 37.41 

10 50 60.29 54 43.71 

11 24 29.56 27 21 • .44 

12 43 42.32 30 30.68 

13 21 22.61 18 16.39 

Total 502 502.00 364 364.00 

Chi-square = 35.052 (df:12) 
Critical value (.005 level) = 28.2995 
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ESTIMATION OF YIELD REDUCTION 

The application of remote-sensing methods for the 

detection and mapping of Phymatotrichum root rot provides 

two methods of determining yield reduction in cotton: 

first, simple binary classification of diseased and 

undiseased cotton using either aerial photography or 

digital image data can supply direct measurements of area 

of both categories. If yield sample data are gathered for 

these areas, the yields from each can be estimated, along 

with the reduction in yield attributable to the disease. 

Second, radiance from the plants is associated 

with vigor. If this vigor can be related to the yield of 

the plant, then measurement of radiance variability can be 

linked to yield from the plants. This provides a means of 

yield estimation more accurate than that based entirely on 

a small number of ground samples. In addition, if the 

dates of planting, emergence, initial occurrence of root 

rot and rate of disease spread are known, the actual yield 

from areas affected by rot may be estimated. 

Procedure 

The yield study of Phymatotrichum-affected cotton 

was conducted in two parts: first, multispectral digital 

image data collected from an airborne platform was 

89 
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classified and mapped to identify healthy cotton, areas of 

root rot, and areas of low-yield but otherwise undiseased 

cotton. The areas of each category were tabulated by 

field unit for 28 fields, then converted to estimated 

yield values by field based upon ground data. The 

resulting estimated values were then compared with actual 

yield values as, obtained from ginning records. Second, 

ground-derived plant density, height and yield data for 60 

sample plots of 30 healthy and 30 diseased plants were 

compared with both ground collected values of reflectance 

and airborne digital image brightness values to assess the 

utility of remote sensing for direct measurement of yield. 

Thematic Mapper Simulator Data 

On September 25, 1981 and October 1, 1982, the 

National Aeronautics and Space Administration (NASA), Ames 

Research Center, conducted high-altitude airborne tests of 

a multispectral scanner that was configured to match the 

spatial and spectral characteristics of an orbital imaging 

system, the Thematic Mapper. These Thematic Mapper 

Simulator (TMS) flights were over the Marana study site 

(Figure 24) from an estimated altitude of 20,430 meters 

(67,000 feet). The 1981 simulation sensed a spectral 

range of .38 to 1.10 micrometers over 10 contiguous 

channels. The 1982 simulation sensed a range of .42 to 

1.05 micrometers over 8 channels, as well as two middle-



Figure 24. Example of Thematic Mapper 
Simulator imagery 



infrared (in the range 1.55 to 2.35 micrometer) and two 

far-infrared (in the range 10.4 to 12.5 micrometer) 

channels. 

92 

The initial yield reduction study utilized the 

1981 TMS data set, along with ground-collected data on 

cotton yield. Within the study site, 28 fields of cotton 

were sampled for yield. Within each field, two sample 

plots were located at random, one within an area of 

Phymatotrichum root rot-affected plants, and the other 

within healthy plants. Each plot was defined as two 

meters of a single row. The total number of open bolls of 

cotton were counted for all plants within the two-meter 

plot. This number, divided by 40 and multiplied by the 

total field area as measured on aerial photography, 

provided the estimated yield of the field for the sample 

yield quantity. This relationship was based on an assumed 

value of 20 bolls of cotton per 1 meter of row yielding 1 

bale of cotton for every hectare of planted field. The 

yield estimate from the healthy plot was considered the 

optimal yield of the field without disease -- yield 

reduction was based upon areal extent of disease as a 

percentage of the total field, multiplied by the estimated 

diseased-plot value and subtracted from the optimal field 

yield. 

A computer-compatible tape of the TMS data was 

supplied to the University of Arizona by NASA-Ames 
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Research Center. The TMS data set for the flight line 

over Marana consists of 792 eight-bit (256 brightness 

value) bytes per channel. All ten recorded channels were 

written as a single data record. By selectively skipping 

records and extracting portions of the scan line for 

viewing, the study area was located within the image data 

set. A single image of 512 elements (pixels) by 512 scan 

lines was extracted, consisting of ten channels of image 

data. Each pixel represented an area of approximately 24 

by 24 meters (80 x 80 feet), with a brightness value 

associated relatively to radiance ~rom the field of view 

area within the spectral range represented. 

Machine-assisted processing of the extracted image 

was performed on an International Imaging Systems Model 70 

image processor, hosted by the DEC PDP-ll/70 minicomputer. 

This system, configured for a capacity of s"ix 512 by 512 

pixel single-band images, provides a number of information 

extraction, enhancement and classification routines that 

can be applied interactively to an image. Results are 

displayed on a color video display which can be 

photographed. In addition, digital image files of 

classification images can be saved and transferred to 

other computer systems with hardcopy production 

capabilities. 

Using aerial photography flown October 6, 1981, 
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ground sampled fields were located on the imagery. Ten 

sample points were selected at random within each field 

corresponding to 1) healthy cotton, 2) Phymatotrichum root 

rot-infested cotton, and 3) low-yield cotton, 

respectively. Brightness values for each point were read 

by channel from the display using the POINTS routine (I2S 

1981) and averaged for all fields. These values were then 

plotted by channel for each of the three classes to 

determine those spectral bands for which class 

separability was greatest (Figure 25). The channels 

affording the greatest separability were then used to 

classify the extracted image. 

Three channels accounted for maximum separability 

of four selected phenomena (mature healthy cotton, 

Phymatotrichum-infested cotton, uninfested low-yield 

(stunted) cotton, and field edges/canals). These were 

channels 3, 5, and 9 from the TMS data, corresponding to 

visible green (.45 - .50 micrometers), red (.55 - .60 

micrometers), and near-infrared (.80 - .89 micrometers), 

respectively. Channel 9 provided separation between 

healthy and infested cotton, while Channels 3 and 5 were 

needed to separate infested cotton from low-yield cotton 

and field edge/canal features. 

While several different classification algorithms 

are available with the image processing system, a simple 

supervised minimum-distance routine, MINDIST (I2S 1981) 
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was found to be satisfactory in classifying areas of 

Phymatotrichum root rot, healthy field vegetation, and 

low-vigor growth within the sample fields. To eliminate 

classification of pixels from outside of the sample 

fields, a digital image mask was created by identifying 

spatial image coordinates for field corners and creating 

polygons using a vertex-to-gridcell conversion program 

(Nichols 1979). This image mask (Figure 26) was 

incorporated with the classification image by 

multiplication: desired fields within the mask image 

were given values of 11111, while the image area outside of 

the field units was given a value of 110". These latter 

cancelled all pixels within the classification map that 

fell outside the fields (Figure 27). 

To determine area associated with each class by 

field, a count was made of pixels. within each field 

according to classification value. Each class was 

calculated by pixels as a percentage of the total 

representing the field. These were subsequently converted 

to real field area values using field areas planimetered 

from photographs. 

Results 

Analysis of field data included both cross

correlation study of plant variables (height and boll

counts), as well as an analysis of spectral reflectance. 
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Figure 26. Image of digitized field mask 

Figure 27. Masked classification of cotton fields 



Table 13 depicts results of this analysis. High 

correlations between open and closed boll counts with 

total bolls are misleading high, since the latter was 
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derived from the individual boll count figures. The most 

promising correlation values, of moderate significance, 

are between both closed and total boll counts and plant 

height. 

Table 13. Analytical relationship of plant height, 
condition, and yield (Pearson's) 

Condition Bolls Height 
Open Closed Total 

Condition 1.000 

Bolls, Open .354 1.000 

Bolls, Closed .490 .497 1.000 

Bolls,Total .478 .894 .833 1.000 

Height .426 .511 .618 .645 1.000 

The analysis for plant condition, which in general 

suggest that (1) healthy plants have greater numbers of 

bolls, both open and closed, than diseased plants: and (2) 

healthy plants are taller than diseased plants: is 

demonstrated in Table 14. 



Table 14. Mean difference values between healthy and 
diseased cotton samples 
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Bolls: Open Closed Total Height 

Difference -3.0267 -3.3900 -6.4067 -18.0300 

T-va1ue -2.8824 -4.2841 -4.1444 -3.5838 

The statistical analysis of spectral reflectance 

by band and boll count (open, closed, and total) is 

depicted in Table 15. From these Pearson's R-values, a 

weak relationship is exhibited between reflectance and 

open bolls. However, a somewhat stronger relationship is 

exhibited between reflectance in the visible wavelengths 

(Bands 1-3) and both closed boll count and plant height. 

In both cases, values of the relationship may have 

improved with larger samples. The conditions cited under 

the discussion of radiometric sampling were also pertinent 

for yield samples. 



Band 

1 

2 

3 

4 

5 

6 

Table 15. Analytical relationship of spectral 
reflectance and yield (Pearson's) 

Bolls Height 
Open Closed Total 

-.086 -.319 -.187 -.276 

-.087 -.308 -.183 -.253 

-.118 -.340 -.217 -.281 

.074 -.037 .032 .020 

.104 .039 .082 .081 

.041 -.092 -.012 -.013 

Table 16 displays tabular results of compared 

remote sensing data yield estimates with photographic 

sample estimates. Table 17, compiled by comparison of 

healthy versus infested measurements by conventional 

photographic means and with the use of Thematic Mapper 
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Simulator data, reveals that analysis of digital spectral 

data can produce estimates within five percent accuracy 

one time in four sampled, and within 10 percent accuracy 

better than two in five times sampled for healthy fields 

as compared with conventional methods. However, ground-

based samples of plant yield within plots are still 

required to calibrate the model. In contrast with the 

results of yield estimation from reflectance measurements 

discussed earlier, the indirect measurement of cotton 

yield from remote platforms shows promise. 



Field 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
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Table 16. Comparison of Thematic Mapper 
Simulator (TMS)-derived area results 
with those from conventional aerial 
photographic interpretation (hectares) 

Photography TMS 
Healthy Diseased Healthy Diseased 

11.25 19.32 18.79 13.58 
13.48 16.32 20.97 8.82 
33.35 11.18 38.71 5.82 
26.53 13.31 30.51 9.33 
11.97 18.27 20.73 9.51 
21.61 9.48 28.55 2.54 
44.55 14.15 56.48 2.22 
33.81 8.50 37.92 4.39 
35.35 8.78 35.04 9.09 
8.67 8.21 16.00 .88 

36.11 5.59 40.39 1.31 
14.66 4.13 18.34 .46 
26.96 2.96 19.10 .83 
23.51 7.87 24.93 6.45 
22.75 1.38 21.13 3.01 
9.21 4.96 8.45 5.72 

17.80 7.10 21.41 3.48 
18.36 3.50 18.16 3.70 
8.35 5.01 11.90 1.45 

19.62 4.39 21.76 2.25 
18.93 6.58 19.48 6.02 
17.24 13.12 20.20 10.16 
28.12 5.28 29.35 4.05 
24.83 4.32 18.53 10.63 
10.93 4.45 11.24 4.14 
10.69 2.67 12.13 1.23 
10.44 4.54 11.63 3.35 
18.69 4.10 19.75 3.04 
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Table 17. Percentage differences in estimates 

Field 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

of healthy and infested cotton between 
conventional aerial photography and 
Thematic Mapper Simulator data 

Healthy Difference 

1.73 
12.55 
9.12 

11.45 
9.19 

13.54 
12.73 

2.03 
36.35 
27.61 
3.88 

10.59 
0.17 

15.46 
36.26 
19.69 
8.92 

16.06 
18.11 
1.62 

33.59 
18.25 

2.46 
36.09 

3.25 
6.14 

13.02 
5.40 

Infested Difference 

18.78 
25.17 
12.04 
9.99 

28.97 
22.32 
20.32 
9.71 
0.70 

43.42 
10.26 
19.53 
7.12 
4.53 
6.76 
5.36 

14.54 
0.91 

26.65 
8.91 
2.20 
9.75 
3.68 

21.65 
2.02 

10.78 
7.94 
4.65 



CONCLUSION 

Geographical analysis of Phymatotrichum root rot 

in Arizona cotton has provided some insights into the 

nature of the disease: 

1) Phymatotrichum root rot exhibits a distinct 

spectral reflectance pattern that is 

particularly discernible in the visible 

wavelength range between green and red (0.5 to 

0.7 micrometers) as compared to that from 

unaffected (hea1t~y) cotton. This reflectance 

2) 

pattern is quantifiable and potentially useful 

as a means of detecting the disease from a 

remotely-based platform. 

Phymatotrichum root rot is spatially dynamic 

both within and between seasons. Between plant 

maturation and harvest, the affected area may 

expand within the field: however, the magnitude 

of change is quite variable, ranging from 299 

percent to 907 percent. Between seasons, the 

disease may exhibit recurrence in some fields 

while it misses others entirely. Recurrence was 

measured to be from 3 percent to 59 percent 

between the years 1979 and 1982, suggesting 

103 



that this phenomenon does not typlify the 

disease. This is also consistent with 

hypothesized systems of natural control by 

competitive microflora. 

3) When the area of persistent (multi-year) 
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impact is compared with the distribution of 

soils, coincidence of the disease with soils of 

fine (clay-loam) texture significantly exceeds 

that expected due to chance at the .005 level. 

The distribution of the disease within an 

agricultural area is significantly focused. 

This is consistent with concepts of 

pedogenesis, in that deposition of sediment at 

a given time is spatially non-random, producing 

inclusions of soils of different texture within 

a region of aggradation. The established 

coincidence of Phymatotrichum root rot with 

particular soil units based on texture reveals 

a non-random distribution. 

4) Remotely-sensed estimates of yield reduction 

over large areas based on relative measures of 

infested versus uninfested areas of field units 

are useful when calibrated with ground-sampled 

plant yields. Differences in estimates of 

healthy area ranged from 0.17 percent to 36.36 
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percent, while those of diseased area ranged 

from 0.70 percent to 43.42 percent. 

Discussion 

A number of questions and problems are raised by 

this study. During radiometric sampling, data on leaf 

cover, soil cover, and shadow were estimated with density

slicing techniques. The contribution of each surface to 

overall reflectance 'was not examined: however, these data 

could provide the basis for a reflectance model. The 

contribution of soil reflectance under varying conditions 

of cover may be significant in its effect on total 

radiance from the sample plot. 

A comparison of infrared and visible reflectance 

showed a deviation from expected values. The lack of 

significant differences in mean values of reflected 

infrared radiance between diseased and healthy plots is 

not consistent with laboratory measurements. 

Inconsistent soil reflectance due to variable conditions 

of soil moisture (damp under healthy canopy and dry when 

exposed after disease-induced wilt) may account for this 

discrepancy: however, additional measurements are warranted. 

Interpretation of disease extent from small-format 

aerial photography was hindered for two reasons. First, 

the use of oblique photography for two of the four dates 

made interpretation difficult because the additional 
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vegetation seen from a non-vertical perspective masked the 

boundaries of large kill zones and completely obscured 

smaller infestation spots. The oblique perspective also 

made direct mapping from photography d~fficult. Second, 

employment of conventional color film instead of color 

infrared film reduced the consistency of root rot 

identification as separate from unrelated effects that 

reduce cover density, such as high soil permeability or 

insufficient irrigation. 

The use of large-format color infrared aerial 

photography minimized interpretation and mapping errors 

associated with small-format photography; however, two 

problems were encountered. First, as the photography was 

obtained very late in the cotton season (September and 

October), the effects from defoliant applied to cotton 

immediately prior to harvesting made its appearance highly 

variable. Identification of crops (cotton, alfalfa, 

sorghum) was difficult in certain fields. Second, the 

photography was acquired on different dates following 

maturation of the crop; thus, comparison of mapped disease 

extent is not consistent. 

The use of mapped data from a soil survey presents 

several problems. First, mapped units are relatively 

large in comparison with soil inclusions that appear to be 

associated meaningfully with the distribution of 

Phymatotrichum root rot within a given season. Second, 
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the distribution of a fungus harbored in lower root zone 

of a soil may not correlate well with the distribution of 

soil units classified according to surficial 

characteristics. If subsurface soil characteristics are 

not spatially distributed in the same manner as surficial 

characteristics, a comparison of the distribution of 

disease effects and soil type is invalid. An assumption 

of subsurface continuity with surficial exposure was made 

here: however, additional data of soil characteristics at 

a depth typifying the presence of Phymatotrichum root rot, 

in both dormant and active state, is needed. Third, the 

potential relationship of the disease to soil based on 

moisture capacity may be masked by different irrigation 

practices between fields. Data on soil moisture, as well 

as ~u irrigation schedule, could resolve this problem. 

More meaningful results may have resulted from 

increased sampling, both in number of collection points 

and density. Later studies could also benefit from 

mechanized techniques in data collection, as well as more 

frequent and consistent sources of remotely-sensed 

imagery. Ground radiance measurement can be aided with 

the use of an over-canopy platform, perhaps affixed to a 

tractor, that will sense from a consistent height and 

vertical perspective. The eventual availability of 

orbital imagery such as Thematic Mapper data will provide 
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greater consistency in geographical dimension and 

spectral representation. An additional benefit of this 

imagery will be coverage over a large area, potentially 

allowing mapping of Phymatotrichum root rot throughout its 

known range and detailed multi temporal analysis of its 

distribution. The results of this study suggest that such 

data will be very useful in studying ecological 

relationships of the disease on a large scale. 
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