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ABSTRACT

Nutter, F. W., Jr., Gleason, M. L., Jenco, J. H., and Christians, N. C. 1993. Assessing the accuracy, intra-rater repeatability, and inter-rater reliability

of disease assessment systems. Phytopathology 83:806-812.

Dollar spot of bentgrass, caused by Sclerotinia homoeocarpa, Was
chosen as a model pathosystem to evaluate the accuracy and precision
of several disease assessment methods. Quadrats were assessed by visually
estimating percent disease severity, by measuring percent reflectance of
sunlight at 600 and 800 nm, and by image analysis of color photographic
slides. Visual and reflectance assessments were performed by four raters
and repeated 24-h later to obtain a measure of intra-rater repeatability.
Linear regression of the original assessments (Y) versus the repeated
assessments (X) revealed that intra-rater repeatability was highest for
the 600-nm radiometric method as indicated by slope values not sig-
nificantly different from 1.0 (P < 0.01) and intercepts close to and not
significantly different from zero (P < 0.01). Coefficients of determination
(RY) also were highest for this method, ranging from 98.7 to 99.6%, whereas
R® values relating intra-rater visual assessments ranged from 83.4 t0 93.1%.
Inter-rater reliability was highest using the 600-nm radiometric method

Additional keywords: multispectral radiometer, remote sensing.

as determined from regression equations relating one rater’s visual and
radiometric assessments to assessments performed by other raters. Slopes
and intercepts among raters using the 600-nm radiometric method did
not differ significantly from 1.0 and zero, respectively. However, two
of six intercepts and six of six slopes measuring inter-rater reliability
of the visual assessment method were significantly different. Slopes sig-
nificantly different from one indicate the presence of systematic bias among
raters, whereas intercepts significantly different from zero indicate the
presence of constant sources of error among raters. Radiometric assess-
ments also had a better relationship (R*) to the true level of dollar spot
severity as determined with an acetate sheet-image analysis technique.
The radiometric assessment method provided a fast, accurate method
to measure dollar spot severity that was more precise than were visual
assessments.

Plant populations affected by diseases often are assessed to
determine the level of disease intensity (1,4,6,7,13,17). Disease
assessments provide quantitative data concerning the effectiveness
of disease-management strategies (2,9,11), help growers make
management decisions (1,4), and provide a means of estimating
crop damage (10,13). Shokes et al (18) stated that any method
used to assess disease intensity should 1) be easy to use, 2) be
applicable over a wide range of conditions, 3) provide reproducible
(precise) results, and 4) provide a rapid and accurate measure
of disease intensity.

Relatively few studies have been conducted to guide researchers
in selecting one disease assessment method over another (14,17)
or to evaluate modifications of an existing assessment system
to improve the accuracy and precision of estimates. Inter-rater
reliability has been operationally defined as the ratio of the true
variance (among plots) to the total variance, which includes a
variance component for the error among raters (18). Although
improved sampling designs and increased sample size can lower
true and total variances, limited resources often restrict sample
size. In addition, when more than one rater is involved, it is
difficult to quantify the bias attributable to any one individual.
Shokes et al (18) proposed measuring intra-rater repeatability
with a test-retest correlation procedure. The correlation coefficient
(r) provides a statistical measure of the relationship between
repeated assessments of the same sampling units by the same
individual or instrument. However, correlation analysis between
two variables cannot be used to infer a cause-and-effect rela-
tionship, nor can one variable (repeated assessments) be used
to predict the value of another variable (first-time assessments).

® 1993 The American Phytopathological Society

806 PHYTOPATHOLOGY

Least squares regression can be used to determine if there is a
significant linear relationship between disease assessments per-
formed by different raters and whether there is a statistical rela-
tionship between repeated assessments performed by the same
individual. Regression-equation parameters, such as the slope and
intercept, could be used to evaluate and compare the accuracy
and precision of disease assessment raters and methods (10,13,16).

Dollar spot of bentgrass (Agrostis palustris Huds.), caused by
Sclerotinia homoeocarpa F.T. Bennett, is considered one of the
most prevalent and persistent diseases on golf courses in the United
States. The disease causes circular, sunken patches on closely
mowed turfgrass that rarely exceed 5 cm in diameter. These
patches coalesce into larger, irregular patches if the disease be-
comes severe (19). On closely mowed turfgrass, the disease re-
sembles “leaf spots” on a large two-dimensional “leaf” surface
when | m? quadrats are delineated.

The purpose of the present study was to 1) demonstrate the
use of simple linear regression to detect and quantify bias within
raters (intra-rater repeatability) and among raters (inter-rater
reliability) as affected by visual versus radiometric assessment
methods and 2) compare accuracy and precision of visual, radio-
metric, and image-analysis disease assessment methods on dollar
spot of bentgrass. A preliminary report has been published (12).

MATERIALS AND METHODS

Experimental design. To quantify and compare the accuracy
and precision of assessment methods and raters, it was first nec-
essary to generate a wide range of dollar spot severity levels.
Field plots were established on a creeping bentgrass (4. palustris)
green located at the lIowa State University Horticulture Farm
near Gilbert. This green consisted of cultivars Emerald, Penncross,



and Penneagle. Because cultivar/rater and cultivar/assessment
method interaction terms were not significant (P < 0.01), data
from these cultivars were pooled, and the experimental design
was a randomized complete block with six treatments and 12
replications (initially four per cultivar). To obtain the widest pos-
sible range of dollar spot severities, 1-m” bentgrass quadrats were
inoculated with Selerotinia-infested ryegrass (Lolium perenne 1..)
grain at six inoculum densities: 106.4, 53.4, 26.7, 13.4, 6.7, and
3.3 ml of infested grain per plot. Eight uninoculated, fungicide-
treated control plots also were included but were located 5 m
from inoculated plots to ensure that nearly disease-free plots could
be maintained. These plots were sprayed with chlorothalonil
(Daconil 2787) flowable fungicide at a rate of 0.30 L/1,000 m?
on 9 August and 0.45 L/1,000 m? on 20 August. Thus, a total
of 80 quadrats was available for disease assessment.

Preparation of inoculum. Inoculum was prepared by auto-
claving 225 g of ryegrass grain, 4 g of CaCO;, and 275 ml of
water in 1-L Erlenmeyer flasks (15). Five isolates of S. homoeo-
carpa (obtained from P. Sanders, The Pennsylvania State Uni-
versity, University Park) were grown separately on autoclaved
ryegrass grain for 10-14 days and then mixed in equal volumes
prior to inoculation.

Inoculation procedure. Experimental units were established by
creating a grid system of 1-m? quadrats. Concrete nails and string
were used to demarcate individual quadrats. Treatments were
assigned randomly to quadrats within replicate blocks, and the
inoculum was spread uniformly within each quadrat. The experi-
mental area was sprinkler-irrigated for 5 days after inoculation
to provide environmental conditions favorable for infection. To
achieve a greater range of dollar spot severities than the six in-
oculum levels, quadrats were mowed in North-South, East-West,
and diagonal directions on alternate days to facilitate pathogen
spread within and among quadrats.

Disease assessment. Prior to each assessment date, concrete
nails and string were used to demarcate 1-m? experimental units.
Percent disease severity (the diseased area of a quadrat divided
by the total area of a quadrat multiplied by 100) was assessed
visually by four raters on 24 August 1990. The visual disease
assessments were repeated by each individual on the following
day. The time required for each rater to perform these assessments
also was recorded.

Selection of wavelength bands for radiometric assessments was
based on differences in percent reflectance signatures as dollar
spot severity increased. Percent reflectance of sunlight from bent-
grass surfaces at 600 nm increased with increasing disease severity,
whereas percent reflectance of sunlight at 800 nm decreased as
disease severity increased. Percent reflectance at these two wave-
length bands was compared with visual assessments for accuracy
and precision. Percent reflectance of sunlight in the 600- and
800-nm wavelength bands was recorded for all quadrats on 24
August 1990 with a CropScan radiometer (CropScan, Inc., Fargo,
ND). The radiometer was operated by the same individuals who
visually assessed percent dollar spot severity. Radiometric assess-
ments were repeated by each individual on 25 August. Percent
reflectance of sunlight was recorded from a height of 2 m above
the turf surface with the radiometer centered directly over each
quadrat. This enabled the radiometer to measure reflectance from
a l-m-diameter circle. A bubble spirit level was used to consistently
orient the radiometer to the appropriate angle and height. Re-
flectance measurements were recorded during cloud-free periods
between 1100 and 1400 each day.

In an attempt to verify the accuracy of visual and radiometric
disease assessments, 5- X 5-cm color photographic slides were
made of each 1-m* quadrat on 24 August. Because of the high
cost and length of time required to digitize color slides, 50 slides
varying in dollar spot severity were arbitrarily selected for image
analysis. Slides were processed and digitized by the Iowa State
University (ISU) Image Analysis Facility to obtain estimates of
percent dollar spot severity for each quadrat. Slides were placed
on a lightbox for even illumination and were viewed from above
by a color video camera. Percent diseased area was determined
with a Zeiss image-analysis system (Carl Zeiss, Inc., Thornwood,

NY). Image analyses of these slides were performed twice (on
different days) to determine the repeatability of this method.

In a second method to determine actual percent dollar spot
severity from the 5- X 5-cm slides, sheets of clear acetate were
placed over projected images of the slides onto a Caramate slide
projector screen (Kodak, Rochester, NY). The corresponding
diseased areas were blackened on the acetate with a felt-tip pen.
Because this method is extremely labor intensive, 10 color slides
representing a range of dollar spot severities were arbitrarily
selected for this analysis. The acetate images were digitized with
an AgVision video image-analysis system (Decagon Devices, Inc.,
Pullman, WA) to obtain the diseased area of each quadrat ex-
pressed in square centimeters. Estimates of percent dollar spot
severity were obtained by multiplying the ratio of diseased area
(in square centimeters) to total area of the quadrat image (in
square centimeters) and multiplying the product by 100. The
acetate method was repeated to determine its repeatability.
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Fig. 1. Repeatability of A, image processing and analyses of 5- X 5-cm
color slides by the Towa State University Image Analysis Facility to
estimate percent dollar spot severity of 50 bentgrass quadrats arbitrarily
selected from a total of 80 quadrats, and B, an image-analysis technique
employing 5- X 5-cm color slides and acetate sheets to estimate percent
dollar spot severity of 10 bentgrass quadrats arbitrarily selected from
a total of 80 quadrats.
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Data analysis. Regression analysis was used to determine the
relative precision of visual, remote-sensing, and image-analysis
assessment methods. Precision was defined as the relative measure
of the reliability and repeatability of disease assessments per-
formed by different raters. The inter-rater reliability of assessment
methods was determined by regressing the assessments made by
one individual on those made by other raters. The intra-rater
repeatability of assessment methods was determined by regressing
the second (repeated) set of assessments obtained by each rater
(X) with the first set of assessments (Y) performed by the same
individual, The variables used to compare intra-rater repeatability
and inter-rater reliability were slope, y-intercept, coefficient of
determination (R?), standard error of the estimate for ¥, and
the coefficient of variation (C¥). Data presented are for the ex-
periments conducted during August 1990. The experiment was
repeated on two consecutive days during September 1990, and
these results confirmed the results obtained during August.

RESULTS

Comparison of image-analysis methods. The regression coeffi-
cient relating repeated image-analysis assessments (¥) with the
first image-analysis assessments of 5- X 5-cm color slides (X)
was 0.68 and was significantly different from a regression coeffi-
cient (slope) of 1.0 that would be expected if this method was
highly repeatable (Fig. 1A). The second set of image-analysis
assessments explained just 63.1% of the initial image-analysis as-
sessments performed with the same color slides (Fig. 1A). In
comparison, the acetate image-analysis method (second run) ex-
plained 96.0% of the variation in the first-run assessments, and
the slope relating the two assessments (0.94) was not significantly
different from 1 (Fig. 1B). Therefore, the acetate method was
selected as the best standard (truth) to evaluate visual and radio-
metric assessment methods for accuracy.
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Intra-rater repeatability. In general, there was a good relation-
ship between the first and second visual-assessment ratings per-
formed by each of the four raters (Fig. 2). Although the y-inter-
cepts did not differ significantly from zero (P =< 0.01), regression
coefficients ranged from 0.80 to 0.93 and were significantly
different from a slope of 1.0 (P = 0.01). The amount of variation
in the first assessments explained by repeated assessments (R?)
ranged from 83.4 to 93.1%.

Coefficients of determination for percent reflectance measure-
ments with the 800-nm wavelength band were higher than the
visual assessment method and ranged from 95.9 to 98.99% (Fig.
3). Slopes ranged from 1.02 to 1.12 and were not significantly
different from 1. Y-intercepts ranged from —2.01 to —7.57 and
were significantly different from zero for all four raters (P =
0.01).

At 600 nm, coefficients of determination ranged from 98.7 to
99.6% (Fig. 4). Regression coefficients relating the second assess-
ments to the first assessments ranged from 0.93 to 0.97 and were
not significantly different from 1. Y-intercepts ranged from 0.24
to 0.43 and were not significantly different from zero.

Inter-rater reliability. The radiometric measurements using
either the 600- or 800-nm wavelength bands had higher coefficients
of determination than did the visual assessments (Table 1). Co-
efficients of determination using the visual assessment method
ranged from 70.4 (rater 2 vs. rater 3) to 89.29 (rater 1 vs. rater
4). Coefficients of determination for inter-rater reliability using
the 600- and 800-nm wavelength bands ranged from 97.8 to 99.2%
and from 99.1 to 99.6%, respectively.

Regression coefficients for the 600-nm radiometric assessments
obtained by different raters were not significantly different from
1 (P = 0.01), whereas slopes relating visual assessments among
the four raters ranged from 0.74 to 0.88 and were all significantly
different from a slope equal to 1 (P =< 0.01). The equations
themselves do not show how differently the raters visually
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Fig. 2. Intra-rater repeatability of four raters visually assessing percent dollar spot severity of 80 bentgrass quadrats. For rater 4, n = 20 because

only one replication was reassessed by this individual on 21 August 1990.
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perceived different levels of dollar spot severity. For example,
raters 1 and 2 (Fig. 5A) show better agreement at the low and
high ends of the visual scale, whereas raters 1 and 3 (Fig. 5B)
show less agreement as severity increases. Raters | and 4 (Fig.
5C) show differences that are largely independent of the level
of severity. Slopes relating 800-nm radiometric assessments among
raters ranged from 0.96 to 1.09, and two of the six inter-rater
reliability comparisons had slopes significantly different from 1
(Table 1).

None of the y-intercepts for inter-rater reliability comparisons
using the 600-nm wavelength band were significantly different
from zero, whereas four of the six comparisons using the 800-
nm wavelength and two of the comparisons using the visual
method had intercepts significantly different from zero (Table 1).

Standard errors of the y-estimate for comparisons among raters
using the visual method ranged from 6.67 to 11.95% (Table 2).
Standard errors for the y-estimate ranged from 0.11 to 0.52%
with the 800-nm wavelength and from 0.12 to 0.17% with the
600-nm wavelength. Coefficients of variation (C¥) were highest
with the visual assessment method (21.65 to 40.81%), whereas
CVs were 0.59 to 1.419% for the radiometric method (Table 2).

Evaluation of assessment methods for accuracy. Because the
acetate image-analysis method was used to provide an unbiased
measure of dollar spot severity, this method was used to evaluate
the accuracy of the visual versus the 600- and 800-nm radiometric
assessment methods. Visual disease-severity assessments explained
78.7-96.8% of the variation in the acetate image-analysis disease-
severity assessments (Table 3). The 800-nm radiometric assess-
ments explained 79.0-86.1% of the variation in the acetate image-
analysis assessments, whereas the 600-nm percent reflectance
values accounted for 95.8-98.3% of the acetate image-analysis
assessments. For each 1% increase in percent reflectance at 600
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nm, dollar spot severity increased by 15.4% (mean slope for the
four raters).

Effect of assessment method on time to assess dollar spot
severity. Using the visual method, it took an average of 32 +6.6
min for each rater to assess the 80 quadrats, whereas the radio-
metric method took approximately two-thirds the time (21.8 +5.4
min).

DISCUSSION

The expenditure of time and money to develop, evaluate, and
compare disease assessment methods can prevent serious flaws
in data acquisition (2). Disease assessment methods should provide
accurate and precise information that satisfies the goals and needs
of the research (18,21). Campbell and Madden (2) defined preci-
sion as the lack of variation in disease estimates when the same
sampling units are evaluated by other raters. This definition of
precision excludes another potential source of error, i.e., the
repeatability of individual raters. O’Brien and van Bruggen (14)
noted that this type of variation (intra-rater variability) has rarely
been measured by plant pathologists. One exception is a study
by Shokes et al (18), which employed a test-retest procedure (16,19)
to measure intra-rater error as affected by different assessment
methods. Shokes et al (18) used the product-moment correlation
coefficient (r) as an indicator of the overlap between test-retest
disease assessments performed by the same rater. A high r value
close to 1.0 is desirable. In the present study, we defined precision
as a measure of both the intra-rater repeatability and inter-rater
reliability of a disease assessment method. Intra-rater repeatability
of an assessment method was defined as the linear relationship
between repeated disease assessments of the same sampling units
performed by the same rater or instrument. Inter-rater reliability
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Fig. 3. Intra-rater repeatability of four raters measuring percent reflectance of sunlight (800 nm) from 80 bentgrass quadrats infected with different

levels of dollar spot.
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was defined as the linear relationship between assessments of the
same sampling units performed by different individuals.

In theory, raters and methods that have the highest precision
would be those in which the regression coefficients (slopes) mea-
suring intra-rater repeatability or inter-rater reliability are closest
to 1.0 and in which y-intercepts are closest to zero (16,20). Slopes
deviating significantly from 1.0 indicate the presence of systematic
bias, i.e., the difference between estimates made by one rater
compared to estimates made by another rater increases as disease
severity increases. Intercepts significantly differing from zero indi-
cate the presence of a constant bias. Using regression analysis,
both systematic and constant sources of bias (error) were detected
among and within raters using the visual assessment method.
Systematic and constant sources of bias, however, were not
detected among and within raters using the 600-nm wavelength
band to assess dollar spot severity. Using the 600-nm wavelength
band, all slopes and intercepts were not significantly different
from 1.0 for both intra-rater repeatability and inter-rater reliability

evaluations. The radiometric method also had higher coefficients
of determination than did the visual assessment method, which
indicates that the amount of variation explained in one set of
disease assessments by another set of assessments is higher with
the radiometric method than with the visual method. Another
desirable characteristic of an assessment method is that it has
relatively smaller standard errors of the y-estimate, this being
a measure of the degree of error associated with a predicted y-
value (10,16,19). Using these criteria, percent reflectance of
sunlight recorded in the 600- and 800-nm wavelength bands
provided estimates with higher levels of precision compared to
the visual disease assessment method.

Accuracy can be defined as the closeness of an estimate (disease
assessment) to the truest value (13). O'Brien and van Bruggen
(14) defined accuracy to be the disease scores provided by the
originator of the assessment scale they were using. We defined
accuracy as the percent disease-severity value for a selected quad-
rat as determined by the acetate image-analysis technique and
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Fig. 4. Intra-rater repeatability of four raters measuring percent reflectance of sunlight (600 nm) from 80 bentgrass quadrats infected with different
levels of dollar spot.

TABLE 1. Effect of discase assessment method on inter-rater reliability measured as the intercept, slope, and coefficient of determination (R?)
from linear regression equations relating disease assessments among raters

Visual disease severity Radiometer (800 nm) Radiometer (600 nm)

Comparison
(X/ 1) Intercept Slope R* (%) Intercept Slope R* (%) Intercept Slope R? (%)

Rater 1/Rater 2 6.95"* 0.82°° 78.6 —4.08" 1.04 98.3 —0.06 1.01 99.1
Rater |/Rater 3 2.33 0.74" 77.0 —5.30 1.09° 98.4 —0.11 1.02 99.1
Rater | /Rater 4 2.98 0.74° 89.2 —2.95 1.06" 99.2 —0.20 1.03 99.6
Rater 2/ Rater 3 —0.42 0.76" 70.4 —0.48 1.03 97.8 —0.02 1.01 99.4
Rater 2/ Rater 4 0.60 0.77 80.0 1.82 1.00 98.3 —0.07 1.02 99.4
Rater 3/Rater 4 6.01° 0.88" 86.4 2.80° 0.96 98.4 —0.03 1.01 99.5

* Y-intercepts followed by an * are significantly different from zero (£ = 0.01).
"Slope parameters followed by an * are significantly different from a slope value of 1.0 (P = 0.01).
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by determining the linear relationship between these values and
the values obtained by visual or radiometric assessments. We
found that radiometric measurements had a better relationship
to the acetate image-analysis method than did the visual estimates
of percent disease severity.

Correlation coefficients provide a measure only of the intensity
of association between two variables (16). No cause-and-effect
relationship can be inferred with correlation analysis. Correlation
coefficients are independent of the units of measure (disease se-
verity, percent reflectance, etc.) and, thus, are absolute or dimen-
sionless quantities ranging from —1 to +1 (16). For many pur-
poses, it is desirable to know both the degree to which two disease
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Fig. 5. Inter-rater reliabilities for visual estimates of percent disease severity
performed by rater |1 compared to A, rater 2, B, rater 3, and C, rater 4.

assessment methods (or raters) are associated and how they are
related to one another in actual units of measure. For example,
correlation coefficients among raters using the visual assessment
method ranged from 0.87 to 0.94 (P = 0.01). Although these
correlations are considered high, there were still systematic and
constant sources of error undetected by this statistical method.
Regression analysis provides additional information concerning
the way in which one rater perceives a range of disease-intensity
stimuli compared to other raters. For example, when visually
assessing dollar spot severity, rater 1 consistently overestimated
disease severity in relation to the other raters, as evidenced by
the regression coefficients shown in Table 1. For each 19% increase
in severity by rater 1, estimates by raters 2, 3, and 4 increased
by 0.82, 0.74, and 0.74%, respectively. This systematic bias, which
is not detected by correlation analysis, may be important in other
pathosystems in which disease-management decisions are based
on disease thresholds. Moreover, if assessment methods are used
in which constant and systematic sources of variation are a poten-
tial hazard, then individual raters should be assigned to evaluate
whole replications so these sources of error can be accounted
for in the analysis. Although multispectral radiometer systems
can be quite expensive, the use of radiometric methods to assess

TABLE 2. Effect of dollar spot assessment method on the standard error
of the y-estimate and coefficient of variation among raters

SE of Coefficient
Assessment y-estimate of variation
method and comparison (%) (%)
Visual
Rater | vs. Rater 2 9.39 30.47
Rater | vs. Rater 3 9.74 31.61
Rater | vs. Rater 4 6.67 21.65
Rater 2 vs. Rater 3 11.95 40.81
Rater 2 vs. Rater 4 9.87 33.71
Rater 3 vs. Rater 4 8.87 22.95
Reflectance (800 nm)
Rater | vs. Rater 2 0.48 0.87
Rater 1 vs. Rater 3 0.47 0.84
Rater 1 vs. Rater 4 0.11 0.59
Rater 2 vs. Rater 3 0.52 0.91
Rater 2 vs, Rater 4 0.45 0.79
Rater 3 vs. Rater 4 0.42 0.74
Reflectance (600 nm)
Rater | vs. Rater 2 0.17 1.40
Rater | vs. Rater 3 0.17 1.41
Rater 1 vs. Rater 4 0.12 0.98
Rater 2 vs. Rater 3 0.14 1.17
Rater 2 vs. Rater 4 0.14 1.18
Rater 3 vs. Rater 4 0.12 1.01

TABLE 3. Regression analyses to determine the accuracy of visual and
percent reflectance (600 and 800 nm) disease assessments in relation to
the actual level of disease severity as determined with an acetate image-
analysis method

Rl
Method and rater Intercept Slope (%)
Visual
Rater 1 4.7 1.4 82.6
Rater 2 19.6 1.0 78.7
Rater 3 1.3 1.1 95.6
Rater 4 12.9 0.9 96.8
Reflectance (800 nm)
Rater | 609.0 —10.2 83.6
Rater 2 631.2 —10.3 86.1
Rater 3 727.3 —12.2 83.9
Rater 4 595.0 —10.1 79.0
Reflectance (600 nm)
Rater | —134.8 15.0 98.3
Rater 2 —142.3 15.8 97.1
Rater 3 —135.3 15.3 96.4
Rater 4 —135.5 15.7 95.8
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disease severity eliminates much of the bias present among and
within raters.

O’Brien and van Bruggen (14) suggested that image-analysis
systems, such as the one developed by Lindow and Webb (8),
could be used to eliminate human bias in visual assessments in
which leaf surfaces are fairly uniform and there is a clear distinc-
tion between diseased and nondiseased areas. The square-meter
quadrats of bentgrass infected with dollar spot were analogous
to large green, “uniform” leaf surfaces with spots and, thus, satisfy
the requirement for surface uniformity. However, image analysis
based on gray scales could not precisely distinguish between
diseased and nondiseased turfgrass areas. The inability of image
analysis of color slides to measure dollar spot severity precisely
may be due to several factors, including 1) variance in lighting
of the turfgrass quadrats during the period (1300-1600) when
photographs were taken, 2) inconsistencies in film development,
and 3) the subjective decision making required on the part of
the machine operator as to the grey-scale values corresponding
to diseased areas and those corresponding to healthy areas. The
presence of chlorotic and necrotic leaves in a mosaic throughout
the bentgrass green, even in nondiseased plot areas, may interfere
with this subjective part of the image-analysis process. The use
of acetate drawings, however, shifts the decision-making step from
the machine operator to the persons making the acetates, and,
therefore, dollar spot-diseased areas were differentiated from the
background mosaic and were delineated more precisely with this
method.

Researchers evaluating disease-control tactics aimed at reducing
dollar spot severity presently assess disease intensity by reporting
the frequency of dollar spots per plot (3,5) or by visually estimating
percent dollar spot severity (2). Our study showed that radiometric
assessments can be used to provide accurate and precise estimates
of dollar spot severity in a shorter period of time compared to
the visual percent disease-severity method. These advantages may
outweigh the initial cost of the equipment and software (10,11).
Because the CropScan radiometer measures incident as well as
reflected radiation, it can provide accurate and precise measure-
ments of percent reflectance during cloud cover as well as in
full sunlight. However, reliable measurements can only be ob-
tained within 2 h of solar noon because of the affect of sun angle
on percent reflectance values.
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