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The Effect of Horsfall-Barratt Category Size on the Accuracy and Reliability  
of Estimates of Pecan Scab Severity 

Clive H. Bock and Bruce W. Wood, United States Department of Agriculture–Agricultural Research Service (USDA-ARS) SEFTNRL, 
Byron, GA 31008; Frank van den Bosch and Stephen Parnell, Rothamsted Research, Harpenden, Herts., AL5 2JQ, England, UK; and 
Tim R. Gottwald, USDA-ARS-USHRL, Ft. Pierce, FL 34945 

Abstract 

Bock, C. H., Wood, B. W., van den Bosch, F., Parnell, S., and Gottwald, T. R. 2013. The effect of Horsfall-Barratt category size on the accuracy and 
reliability of estimates of pecan scab severity. Plant Dis. 97:797-806. 

Pecan scab (Fusicladium effusum) is a destructive pecan disease. Dis-
ease assessments may be made using interval-scale-based methods or 
estimates of severity to the nearest percent area diseased. To explore 
the effects of rating method—Horsfall-Barratt (H-B) scale estimates 
versus nearest percent estimates (NPEs)—on the accuracy and reliabil-
ity of severity estimates over different actual pecan scab severity 
ranges on fruit valves, raters assessed two cohorts of images with ac-
tual area (0 to 6, 6+ to 25%, and 25+ to 75%) diseased. Mean estimated 
disease within each actual disease severity range varied substantially. 
Means estimated by NPE within each actual disease severity range 
were not necessarily good predictors of the H-B scale estimate at 
<25% severity. H-B estimates by raters most often placed severity in 

the wrong category compared with actual disease. Measures of bias, 
accuracy, precision, and agreement using Lin’s concordance correla-
tion depended on the range of actual severity, with improvements in-
creasing with actual disease severity category (from 0 to 6 through 25+ 
to 75%); however, the improvement was unaffected by the H-B assess-
ments. Bootstrap analysis indicated that NPEs provided either equally 
good or more accurate and precise estimate of disease compared with the 
H-B scale at severities of 25+ to 75%. Inter-rater reliability using NPEs 
was greater at 25+ to 75% actual disease severity compared with using 
the H-B scale. Using NPEs compared with the H-B scale will more often 
result in more precise and accurate estimates of pecan scab severity, 
particularly when estimating actual disease severities of 25+ to 75%. 

 

The most destructive disease of pecan (Carya illinoinensis 
(Wangenh.) K. Koch) in the southeastern United States is scab 
(caused by the plant-pathogenic fungus Fusicladium effusum G. 
Winter). Scab causes losses in both nut yield and quality, and can 
trigger near total fruit abortion in years when the disease is severe 
(14,31). The pathogen’s conidia are spread by wind and rain-splash, 
which infect foliage and fruit surfaces under suitable conditions 
(12,13,33), with expression of visible symptoms approximately 7 to 
16 days later (12,33). The symptoms are characterized by discrete 
dark gray to black lesions that develop on shoots, leaves, or fruit. 
These lesions are often small but can coalesce, with symptoms 
forming over large surface areas of the leaves, fruit, or shoots (18). 

Disease can be measured as either incidence or severity. Where 
incidence data (counts) are insufficient, measurement of disease 
severity is important, with these data often being used to assess 
yield loss, monitor epidemics, and assess germplasm for resistance 
(9,21). Measures of disease incidence on pecan are insufficient 
because virtually all fruit or leaves within a canopy of a susceptible 
cultivar can be infected, although there may be differences in 
severity. Unfortunately, there is often substantial error associated 
with estimates of disease severity (7,24). Various methods are used 
to assess disease severity, including direct estimates of the percent 
area diseased (nearest percent estimates [NPEs]) and interval 
scales to represent diseased areas (1,17,22). Interval rating scales 
can be useful for ranking numerous treatments—for example, 
screening germplasm for resistance (32)—but they are not appro-
priate for the quantitative study of epidemics. The most widely 
used interval scale is the Horsfall-Barratt (H-B) scale (17) and its 

various derivatives (1,11,18,21,30), which are interval scales that 
partition the percent severity scale into categories based on percent 
area diseased. The H-B scale is divided into 12 logarithmically 
increasing, then decreasing, categories symmetrical around 50%. 
Regardless of assessment method, the estimates of disease should 
be both accurate and reliable. Accuracy of an estimate is defined as 
the closeness of that estimate to the actual value (10,21,26), while 
reliability of an estimate is defined as the extent to which the same 
estimate obtained under different conditions yields similar results 
(10,21,26). 

The H-B scale was developed based on theory from psychophys-
ics and the so-called Weber-Fechner law that visual acuity is loga-
rithmically related to the actual severity of disease (17), and is 
based on two separate laws, Weber’s law and Fechner’s law, the 
latter being incorrect (23). These nonlinear scales have been ques-
tioned and recent data provide evidence that they do not improve 
accuracy or reliability of assessments compared with NPEs, and 
may reduce the accuracy and precision of individual assessments 
(3,4,9,11,16,21–23,25). Furthermore, experiments confirmed that 
estimates of disease are linearly related to actual disease 
(7,22,24). However, disease severity interval scales, such as the 
H-B scale, are still used and an apparently modified version of 
the H-B scale was developed as an aide to estimate scab severity 
on diseased pecan leaves and fruit shucks (the Hunter-Roberts 
scale; 18). Methods to assess pecan scab have been discussed and 
compared (2,5,34) and, overall, the H-B scale was not found to 
improve the accuracy, precision, reliability of, or time required to 
assess disease (5). 

Little information exists on the characteristics of disease assess-
ment over different actual disease severity ranges using either 
NPEs or an H-B-type scale, or whether there are more pronounced 
differences between the methods over particular ranges of disease. 
Although estimates of disease to the nearest percent can be very 
accurate and raters can discriminate small differences in disease 
(23), error (and variance) of NPEs associated with different actual 
disease severities has been explored and found to vary with 
actual disease severity (6,15,19,29); however, the ramifications 
for accuracy and reliability have not been quantified at different 
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ranges of actual severity or between different rating methods over 
the interval ranges of an H-B type scale. Although NPEs do vary, 
certain data indicate that the error of midrange estimates can be 
much less than the categories imply (23). The objectives of this 
study were to (i) characterize estimates of pecan scab over ranges 

of the H-B scale based on actual disease severities, (ii) compare the 
accuracy of NPEs and H-B estimates of pecan scab over ranges of 
the H-B scale based on actual disease severities, and (iii) compare 
inter-rater reliability of NPEs and H-B estimates over ranges of the 
H-B scale based on actual disease severities. 

Fig. 1. Estimated and actual disease severity of pecan scab on two sets of images of scab-diseased pecan fruit valves by A, B, E, and F, inexperienced and C, D, G, and H,
experienced raters using either A, B, C, and D, nearest percent estimates (NPEs) or E, F, G, and H, the Horsfall-Barratt scale (H-B). The line represents the actual value of scab 
severity in percent (the gaps in the line represent the groupings by actual disease severity using the Horsfall-Barratt categories 0 to 6, 6+ to 25, and 25+ to 75%, respectively). 

 
Table 1. Mean and standard deviation (SD) of estimates of scab severity in the ranges of 0 to 6, 6+ to 25, and 25+ to 75% actual diseased area on valves of 
pecan fruit by inexperienced or experienced raters using either nearest percent estimates (NPEs) or the Horsfall-Barratt (H-B) scale for two sets of images 
(cohort 1 and 2) 

  Mean (SD)y 

  0 to 6% 6+ to 25% 25+ to 75% 

Cohort, experience Raterz NPE H-B NPE H-B NPE H-B 

Cohort 1        
Inexperienced 1 16.6 (18.2) 11.4 (13.0) 40.4 (19.3) 33.2 (26.7) 69.1 (17.3) 70.3 (35.4) 
 2 4.8 (5.0) 6.9 (10.4) 14.8 (6.1) 18.2 (21.3) 53.1 (24.5) 62.8 (29.0) 
 3 6.9 (6.5) 4.7 (5.0) 11.0 (6.2) 8.6 (4.4) 32.5 (17.7) 35.4 (19.8) 
 4 11.9 (20.0) 2.9 (24.0) 11.7 (11.0) 7.8 (8.7) 35.1 (24.2) 31.9 (21.9) 
 5 3.6 (4.3) 4.3 (4.2) 9.2 (6.6) 8.5 (4.3) 50.8 (28.7) 44.5 (34.3) 
Experienced 11 3.4 (1.4) 3.5 (2.2) 8.9 (4.9) 9.1 (5.7) 36.6 (23.1) 35.4 (19.8) 
 12 13.9 (11.7) 12.2 (9.9) 29.7 (9.6) 21.9 (17.6) 62.5 (17.1) 62.6 (23.5) 
 13 7.5 (7.1) 7.2 (9.5) 18.3 (12.6) 20.8 (14.9) 52.6 (16.9) 63.4 (18.2) 
 14 8.8 (4.2) 6.5 (3.0) 15.6 (7.3) 17.4 (8.8) 46.9 (20.7) 41.4 (14.6) 
 15 7.0 (9.5) 4.0 (2.6) 18.1 (10.0) 13.0 (8.5) 56.0 (14.3) 44.5 (16.2) 

Cohort 2        
Inexperienced 6 4.2 (4.0) 16.4 (15.3) 15.8 (9.3) 28.2 (16.4) 68.6 (26.2) 77.5 (24.2) 
 7 11.6 (7.1) 9.8 (10.5) 25.2 (10.7) 17.9 (10.3) 68.8 (22.9) 65.7 (21.7) 
 8 6.2 (3.6) 7.0 (4.7) 11.7 (5.8) 11.6 (5.5) 51.9 (24.5) 45.9 (24.3) 
 9 5.1 (4.9) 3.1 (2.8) 11.3 (6.5) 11.4 (8.7) 46.1 (25.2) 49.8 (27.0) 
 10 6.2 (3.8) 6.3 (6.2) 15.4 (5.2) 15.9 (10.1) 53.1 (20.8) 57.1 (24.0) 
Experienced 16 3.7 (2.1) 4.7 (3.2) 8.9 (3.0) 9.7 (5.5) 49.9 (24.7) 32.3 (16.7) 
 17 5.9 (2.6) 9.0 (6.1) 10.6 (4.2) 25.5 (12.3) 52.9 (26.3) 72.2 (19.7) 
 18 4.3 (3.3) 9.8 (6.7) 14.7 (8.0) 16.9 (11.1) 59.8 (20.9) 69.3 (23.4) 
 19 9.1 (5.1) 6.1 (3.0) 16.2 (4.5) 13.8 (5.3) 51.3 (22.6) 45.6 (23.7) 
 20 5.5 (5.0) 4.7 (3.2) 12.8 (7.8) 13.9 (8.3) 53.1 (23.0) 55.3 (24.1) 

y Actual mean values of mean disease severity based on image analysis for leaves falling in the H-B categories with disease severity 0 to 6% for cohort 1 = 
3.6 (SD = 1.5) and for cohort 2 = 3.8 (SD = 1.3), with disease severity 6+ to 25% for cohort 1 = 13.0 (SD = 4.6) and for cohort 2 = 12.9 (SD = 5.5), and 
with disease severity 25+ to 75% for cohort 1 = 46.5 (SD = 13.8) and for cohort 2 = 49.3 (SD = 15.3). 

z Rater number. 
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Materials and Methods 

Disease measurement. The diseased pecan material (pecan fruit 
valves), the image analysis process to obtain actual values, and the 
disease assessments were previously described (5,34). Estimated 
disease data are from two groups of five inexperienced raters 
(raters who were not familiar with plant diseases and had never 
assessed disease severity before), 17 to 19 years old; and one group 
of experienced raters (raters who were trained in plant pathology or 
entomology and had >15 years each of identifying and assessing 
disease severity and pest damage on plant parts), 48 to 63 years 
old. There were two cohorts of 38 images (disease severity 1 to 
69% and 1 to 70% valve area diseased, respectively), each of 
which were assessed. The first cohort was assessed by one group 
of inexperienced raters (raters 1 to 5) and by the experienced raters 
(raters 11 to 15), while the second cohort of images was assessed 
by a second group of inexperienced raters (raters 6 to 10) and by 
the same experienced raters (who were numbered raters 16 to 20, 
to differentiate them from the first cohort of images assessed). To 
compare assessments by NPEs and the H-B scale, the raters were 
instructed first to assess disease using NPEs and second assess the 
same images directly using the H-B scale (where 0 to 11 represent 
0, 0+ to 3, 3+ to 6, 6+ to 12, 12+ to 25, 25+ to 50, 50+ to 75, 75+ to 
87, 87+ to 94, 94+ to 97, 97+ to 100, and 100% area diseased, 
respectively) to categorize severity. 

The raters were provided with the same verbal instructions and 
reference sheet immediately prior to the assessments (5). The first 
reference sheet showed symptoms of the disease and described 
NPEs. The second sheet was a copy of the H-B scale with percent 
categories described. The inexperienced raters completed the two 
assessments within 1 h of each other, while the experienced raters 
completed the NPE assessments up to 1 year prior to doing the H-
B assessments. Subsequent to assessments, the H-B scale bounda-
ries were used to delineate groupings of actual disease severities 
for later analysis. Thus, the actual disease severity range was split 
in the range 0 to 6, 6+ to 25, and 25+ to 75% fruit valve area dis-
eased, such that for 0 to 6% area diseased, n = 13; 6+ to 25% area 
diseased, n = 17, and for 25+ to 75% area diseased, n = 8, for each 
rater. 

Data analysis. Data were analyzed using SAS V9.2 (SAS Sys-
tems) and MS Excel 2007. Sample means and standard deviations 
for each rater and each cohort of images in the disease severity 
ranges of 0 to 6, 6+ to 25, and 25+ to 75% were calculated. To ex-
plore whether raters exhibited similar abilities in estimation of 
sample means using NPEs and the H-B scale, regression analysis 
(PROC REG) was used to compare the relationship between 
(NPE–actual disease) and (H-B estimate–actual disease) for both 
mean disease severity and for the standard deviation of the mean 
for each actual severity range (0 to 6, 6+ to 25, and 25+ to 75%). 
The incidence of over- and underestimates based on the H-B scale 
was calculated, and mean absolute and relative errors were calcu-
lated for each experience/image cohort group. 

Lin’s concordance correlation (LCC; 20,22) was used to explore 
bias (both shift [υ] and location [µ] bias), accuracy (Cb), precision 
(r), and agreement (ρc) of estimates compared with the actual val-
ues (21). First, the NPEs were compared with the H-B scale in 
each severity range 0 to 6, 6+ to 25, and 25+ to 75% for experi-
enced and inexperienced raters in each image cohort. This was 
done by calculating the difference between the means for assess-
ment method (NPE – H-B) and performing an equivalence test 
(1,34,35) using bootstrapping to calculate 95% confidence inter-
vals (CIs) for the difference between the means. In equivalence 
testing, equivalence (i.e., no difference between methods or 
groups) is the alternative hypothesis (H1) and the null hypothesis 
(H0) is nonequivalence (i.e., a difference between methods or 
groups) (12). Equivalence testing assumes a difference and tests for 
evidence that the means are the same (in this case, the CIs embrac-
ing zero). In all analyses, 2,000 balanced bootstrap samples were 
taken and 95% CIs calculated (PROC SURVEYSELECT/PROC 
UNIVARIATE). Because the 95% CIs were calculated on the 

difference between the means, if the CIs did not embrace zero, the 
difference was significant. 

Second, the effect of disease severity range (0 to 6, 6+ to 25, and 
25+ to 75%) for both assessment methods (NPEs and H-B esti-
mates) on LCC measures of agreement (bias, accuracy, and preci-
sion) were compared by calculating 95% CIs for the rater experi-
ence/image cohort means, as described above. If the calculated 
95% CIs did not overlap, the mean values were significantly differ-
ent. 

Inter-rater reliability in each severity range 0 to 6, 6+ to 25, and 
25+ to 75% was measured using the coefficient of determination 
(R2) of pairwise comparisons of all individual raters within each 
experience/image cohort group. First, an equivalence test (as de-
scribed above) was used to explore differences in inter-rater reli-
ability by calculating the difference between the R2 for assessment 
method (NPE – H-B) and using bootstrapping to calculate 95% CIs 
for the difference between the means. If the 95% CIs did not em-
brace zero, the difference was significant. Second, the effect of 
disease severity range (0 to 6, 6+ to 25, and 25+ to 75%) for both 
assessment methods (NPEs and H-B estimates) on the pairwise R2 

Fig. 2. Relationship between A–C, the difference of the mean nearest percent 
estimate (NPE) estimate minus actual mean disease and the difference of the 
mean Horsfall-Barratt (H-B) estimate minus the actual mean disease; and D–F, the 
difference of the standard deviation (stdev) of the mean NPE estimate minus the 
stdev of the actual mean disease and the difference of the stdev of the mean H-B 
estimate minus the stdev of the actual mean disease, at different magnitudes of 
actual disease. 
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were compared by calculating 95% CIs for the rater experi-
ence/image cohort group means (as described above). If the calcu-
lated 95% CIs did not overlap, the mean values were significantly 
different. 

Results 
Estimates of values in different category ranges. The esti-

mates by each rater using the NPEs and H-B scale show that, for 
each image cohort experienced rater, estimates tended to be 
slightly less scattered, and the H-B scale had the effect of forcing 
all estimates into the midpoint categories (Fig. 1). Inexperienced 
rater 1 showed a marked tendency to overestimate over the range 
of actual disease severities when estimating by NPEs or the H-B 
scale. Most other assessments followed patterns similar to each 
other, except for the H-B estimates by rater 6, who tended to over-
estimate when using the H-B scale.  

The mean estimate of disease within each actual disease severity 
range varied substantially depending on rater, although inexperi-
enced raters tended to have the most extreme values compared with 
the actual values (Table 1). Inexperienced raters also tended to be 
the most variable, with the greatest standard deviations being 
associated with inexperienced raters. However, there was no obvi-
ous consistent effect of the H-B scale on the mean estimates of 
severity or the accompanying standard deviation over any range of 

actual disease severity. For all raters, the relationship of the differ-
ence between the H-B estimate mean or the NPE estimate mean 
minus the actual disease severity (Fig. 2A–C) in the different ac-
tual disease severity ranges showed that there was poor equiva-
lence in the 0 to 6% severity range (R2 = 0.09) but the equivalence 
of the two rating scales improved as the disease severity range 
increased from 6+ to 25 and 25+ to 75% (R2 = 0.50 and 0.63, 
respectively). The equivalence of the difference in the standard 
deviation in these ranges was the opposite of the estimates of the 
mean (Fig. 2D–F). As severity increased, the equivalence of the 
two scales declined. 

When using the H-B scale, although individual raters varied, 
there was no apparent tendency for greater over- or underestima-
tion in any particular actual disease severity range (Table 2). No 
rater estimated all severities in the correct H-B categories, and only 
one rater got all estimates in the wrong categories in the 25+ to 
75% range (rater 1). 

Absolute and relative error in the different ranges. The mean 
absolute error was least in the 0 to 6% range and greatest in the 25+ 
to 75% range (Fig. 3A and B). Across the whole range of severity, 
there was a logarithmic relationship between the mean absolute 
error and actual severity. On average, when assessing by either the 
H-B scale or NPEs, experienced raters had a lower absolute error 
compared with inexperienced raters, as indicated by the 

Table 2. Proportion of over- and underestimates using the Horsfall-Barratt (H-B) scale for both inexperienced and experienced raters estimating in the ranges
of 0 to 6, 6+ to 25, and 25+ to 75% actual diseased area of pecan scab on valves of pecan fruit 

 Inexperienced (raters 1 through 10) Experienced (raters 11 through 20) 

 Image cohort 1 Image cohort 2 Image cohort 1 Image cohort 2 

Range (%), accuracy 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 to 6                     
Overestimate 6 3 3 1 2 9 7 8 2 6 1 11 4 9 3 6 7 9 8 4 
Correct 5 7 7 4 8 2 5 3 6 4 10 2 8 3 8 3 5 2 4 7 
Underestimate 2 3 3 8 3 2 1 2 5 3 2 0 1 1 2 4 1 2 1 2 
Incorrect (%) 61.5 46.2 46.2 69.2 38.5 84.6 61.5 76.9 53.8 69.2 23.1 84.6 38.5 76.9 38.5 76.9 61.5 84.6 69.2 46.2

6 to 25                     
Overestimate 9 4 0 1 0 9 6 1 2 5 0 8 7 6 3 0 12 5 2 3 
Correct 4 6 6 3 5 8 10 10 7 8 6 7 8 9 8 9 4 9 13 10 
Underestimate 4 7 11 13 12 0 1 6 8 4 11 2 2 2 6 8 1 3 2 4 
Incorrect (%) 76.5 64.7 64.7 82.4 70.6 52.9 41.2 41.2 58.8 52.9 64.7 58.8 52.9 47.1 52.9 47.1 76.5 47.1 23.5 41.2

25 to 75                     
Overestimate 6 6 0 0 3 7 5 1 1 3 0 4 5 0 0 1 6 5 1 2 
Correct 0 1 4 3 1 1 3 4 5 4 4 4 3 6 7 3 2 3 4 5 
Underestimate 2 1 4 5 4 0 0 3 2 1 4 0 0 2 1 4 0 0 3 1 
Incorrect (%) 100 87.5 50 62.5 87.5 87.5 62.5 50 37.5 50 50 50 62.5 25 12.5 62.5 75 62.5 50 37.5

 
 

Fig. 3. Mean absolute error (estimate minus true disease) of assessments of images for the combined data from image cohort 1 and 2 of scab-diseased valves of pecan fruit 
by experienced and inexperienced raters using A, the Horsfall-Barratt scale (H-B) or B, nearest percent estimates (NPEs) to assess scab severity. Mean absolute error is the 
average of all estimates for each actual severity after converting all error to absolute (positive) values. A logarithmic function was used to describe the data, where, for 
inexperienced raters using the H-B scale, y = 4.57ln(x) – 1.08 (R2 = 0.41); for experienced raters using the H-B scale, y = 4.09ln(x) – 2.35 (R2 = 0.48); for inexperienced 
raters using NPEs, y = 4.11ln(x) – 0.99 (R2 = 0.47); and for experienced raters using the NPEs, y = 2.66ln(x) – 0.06 (R2 = 0.35). 
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logarithmic function fit to these data. Also, NPEs had slightly 
lower absolute error compared with H-B estimates for both 
inexperienced and experienced raters. In all ranges, there was a 
tendency to overestimate compared with underestimating which 
was greatest in the 0 to 6% range (data not shown), although the 
greatest mean over- and underestimates were in the 25+ to 75% 
range (data not shown). However, the relative error declined 
consistently with the actual disease severity range from the 0 to 6% 
range to the 25+ to 75% range (Fig. 4). 

Comparison of NPEs and the H-B scale within severity 
ranges. Many of the measures of bias, accuracy, precision, and 
agreement depended on the range of actual severity for both 
assessment methods and inexperienced and experienced raters 
(Fig. 5). Thus scale bias (υ) declined from very high values (>3.00) 
at 0 to 6% actual disease to close to 1.0 at 25+ to 75% actual dis-
ease, suggesting that the tendency for a difference in variance be-
tween actual and estimated values is greatest at low disease severi-

ties (which can be verified by referring to Table 1). Location bias 
(µ) was also greatest within the range 0 to 6% actual disease sever-
ity, which reflects the tendency to overestimate, particularly at low 
disease severity. The tendency, on average, to overestimate was still 
evident at 6+ to 25 and 25+ to 75% actual disease severity. There 
was no evidence that the H-B scale reduced bias compared with 
NPEs. Both accuracy, as measured by the correction factor (Cb), 
and precision, measured by the correlation coefficient (r), im-
proved with actual disease severity category; however, the im-
provement was not affected by the H-B assessments. Overall 
agreement measured by LCC (ρc) also improved for both the 
experienced and inexperienced raters. Agreement was very poor at 
0 to 6% actual disease severity and improved between 6+ to 25 and 
25+ to 75% actual disease severity. 

Between 0 and 6% actual disease there was a significant differ-
ence using NPEs compared with the H-B scale in precision among 
inexperienced raters in image cohort 2, and in location bias among 

Fig. 4. Mean relative error [(absolute error/actual disease severity) × 100] of assessments of two cohorts of images of scab-diseased valves of pecan fruit by experienced and 
inexperienced raters using A, the nearest percent estimates (NPEs) or B, the Horsfall-Barratt scale (H-B). Mean relative error was based on the average of the errors for the 
actual disease severity ranges 0 to 6, 6+ to 25, and 25+ to 75% area diseased.  

 

Fig. 5. Mean bias, accuracy, and precision of estimates of pecan scab by A–E, inexperienced and F–J, experienced raters assessing two cohorts of images using either 
nearest percent estimates or the Horsfall-Barratt category scale. Statistics calculated using Lin’s concordance correlation (LCC). 
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experienced raters in image cohort 1 (Table 3). In these cases, the 
NPEs resulted in the greater precision (r = 0.46 versus 0.37) but 
the H-B scale reduced location bias (µ = 0.93 versus 1.32). 

In the 6+ to 25% actual disease severity range (Table 4), there 
were significant difference between the NPE and H-B in cohort 1 
assessed by inexperienced raters for location bias and accuracy. 
Use of the H-B scale resulted in reduced location bias (µ = –0.09 
versus 0.40) but, overall, had reduced accuracy compared with the 
NPEs (Cb = 0.52 versus 0.69). In the second cohort of images, 
assessments by inexperienced raters using NPEs had significantly 
reduced scale bias compared with H-B estimates (υ = 1.36 versus 
2.21). With cohort 1, experienced raters were more precise using 
the H-B scale compared with NPEs (r = 0.75 versus 0.59) and, 
with cohort 2, NPEs had less scale bias compared with H-B esti-
mates (υ = 1.00 versus 1.54). 

With disease severities of 25+ to 75% (Table 5), inexperienced 
raters assessing cohort 1 images exhibited greater scale bias using 
the H-B scale compared with NPEs (υ = 2.03 versus 1.63). With 

experienced raters, there was no difference between NPE or H-B 
estimates. With the cohort 2 images, NPE estimates by inexperi-
enced raters had reduced scale and location bias (υ = 1.57 versus 
1.76 and µ = 0.44 versus 0.70, respectively), and increased accu-
racy (Cb = 0.86 versus 0.84) and agreement (ρc = 0.67 versus 0.57) 
compared with using H-B estimates. With the cohort 2 experienced 
raters, estimates by NPEs were more accurate (Cb = 0.89 versus 
0.70) and precise (r = 0.88 versus 0.71), and had better agreement 
(ρc = 0.78 versus 0.50 compared with using the H-B scale). These 
data suggest that either H-B or NPE estimates might be more accu-
rate or precise at severity<25%. However, at severities >25 to 
<75%, NPEs invariably provided either equally or more accurate 
and precise estimates of disease severity compared with the H-B 
scale for both experienced and inexperienced raters. 

Effect of disease severity on accuracy and precision of assess-
ments. Scale bias (υ) was least and accuracy (Cb), precision (r), and 
agreement (ρc) greatest for estimates using NPEs in the categories 
25+ to 75% range of actual disease severity compared with the 

Table 3. Mean concordance statistics (bias, accuracy, precision, and agreement) for inexperienced and experienced raters with bootstrap analysis of the 
difference between means when using nearest percent estimates (NPEs) or the Horsfall-Barratt (H-B) scale to assess scab severity in the ranges of 0 to 6% 
actual disease on pecan fruit valvesw  

 Image cohort 1 Image cohort 2 

 Mean  Mean  

Rater, LCCx NPE H-B Diffy 95% CIsz NPE H-B Diff 95% CIs 

Inexperienced         
υ 

7.52 5.31 2.216 –1.605–6.956 3.49 5.51 –2.005 –5.134–0.410 
µ 1.12 0.60 0.515 –0.148–1.186 1.08 1.25 –0.159 –1.404–0.688 
Cb

 
0.33 0.28 –0.063 –0.267–0.133 0.44 0.23 0.063 –0.149–0.305 

r 0.35 0.40 0.066 –0.106–0.236 0.46 0.37 0.227 0.072–0.446
ρc

 
0.11 0.14 –0.030 –0.065–0.006 0.20 0.09 0.101 0.010–0.205 

Experienced         
υ 

4.71 3.81 0.935 –0.789–3.000 2.69 3.31 –0.597 –0.226–0.984 
µ 1.32 0.93 0.389 0.123–0.656 0.81 1.19 –0.367 –1.123–0.418 
Cb

 
0.39 0.60 –0.136 –0.361–0.044 0.56 0.52 0.103 –0.135–0.349 

r 0.71 0.52 0.106 –0.065–0.342 0.52 0.45 –0.003 –0.088–0.090 
ρc

 
0.28 0.32 –0.050 –0.247–0.131 0.28 0.26 0.026 –0.124–0.182 

w Bold text indicates a significant difference. 
x Lin’s concordance correlation (LCC) coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with 

the true value; υ = scale bias or slope shift (1 = no bias relative to the concordance line); µ = location bias or height shift (0 = no bias relative to the 
concordance line); the correction factor (Cb) measures how far the best–fit line deviates from 45° and, thus, is a measure of accuracy; and the correlation 
coefficient (r) measures precision. 

y Mean of the difference between each rating. 
z Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 

 
Table 4. Mean concordance statistics (bias, accuracy, precision, and agreement) for inexperienced and experienced raters with bootstrap analysis of the 
difference between means when using nearest percent estimates (NPEs) or the Horsfall-Barratt (H-B) scale to assess scab severity in the range 6+ to 25% 
actual disease on pecan fruit valvesw 

 Image cohort 1 Image cohort 2 

 Mean  Mean  

Rater, LCCx NPE H-B Diffy 95% CIsz NPE H-B Diff 95% CIs 

Inexperienced         
υ 

2.13 2.84 –0.698 –2.195–0.476 1.36 2.21 –0.859 –1.428– –0.325
µ 0.40 –0.09 0.488 0.115–0.832 0.39 0.47 –0.075 –0.794–0.532 
Cb

 
0.69 0.52 0.166 0.018–0.346 0.81 0.68 0.135 –0.077–0.363 

r 0.50 0.45 0.053 –0.270–0.334 0.54 0.54 –0.012 –0.298–0.316 
ρc

 
0.34 0.27 0.066 –0.158–0.261 0.42 0.43 –0.013 –0.196–0.199 

Experienced         
υ 

1.93 2.41 –0.482 –1.144–0.059 1.00 1.54 –0.0543 –1.014– –0.190
µ 0.71 0.38 0.341 –0.215–1.014 –0.11 0.35 –0.459 –1.278–0.184 
Cb

 
0.67 0.63 –0.035 –0.161–0.0922 0.69 0.78 0.049 –0.168–0.283 

r 0.59 0.75 –0.082 –0.192– –0.006 0.83 0.71 –0.023 –0.13–0.124 
ρc

 
0.42 0.47 –0.052 –0.161–0.058 0.57 0.57 0.004 –0.216–0.263 

w Bold text indicates a significant difference. 
x Lin’s concordance correlation (LCC) coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with 

the true value; υ = scale bias or slope shift (1 = no bias relative to the concordance line); µ = location bias or height shift (0 = no bias relative to the 
concordance line); the correction factor (Cb) measures how far the best–fit line deviates from 45° and, thus, is a measure of accuracy; and the correlation 
coefficient (r) measures precision. 

y Mean of the difference between each rating. 
z Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 
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category 0 to 6% range (Table 6). There was no difference in location 
bias (µ) in estimates over any range of actual disease severity. Using 
H-B scale estimates (Table 7), inexperienced raters followed a 
pattern similar to the NPE estimates, except with accuracy (Cb) of 
the estimates, which was greatest in the 25+ to 75% range for assess-

ment of cohort 1 images, was the same across all ranges of actual 
disease severity for cohort 2. Experienced raters assessing cohort 1 
images showed a significant difference between actual disease ranges 
only in scale bias (υ) but, in assessments of cohort 2 images, there 
were significant differences in scale bias (υ) and agreement (ρc). 

Table 5. Mean concordance statistics (bias, accuracy, precision, and agreement) for inexperienced and experienced raters with bootstrap analysis of the
difference between means when using nearest percent estimates (NPEs) or the Horsfall-Barratt (H-B) scale to assess scab severity in the ranges of 25+ to 
75% actual disease on pecan fruit valvesw 

 Image cohort 1 Image cohort 2 

 Mean  Mean  

Rater, LCCx NPE H-B Diffy 95% CIsz NPE H-B Diff 95% CIs 

Inexperienced         
υ 

1.63 2.03 –0.403 –0.897– –0.027 1.57 1.76 –0.190 –0.304– –0.073
µ 0.10 0.06 0.048 –0.258–0.321 0.44 0.70 –0.266 –0.524– –0.025
Cb

 
0.73 0.77 0.049 –0.024–0.125 0.86 0.84 0.111 0.041–0.186

r 0.70 0.65 –0.039 –0.134–0.036 0.79 0.68 0.017 –0.060–0.092 
ρc

 
0.53 0.51 0.025 –0.076–0.124 0.67 0.57 0.101 0.029–0.177

Experienced         
υ 

1.33 1.34 –0.004 –0.270–0.284 1.54 1.41 0.130 –0.109–0.387 
µ 0.31 0.16 –0.166 –0.295–0.549 0.22 0.28 –0.066 –0.720–0.607 
Cb

 
0.86 0.79 0.018 –0.100–0.167 0.89 0.70 0.172 0.069–0.279

r 0.81 0.79 0.068 –0.010–00142 0.88 0.71 0.186 0.018–0.420
ρc

 
0.70 0.64 0.064 –0.080–0.201 0.78 0.50 0.277 0.103–0.487

w Bold text indicates a significant difference. 
x Lin’s concordance correlation (LCC) coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with 

the true value; υ = scale bias or slope shift (1 = no bias relative to the concordance line); µ = location bias or height shift (0 = no bias relative to the 
concordance line); the correction factor (Cb) measures how far the best–fit line deviates from 45° and, thus, is a measure of accuracy; and the correlation 
coefficient (r) measures precision. 

y Mean of the difference between each rating. 
z Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 

 
Table 6. Effect of actual disease severity placed in Horsfall-Barratt (H-B) scale category ranges of 0 to 6, 6+ to 25, and 25+ to 75% on the bias, accuracy, 
precision, and agreement of estimates of pecan scab on valves of pecan fruit assessed by both inexperienced and experienced groups of raters estimating 
disease using nearest percent estimates (NPEs) 

 Meany 

 0 to 6% 6 to 25% 25 to 75% 

Image, rater, LCCz Mean 95% CIs Mean 95% CIs Mean 95% CIs 

Cohort 1       
Inexperienced       

υ 7.52 a 3.493–11.592 2.13 b 1.349–3.255 1.63 b 1.364–1.891 
µ 1.11 a 0.381–1.917 0.40 a –0.458–1.674 0.10 a 0.567–0.822 
Cb 0.34 a 0.162–0.511 0.69 ab 0.414–0.877 0.70 b 0.582–0.780 
r 0.35 a 0.202–0.498 0.50 ab 0.250–0.676 0.74 b 0.528–0.892 
ρc 0.11 a 0.051–0.168 0.34 ab 0.131–0.528 0.54 b 0.338–0.681 
Experienced       
υ 4.73 a 2.508–6.880 1.93 b 1.388–2.384 1.33 b 1.150–1.547 
µ 1.33 a 0.492–2.098 0.72 a –0.224–1.742 0.32 a –0.195–0.773 
Cb 0.39 a 0.196–0.698 0.59 ab 0.390–0.756 0.81 b 0.722–0.896 
r 0.71 a 0.612–0.804 0.67 ab 0.540–0.752 0.86 b 0.822–0.912 
ρc 0.27 a 0.136–0.498 0.42 a 0.250–0.538 0.70 b 0.603–0.811 

Cohort 2       
Inexperienced       
υ 3.50 a 2.817–4.451 1.36 b 1.039–1.707 1.57 b 1.446–1.668 
µ 1.08 a 0.419–1.840 0.40 a –0.116–1.010 0.44 a 0.030–0.844 
Cb 0.44 a 0.291–0.545 0.81 b 0.593–0.953 0.79 b 0.670–0.905 
r 0.46 a 0.332–0.590 0.53 a 0.398–0.674 0.86 b 0.756–0.942 
ρc 0.20 a 0.121–0.272 0.42 b 0.299–0.570 0.67 c 0.597–0.741 

Experienced       
υ 2.70 a 1.896–3.484 1.00 b 0.684–1.312 1.54 b 1.440–1.651 
µ 0.82 a 0.214–1.500 –0.11 a –0.628–0.364 0.22 a 0.079–0.407 
Cb 0.56 a 0.372–0.768 0.83 ab 0.708–0.910 0.88 b 0.848–0.910 
r 0.52 a 0.470–0.568 0.69 b 0.584–0.796 0.89 c 0.842–0.926 
ρc 0.28 a 0.194–0.370 0.57 b 0.448–0.708 0.78 c 0.742–0.821 

y Mean of the rater estimates. 
z Image cohort, rater experience, and Lin’s concordance correlation (LCC) statistics. LCC coefficient (ρc) combines both measures of precision (r) and 

accuracy (Cb) to measure the degree of agreement with the true value. The 95% confidence intervals (CIs) were based on 2,000 bootstrap samples. If the 
95% CIs of the means do not overlap, the difference is significant (α = 0.05). Thus, means within a row followed by the same letter are not significantly
different. Parameters: υ = scale bias or slope shift (1 = no bias relative to the concordance line); µ = location bias or height shift (0 = no bias relative to the
concordance line); correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy; and correlation coefficient 
(r) measures precision. 
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Inter-rater reliability. The inter-rater reliability of raters using 
NPEs or the H-B scale showed no difference in the coefficient of 
determinations at 0 to 6 or 6+ to 25% ranges of actual severity 
(Table 8). However, at 25+ to 75%, actual disease severity 
estimated by both experienced raters and inexperienced raters for 
image cohort was more reliable using NPEs compared with the H-
B scale (R2 = 0.81 versus 0.58, and R2 = 0.53 versus 0.40, 
respectively). Estimates of disease severity of image cohort 2 by 
inexperienced raters was more reliable using NPEs compared with 
the H-B scale (R2 = 0.88 versus 0.58). Bootstrapped 95% CIs of 
coefficients of determination for inter-rater reliability using NPEs 
showed significant differences in reliability of estimates of disease 

severity between the different actual disease severity categories, 
with estimates of actual disease in the range 25+ to 75% severity 
most often being more reliable compared with those <25% (Table 
9). Estimates using the H-B scale were similarly unreliable in all 
actual disease severity categories, with the exception of 
inexperienced raters in image cohort 1, who demonstrated greater 
reliability at 25 to 75% actual severity compared with the other 
categories. 

Discussion 
The H-B scale did not provide a less biased, more accurate, or 

more precise estimate of actual pecan scab severity in any range of 

Table 7. Effect of actual disease severity placed in Horsfall-Barratt (H-B) scale category ranges of 0 to 6, 6+ to 25, and 25+ to 75% on the bias, accuracy, 
precision, and agreement of estimates of pecan scab on valves of pecan fruit assessed by both inexperienced and experienced groups of raters estimating 
disease using the H-B category scale (subsequently converted to the category midpoint) 

 Meany 

 0 to 6% 6 to 25% 25 to 75% 

Image, rater, LCCz Mean 95% CIs Mean 95% CIs Mean 95% CIs 

Cohort 1       
Inexperienced       

υ 5.30 a 3.401–7.579 2.82 ab 1.139–4.586 2.04 b 1.627–2.438 
µ 0.59 a 0.056–1.230 –0.09 a –0.943–1.004 0.05 a –0.625–0.735 
Cb 0.40 a 0.252–0.529 0.52 ab 0.342–0.670 0.65 b 0.560–0.725 
r 0.28 a 0.088–0.436 0.45 ab 0.274–0.622 0.77 b 0.660–0.872 
ρc 0.14 a 0.053–0.221 0.27 ab 0.122–0.418 0.51 b 0.378–0.612 
Experienced       
υ 3.79 a 1.778–5.846 2.41 a 1.619–3.309 1.34 b 0.156–1.541 
µ 0.94 a 0.234–1.638 0.38 a –0.261–0.915 0.15 a –0.441–0.754 
Cb 0.52 a 0.258–0.782 0.63 a 0.475–0.778 0.80 a 0.664–0.921 
r 0.60 a 0.424–0.728 0.75 a 0.704–0.798 0.79 a 0.424–0.866 
ρc 0.32 a 0.140–0.504 0.47 a 0.358–0.577 0.64 a 0.497–0.783 

Cohort 2       
Inexperienced       
υ 5.50 a 2.967–8.517 2.22 b 1.609–2.953 1.76 b 1.644–1.874 
µ 1.24 a 0.357–2.133 0.47 a –0.126–1.144 0.70 a 0.167–1.271 
Cb 0.37 a 0.183–0.588 0.68 a 0.461–0.851 0.68 a 0.508–0.815 
r 0.23 a 0.000–0.416 0.54 ab 0.182–0.772 0.84 b 0.764–0.918 
ρc 0.14 a 0.053–0.221 0.43 ab 0.181–0.593 0.57 b 0.441–0.692 

Experienced       
υ 3.30 a 2.330–4.388 1.54 b 1.086–2.000 1.41 b 1.223–1.558 
µ 1.18 a 0.604–1.776 0.35 a –0.216–0.977 0.28 a –0.516–1.012 
Cb 0.46 a 0.286–0.626 0.78 a 0.582–0.931 0.71 a 0.580–0.832 
r 0.52 a 0.408–0.636 0.72 a 0.634–0.794 0.70 a 0.480–0.840 
ρc 0.26 a 0.138–0.374 0.57 b 0.382–0.724 0.50 b 0.318–0.666 

y Mean of the rater estimates. 
z Image cohort, rater experience, and Lin’s concordance correlation (LCC) statistics. LCC coefficient (ρc) combines both measures of precision (r) and 

accuracy (Cb) to measure the degree of agreement with the true value. The 95% confidence intervals (CIs) were based on 2,000 bootstrap samples. If the 
95% CIs of the means do not overlap, the difference is significant (α = 0.05). Thus, means within a row followed by the same letter are not significantly
different. Parameters: υ = scale bias or slope shift (1 = no bias relative to the concordance line); µ = location bias or height shift (0 = no bias relative to the
concordance line); correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy; and correlation coefficient 
(r) measures precision. 

 
Table 8. Inter-rater reliability over different actual disease severities placed in Horsfall-Barratt (H-B) scale category ranges of 0 to 6, 6+ to 25, and 25+ to 
75% of estimates of pecan scab on two cohorts of valves of pecan fruit assessed by both inexperienced and experienced groups of raters using either nearest 
percent estimates (NPEs) or the Horsfall-Barratt scale (H-B)x  

 Image cohort 1 Image cohort 2 

 Mean  Mean  

Rater, severity NPE H-B Diffy 95% CIsz NPE H-B Diff 95% CIs 

Inexperienced         
0 to 6 0.50 0.57 –0.070 –0.363–0.233 0.19 0.28 –0.092 –0.291–0.126 
6 to 25 0.20 0.15 0.045 –0.091–0.175 0.21 0.23 –0.020 –0.140–0.103 
25 to 75 0.53 0.40 0.127 0.014–0.225 0.63 0.61 0.022 –0.054–0.090 

Experienced         
0 to 6 0.54 0.46 0.081 –0.125–0.287 0.54 0.44 0.106 –0.002–0.221 
6 to 25 0.44 0.57 –0.139 –0.333–0.065 0.48 0.43 0.054 –0.037–0.155 
25 to 75 0.81 0.58 0.230 0.083–0.371 0.88 0.34 0.544 0.362–0.722

x Bold text indicates a significant difference. 
y Mean coefficient of determination (R2) of the rater estimates. 
z The 95% confidence intervals (CIs) were based on 2,000 bootstrap samples. If the 95% CIs embrace zero, the difference is not significant (α = 0.05).  
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actual scab severity explored in this study, and often gave an 
inferior estimate of severity compared with NPEs. This observation 
is supported by previous studies (1,9,11,22). Although results 
based on the full range of the H-B scale had previously been 
reported (5), the differences between assessment methods and rater 
experience found herein over different actual disease severity 
ranges indicate where the H-B scale is least often accurate and 
reliable (25+ to 75% severity). There appears to be no advantage to 
the H-B scale over the severity ranges tested. 

The mean estimates and standard deviations for each actual dis-
ease severity range did not indicate that the H-B scale offered any 
advantage and, at low actual disease severity, there was little rela-
tionship between the mean estimates by the two methods (suggest-
ing that the H-B scale contributed another source of random error 
to the assessment process, beyond that already present in NPEs). 
At greater disease severities, estimates by the two methods were 
more comparable. However, the standard deviations of the mean 
estimates followed an opposite trend, with the standard deviations 
of the least severe actual disease severities tending to be most simi-
lar between the two methods. The characteristics of the mean and 
standard deviation have ramifications for analysis (4) and, because 
H-B estimates do not demonstrably increase the accuracy of the 
mean or result in a standard deviation closer to the actual standard 
deviation over the tested ranges of actual disease severity, they are 
of questionable value. Nita et al. (22) reported means for NPEs and 
H-B data from six raters and found minor differences in the esti-
mates of the means by the two methods but they based the H-B 
category directly on the NPE estimate, which invariably placed the 
H-B estimate in the same category as the original NPE. When 
raters are estimating disease severity using the H-B scale they 
might not always do that, especially if rating using the scale di-
rectly (if not used directly, it seems pointless to estimate a percent, 
only to then place it in a category and then retransform to a mid-
point for analysis at a later time). Indeed, in the current study, 
raters most often placed the H-B estimate in the incorrect category 
in all ranges of actual disease severity, further demonstrating the 
inaccuracies of H-B-type scales. 

Overall, raters were more often accurate and precise using NPEs 
compared with using the H-B scale, particularly in the 25 to 75% 
range of actual disease severity (Tables 3–5), which is in agree-
ment with results of simulation studies by Bock et al. (4), although 
there was little difference between the two methods at lower dis-
ease severities (<25%) and either NPEs or the H-B scale might 
provide the most accurate or precise estimates. In the 25 to 75% 
range, where H-B categories are largest, the H-B scale was never 
better and often was inferior to the NPEs. This is most likely due to 
the ability of most raters to do a better job of assessing in these 
broad categories using NPEs compared with applying an H-B esti-
mate (23). Furthermore, although NPEs might be incorrect, these 

data demonstrate that, most often, raters, when using the H-B scale 
and whether experienced or not, will place the diseased fruit valve 
in the wrong category. Where the category intervals are wide, this 
can result in even greater error after midpoint conversion compared 
with NPEs. 

LCC is sensitive to the relative error; as was seen in this study, 
disease estimates of low actual severity (<6% surface area) were 
highly biased, inaccurate, imprecise, and had poor agreement with 
the true values compared with estimates in the midrange, where 
relative error was less (and absolute error greatest). This demon-
strates the importance of testing accuracy and precision over the 
full range of disease severity (0 to 100%), not just over a portion 
of the severity scale where the tendency of raters is to over-
estimate (6,29). Without sufficient coverage of the full severity 
range, estimates of accuracy, precision, and agreement might be 
overly influenced by relative error at low disease severity. In the 
cases where LCC has been used to explore disease severity 
assessment, samples from a wide range of disease severities have 
been used (1,5,8,22). 

The tendency to overestimate disease was clear throughout the 
range of disease severity assessed in this study. This tendency has 
been observed before (6,29) but no effective solutions have been 
identified to prevent this source of error. Considering that plant 
disease is often in the severity range 0 to 10%, it is worthy to con-
sider ways of reducing this error. Perhaps standard area diagrams 
(34) and computer-aided training (25) can assist in reducing the 
absolute error at these low disease severities. 

Different raters varied in their ability to assess disease, and some 
inexperienced raters were both accurate and precise. Conversely, 
experienced raters did not always provide the most accurate and 
precise estimates. However, on average, the estimates of accuracy, 
precision, and agreement based on LCC were most often numeri-
cally closer to the ideal compared with inexperienced raters (Tables 
6 and 7). The effect of rater experience has been observed before 
(1,5,22,27), and these results confirm the previous observations. 
However, it is important to remember that there is diversity in the 
innate ability of different raters to assess disease severity, and the 
ability of an individual rater can change. Assessment training and 
aides can help reduce this variability within and among individuals 
(1,25,34). 

Inter-rater reliability was generally similar for NPEs and the H-
B scale at actual disease severity <25% but NPEs resulted in better 
reliability in the range 25+ to 75%, which was true for one cohort 
of assessments for the inexperienced raters, and both cohorts of 
assessments for the experienced raters. Although inter-rater reli-
ability has been explored (7,8,22,24,34), the characteristics of in-
ter-rater reliability at different disease severities have not been 
studied, and these results suggest that inter-rater reliability is sensi-
tive to the magnitude of actual disease severity, with greatest inter-

Table 9. Inter-rater reliability (measured by the coefficient of determination) over different actual disease severities placed in actual severity ranges of 0 to 6, 
6+ to 25, and 25+ to 75% of estimates of pecan scab on two cohorts of valves of pecan fruit assessed by both inexperienced and experienced groups of raters 

  Mean 

  0 to 6% 6 to 25% 25 to 75% 

Method, cohortx Rater Meany 95% CIsz Mean 95% CIs Mean 95% CIs 

H-B        
Cohort 1 Inexperienced 0.57 a 0.408–0.726 0.15 a 0.084–0.228 0.40 a 0.292–0.519 
 Experienced 0.46 a 0.345–0.565 0.58 a 0.479–0.662 0.58 a 0.461–0.712 
Cohort 2 Inexperienced 0.28 a 0.11–0.414 0.23 a 0.106–0.335 0.61 b 0.518–0.705 
 Experienced 0.43 a 0.354–0.520 0.42 a 0.338–0.498 0.34 a 0.167–0.515 

NPEs        
Cohort 1 Inexperienced 0.50 ab 0.283–0.718 0.20 a 0.114–0.284 0.53 b 0.340–0.706 
 Experienced 0.54 a 0.415–0.664 0.44 a 0.279–0.609 0.81 b 0.772–0.853 
Cohort 2 Inexperienced 0.19 a 0.070–0.321 0.21 a 0.105–0.308 0.63 b 0.549–0.718 
 Experienced 0.54 a 0.431–0.641 0.48 a 0.415–0.547 0.88 b 0.845–0.919 

x Assessment method and image cohort. 
y Mean coefficient of determination (R2) of the rater estimates. 
z The 95% confidence intervals (CIs) were based on 2,000 bootstrap samples. If the 95% CIs of the means do not overlap, the difference is significant (α = 

0.05). Thus, means within a row followed by the same letter are not significantly different. 
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rater reliability existing in the midrange of disease severity (as 
noted above, relative error being least in this range). 

The logarithmic relationship observed between mean absolute 
error and actual disease severity is interesting considering that 
Horsfall and Barratt (17) based their scale on a logarithmic 
relationship. Perhaps this is the relationship they were referring to, 
rather than that between the estimate and the actual disease, which 
is linear (7,25). Relationships between actual disease severity, 
standard deviations of the estimate, coefficient of variation, or 
variance of the estimates have been studied previously (6,15) and 
the results of the current study were similar (data not shown). 

Not only is the H-B scale based on faulty theory (23), it is also 
cumbersome, does not appear to be particularly rapid (5), and re-
quires a midpoint reconversion before data can be analyzed using 
parametric statistics (11). Therefore, it is questionable whether the 
H-B scale or its derivatives offer any advantages in assessing sever-
ity of pecan scab compared with NPEs. Furthermore, where a scale 
is to be used to measure disease severity for purposes other than 
ranking, it is appropriate to choose a scale with equal intervals 
(22,28). The percent ratio scale provides a realistic estimate of 
disease and also provides data that are amenable to more powerful 
parametric statistics; and, if needed, these data can be transformed 
prior to analysis to ensure normality and homogeneity of variance. 
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