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Asiatic citrus canker (ACC) is an important disease of citrus in Brazil 
and elsewhere in the world. Infection with the causal pathogen, Xan-
thomonas citri subsp. citri, can cause severe disease on the fruit. Visual 
estimation of severity is the usual method used to quantify ACC on 
diseased fruit. The objective of this research was to construct and vali-
date standard area diagram (SAD) sets as assessment aids for raters to 
improve the accuracy and reliability of visual estimates of ACC on 
unripe (green) fruit of sweet orange. Two SAD sets were constructed. 
A five-diagram SAD set had five severities depicted (0.5, 2.0, 8.0, 27.0, 
and 40.0%) and a six-diagram SAD set had six severities depicted (0.5, 
1.0, 3.0, 9.0, 20.0, and 40.0%). Fifteen raters evaluated 40 images of 
cankered, unripe fruit. Both the five- and six-diagram SAD sets signifi-

cantly improved the accuracy and reliability of estimates. Agreement, 
measured by Lin’s concordance correlation coefficient, was 0.220 to 
0.913 when not using SADs, 0.814 to 0.955 when using five-diagram 
SAD sets, and 0.863 to 0.925 when using six-diagram SAD sets. The 
five-diagram SAD set was significantly more accurate and reliable 
compared with the six-diagram set. Possible reasons for this are dis-
cussed. Based on the results, the five-diagram SAD set is preferable to 
use. Although the SAD set was developed for sweet orange, it doubt-
less has applicability to other citrus, including grapefruit. These SAD 
sets should be useful for research endeavors where accurate and relia-
ble estimates of the severity of ACC are required. 

 

Asiatic citrus canker (ACC), caused by Xanthomonas citri 
subsp. citri, originated in Asia but has been spread through human 
activity and is currently found in many tropical and subtropical 
citrus-growing regions. It is considered one of the most important 
bacterial diseases of citrus worldwide (16,19,35). In Brazil, ACC 
was first reported in 1957, in Paraná state, in the municipality of 
Lupionópolis (7,23). The disease symptoms are characterized by 
erumpent, necrotic lesions with yellow halos (on green tissues), 
and are found on leaves, fruit, and shoots (6,35). Within fields, the 
disease is spread by rain splash, often associated with wind, and 
also by transport on contaminated equipment (12,13,27,34). 

Subsequent to the first report in Brazil, attempts were made to 
eradicate the pathogen from Paraná state, an approach still used in 
other states in Brazil (e.g., São Paulo). However, in the southern 
states (including Paraná, Santa Catarina, and Rio Grande do Sul), 
the practice of eradication was abandoned, and ACC is now con-
sidered endemic (23). Paraná remains one of the most important 
citrus-producing states in Brazil (20) but the severity of ACC dur-
ing the 1960s and 1970s prevented cultivation of citrus orchards in 
the northwestern and northern regions of the state. The Agronomic 
Institute of Paraná continues to encourage citrus production 
throughout the state but ACC remains an issue. 

In areas with environmental conditions conducive for the dis-
ease, management of ACC is critical. Much of the research activity 
and some management decisions are based on estimates of disease 
severity. In plant disease epidemiology, the severity of a disease 

represents the proportion of area that is diseased on a plant organ 
(2). There is a need for accurate and reliable quantification of the 
severity of ACC on fruit, on which to base sound scientific conclu-
sions or management options. Accuracy in measurement science 
can be defined as the closeness of the estimated values to the true 
values (26,33), and reliability is the extent to which the same esti-
mate obtained under different conditions yields similar results 
(26,33). 

Several methods are used to measure or estimate plant disease 
(13,29) but visual rating remains the most widely used. Due to 
recognized error in plant disease estimation (10,11,13,31), standard 
area diagrams (SADs) are used in plant pathology to increase accu-
racy and reliability of disease severity estimates made by raters 
(2,21,32). The improvement that can be achieved by using SADs is 
now well documented for different plant diseases (5,17,21,28, 
37,38,41), including for foliar symptoms of ACC (5). The use of 
SADs reduces error of the estimates made by raters. Correct use of 
SADs requires the rater to estimate as close to the actual value by 
interpolating between two severities represented in the SADs (1). 

Although some of the methods used to estimate disease on fruit 
have been very sophisticated, such as three-dimensional fruit sur-
face image analysis (14), other methods have relied on two-dimen-
sional SADs to represent a single face of the approximately spheri-
cal fruit. Two-dimensional SADs have been developed for fruit 
diseases (37) and have been validated and demonstrated to improve 
both accuracy and reliability of rater estimates. ACC on fruit is 
important because is can lead to premature abscission and reduced 
marketability (4,9,18), yet no SADs have been developed for the 
purpose of assessing severity of ACC on citrus fruit. 

However, green, unripe fruit of citrus are a contrast to ripe fruit, 
which are ordinarily yellow to orange in color. On unripe fruit, the 
typical corky lesions of canker have chlorotic haloes surrounding 
them but lesions on ripe fruit lack the chlorotic halo, the edge of 
which ends abruptly at the healthy, ripe yellow-orange-colored 
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fruit rind. There is a need to develop specific SADs that can be 
used as an assessment aid for both unripe and ripe fruit. The objec-
tives of this research were, first, to construct SADs for unripe fruit as 
an assessment aid for raters; second, to validate the SADs by 
comparing disease estimates made without and with the use of these 
SADs; and, third, to compare two different SAD sets, one with an 
additional severity depicted to ascertain whether there was an 
advantages to an additional illustrated severity to help estimate ACC 
severity in the range of most frequently encountered severities. 

Materials and Methods 
Development of SADs. Green, unripe fruit (n = 100) of sweet 

orange (Citrus sinensis) ‘Baia’ presenting symptoms of ACC 
(necrotic, erumpent, corky lesions, the edge of which are sur-
rounded by a chlorotic halo that blends into the green rind of the 
unripe fruit) were harvested from a field experiment located in 
Maringá, in the northwest of Paraná state (latitude 23°25′ S, longi-
tude 52°10′ W, elevation 555 m). Fruit were 6 to 8 cm in diameter. 
The orchard was planted in April 2003 with trees spaced 3.5 by 5.0 
m. Crop management practices were carried out as for commercial 
citrus production areas in Paraná state, except no ACC control was 
practiced and no copper-based products were used. 

To measure the symptomatic area on the surface of the unripe 
fruit, the face of each fruit with the most severe symptoms of ACC 
was photographed with a digital camera (Sony CyberShot 5.1MP). 
In practice, raters would most often need to assess both faces of a 
fruit, taking care to ensure that each side was fully represented 

(i.e., no overlap); however, for the purposes of this study and the 
validation process, only a single side was assessed (where both 
sides are assessed, total severity would be divided by 2, so as to 
obtain the overall severity per fruit). For the photography, fruit 
were illuminated using a 40-W light bulb placed 15 cm from the 
fruit to ensure uniform light conditions. The resulting images were 
analyzed for diseased area (necrotic + chlorotic) using the image 
analysis program Quant V1.0.2 (39). The diseased area in relation 
to the total surface area of the fruit was used to calculate the per-
cent fruit surface area with ACC. The minimum and maximum 
percent severity obtained from the 100 images of the unripe fruit 
were 0.5 and 39.6%, respectively. The frequency of the severities 
in different ranges (Fig. 1) shows that approximately 75% of the 
fruit had an ACC severity ≤24%. The range and maximum disease 
severity for various plant diseases has been previously character-
ized (22), and this distribution is common (if ACC is very severe 
on immature fruit, it often results in premature fruit abscission; 4). 

Based on the range and frequency of severity, two separate SAD 
sets were constructed. The first had five diagrams and the second 
had six diagrams. The two SAD sets had slightly different struc-
ture; with the six-diagram SAD set, an extra diagram was included 
in the range of more frequently encountered severity (≤20%). Up-
per and lower limits were based on the image analysis-measured 
minimum and maximum ACC severity in the sample of 100 fruit. 
Thus, the severity values illustrated for the five-diagram SAD set 
were 0.5, 2.0, 8.0, 27.0, and 40.0% ACC (Fig. 2A), and for the six-
diagram SAD set were 0.5, 1.0, 3.0, 9.0, 20.0, and 40.0% ACC 
(Fig. 2B). The images in both the five- and six-diagram SAD sets 
were constructed from images of fruit harvested from the same 
orange trees in the experiment described above. The SAD images 
were prepared using the image analysis program Quant. V1.0.2. 
The two different sets were developed to explore whether an addi-
tional diagram in the range where most frequent severity was en-
countered might increase accuracy and reliability, without dramati-
cally increasing the complexity of the SAD set. 

Validation of SAD set. To validate and compare these SAD 
sets, 15 raters estimated the severity of a subset of 40 images of the 
cankered fruit using a PowerPoint slide presentation, showing each 
fruit image at random on a computer screen. The raters had a range 
of experience with disease assessment and familiarity with ACC 
symptoms. Prior to the first assessment, all raters received the same 
instructions describing the symptoms of ACC and instructions in 
use of the SAD set. Initially, each rater estimated the severity of 
ACC without the aid of the SAD set. After a 30-min break, each 
rater reestimated severity of ACC on the same fruit images shown 

Fig. 2. Standard area diagrams (SADs) used with the same range but with five A, or six B, severities depicted. The SADs were used by 15 raters as aids to estimate citrus 
canker on 40 images of unripe (green) Baia sweet orange displaying a range of disease severity. 

Fig. 1. Proportion of Baia sweet orange fruit (total n = 100 fruit) with different
severities (percent area diseased) of Asiatic citrus canker as measured using image
analysis. Fruit were collected from an orchard in Parana state, Brazil. Symptoms
area measured included the chlorotic halo and the necrotic area. 
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at random but with the aid of the five-diagram SAD set as an as-
sessment aid; and. finally, after a further 30-min break, the raters 
assessed the images shown at random a third time using the six-
diagram SAD set as an assessment aid. 

Data analysis. Analyses were performed using either SAS (V9.3; 
SAS Systems) or MS Excel (Microsoft Corp.). Data were analyzed 

using a general linear model (GLM) to explore the main effects of 
number of SAD set, fruit number, rater, and all two-way interactions: 
Yijklm = ϑ + αi + βj + γj + (αβ)ij + (αγ)ik + (βγ)jk + εijk, where ϑ is the 
intercept term; αi is the effect of the ith SAD set; βj is the effect of 
the jth fruit; γk is the effect of the kth rater; (αβ)ij, (αγ)ik, and (βγ)jk 
are the interaction terms; and εijk is the residual error term. 

Using the visual estimates and comparing them to the actual val-
ues measured by image analysis, Lin’s concordance correlation 
(LCC; 24,26,30) analysis was applied to evaluate the degree to 
which the pairs of observations for each fruit fell on the concord-
ance line of 45° (slope = 1, intercept = 0). If there is perfect con-
cordance between the estimates and the actual values, then the 
LCC statistics of systematic bias, υ = 1; location bias, µ = 0; accu-
racy, Cb = 1; precision, r = 1; and agreement, ρc = 1. Any deviation 
from these values indicates bias or loss of accuracy, precision, or 
agreement. LCC was calculated for estimates made by each rater 
without an SAD set, and for estimates made using the five- or six-
diagram SAD set. 

Inter-rater reliability was measured using the coefficient of de-
terminations (R2) for each pairwise combination of rater based on 
estimates without SAD set and for the estimates made using the 

Table 3. Mean concordance statistics (bias, accuracy, precision, and agreement) with bootstrap analysis of the differences between means when estimating 
severity of Asiatic citrus canker on unripe (green) Baia sweet orange without or with a five-diagram standard area diagram (SAD) setr 

 Mean   

LCCs No SAD Five-SAD set Mean differencet 95% CIs (upper and lower)u 

υv 0.318 0.087 –0.230 –0.319 to –0.144 
µw 0.753 0.146 –0.604 –0.871 to –0.358
Cb

x 0.734 0.981 –0.246 –0.364 to –0.148
ry 0.794 0.905 –0.111 –0.195 to –0.044
ρc

z 0.582 0.888 –0.305 –0.400 to –0.206
r Bold text indicates a significant difference. 
s Lin’s concordance correlation (LCC) statistic. 
t Mean of the difference between each rating. 
u Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 
v Scale bias (systematic bias or slope shift, υ, 1 = no bias relative to the concordance line) can be ≤1≥; therefore, it was necessary to obtain standardized (as 1 

– υ) absolute data prior to calculating the mean difference. 
w Location bias (constant bias or height shift, µ, 0 = no bias relative to the concordance line) can be ≤0≥; therefore, it was necessary to obtain absolute data 

prior to calculating the mean difference. 
x Correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy. 
y Correlation coefficient (r) measures precision. 
z LCC coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with the true value. 

Table 1. General linear model (GLM) analysis of the effect of standard area
diagrams (SADs) (zero or SADs with five or six diagrams), raters (n = 15), 
and actual severity (n = 40) on estimates of Asiatic citrus canker on unripe
(green) Baia sweet orangez  

Effect DF F value P value 

Number of SADs 2 256.46 <0.0001 
Fruit number 39 142.14 <0.0001 
Rater 14 3.26 <0.0001 
Number of SADs × Fruit number 78 4.87 <0.0001 
Number SADs × rater 28 11.69 <0.0001 
Fruit number × rater 546 1.04 0.3 

z GLM model F value (P value) = 10.4 (<0.0001). Error degrees of
freedom = 1,092. 

Table 2. Bias, accuracy, precision, and agreement measures using Lin’s concordance correlation (LCC) for estimates of severity of Asiatic citrus canker on 
unripe (green) Baia sweet orange by 15 raters without use of standard area diagram (SAD) sets as assessment aides (None), or using SADs with five or six 
diagrams depicting different severities of disease 

 
LCC 

Rater 
1 

Rater 
2 

Rater 
3 

Rater 
4 

Rater 
5 

Rater 
6 

Rater 
7 

Rater 
8 

Rater 
9 

Rater 
10 

Rater 
11 

Rater 
12 

Rater 
13 

Rater 
14 

Rater 
15 

None                
υv 0.649 0.276 0.419 0.560 0.451 0.822 1.100 0.667 0.697 0.791 0.968 0.836 0.861 0.610 0.717 
µw –0.840 –1.989 –1.561 –1.076 –1.274 –0.464 –0.213 –0.651 –0.295 –0.450 0.012 –0.559 –0.578 –0.661 –0.674 
Cb

x 0.691 0.255 0.382 0.571 0.466 0.887 0.974 0.772 0.901 0.886 0.999 0.853 0.849 0.744 0.779 
ry 0.891 0.864 0.783 0.729 0.889 0.936 0.806 0.869 0.712 0.818 0.914 0.895 0.743 0.538 0.522 
ρc

z 0.615 0.220 0.299 0.416 0.414 0.830 0.785 0.671 0.642 0.725 0.913 0.764 0.630 0.400 0.407 
Five                
υv 1.197 1.252 0.931 0.990 1.059 0.908 0.931 0.856 0.942 0.918 0.937 0.900 1.032 0.975 0.945 
µw 0.103 0.281 –0.039 0.156 0.127 –0.153 –0.112 –0.232 –0.355 –0.191 –0.042 –0.112 –0.072 –0.120 –0.099 
Cb

x 0.979 0.939 0.997 0.988 0.990 0.984 0.991 0.962 0.939 0.979 0.997 0.988 0.997 0.992 0.994 
ry 0.861 0.867 0.836 0.850 0.890 0.914 0.958 0.957 0.876 0.901 0.905 0.887 0.958 0.960 0.950 
ρc

z 0.843 0.814 0.833 0.839 0.882 0.899 0.950 0.921 0.823 0.882 0.903 0.876 0.955 0.953 0.944 
Six                
υv 0.930 0.876 0.947 0.980 0.856 0.825 0.888 0.831 0.915 0.998 0.836 0.865 0.849 0.892 0.887 
µw –0.040 –0.098 –0.012 –0.010 –0.051 –0.176 –0.157 –0.256 –0.282 –0.053 –0.154 –0.138 –0.111 –0.169 –0.089 
Cb

x 0.997 0.987 0.998 1.000 0.987 0.967 0.981 0.952 0.958 0.999 0.973 0.980 0.981 0.980 0.989 
ry 0.852 0.828 0.852 0.836 0.823 0.866 0.943 0.940 0.891 0.886 0.825 0.901 0.907 0.932 0.901 
ρc

z 0.849 0.817 0.851 0.835 0.812 0.837 0.925 0.896 0.854 0.884 0.802 0.883 0.889 0.913 0.891 

v Scale bias, or slope shift (υ, 1 = no bias relative to the concordance line). 
w Location bias, or height shift (µ, 0 = no bias relative to the concordance line). 
x Correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy. 
y Correlation coefficient (r) measures precision. 
z Lin’s concordance correlation coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with the true value. 
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five- or six-diagram SAD set. The R2 is the proportion of the varia-
tion explained by the association between two sets of measurements, 
and indicates how closely one measurement predicts the other. A 
different measure of inter-rater reliability, the intraclass correlation 
coefficient (ICC, ρ) was also calculated. The ICC is a comparison of 
between-subject and within-subject variance and, thus, accounts for 
chance correspondence of the variance between the two measure-
ments. The ICC and its confidence limits was calculated for the 
estimates of ACC severity made without an SAD set and using the 
five- or six-diagram SAD set using an SAS macro (25). 

For all LCC statistics (υ, µ, Cb, r, and ρc) and inter-rater reliabil-
ity (R2), the difference between the statistics for each rater from 
each pair of assessments was calculated and an equivalence test 
(3,41,42) was used to calculate 95% confidence intervals (CIs) by 
bootstrapping using the percentile method. With an equivalence 
test, the null hypothesis is the converse of H0 (i.e., the null hy-
pothesis is nonequivalence). In total, 2,000 balanced bootstrap 
samples were taken: if the CIs of the mean difference spanned zero 
then there was no significant difference between them. 

To investigate the relationship between the change in rater abil-
ity from estimates made without SAD sets and those made using 
the five- or six-diagram SAD sets, and the change in rater ability 
from estimates made with the five-diagram SAD sets and those 
made using the six-diagram SAD sets, the difference between the 
two assessments (second assessment – first assessment) was re-
gressed against the first assessment statistics. This calculation was 
made for all LCC statistics (υ, µ, Cb, r, and ρc) and inter-rater relia-

bility (R2). Because values of υ and µ can be ≤1≥ and ≤0≥, respec-
tively, it was necessary to standardize these data. Systematic bias 
was standardized (as 1 – υ) using absolute data prior to calculating 
the mean difference, and constant bias was converted to absolute 
values prior to calculating the mean difference of the second as-
sessment – first assessment. The absolute error (visual estimate 

Table 5. Mean concordance statistics (bias, accuracy, precision and agreement) with bootstrap analysis of the differences between means when estimating 
severity of Asiatic citrus canker on unripe (green) Baia sweet orange using a five- or six-diagram standard area diagram (SAD) setr 

 Mean   

LCCs Five-SAD set Six-SAD set Mean differencet 95% CIs (upper and lower)u 

υv 0.087 0.108 0.022 –0.019 to 0.057 
µw 0.146 0.120 –0.026 –0.067 to 0.015 
Cb

x 0.981 0.982 –0.001 –0.010 to 0.008 
ry 0.905 0.879 0.026 0.012 to 0.040
ρc

z 0.888 0.863 0.025 0.007 to 0.044
r Bold text indicates a significant difference. 
s Lin’s concordance correlation (LCC) statistic. 
t Mean of the difference between each rating. 
u Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 
v Scale bias (systematic bias or slope shift, υ, 1 = no bias relative to the concordance line) can be ≤1≥; therefore, it was necessary to obtain standardized (as 1 

– υ) absolute data prior to calculating the mean difference. 
w Location bias (constant bias or height shift, µ, 0 = no bias relative to the concordance line) can be ≤0≥; therefore, it was necessary to obtain absolute data 

prior to calculating the mean difference. 
x Correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy. 
y Correlation coefficient (r) measures precision. 
z LCC coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with the true value. 

Table 4. Mean concordance statistics (bias, accuracy, precision, and agreement) with bootstrap analysis of the differences between means when estimating 
severity of Asiatic citrus canker on unripe (green) Baia sweet orange without or with a six-diagram standard area diagram (SAD) setr 

 Mean   

LCCs No SAD Six-SAD set Mean differencet 95% CIs (upper and lower)u 

υv 0.318 0.108 –0.208 –0.321 to –0.107 
µw 0.753 0.120 –0.630 –0.931 to –0.360
Cb

x 0.734 0.982 –0.246 –0.369 to –0.144
ry 0.794 0.879 –0.086 –0.167 to –0.017
ρc

z 0.582 0.863 –0.280 –0.378 to –0.177
r Bold text indicates a significant difference. 
s Lin’s concordance correlation (LCC) statistic. 
t Mean of the difference between each rating. 
u Confidence intervals (CIs) were based on 2,000 bootstrap samples. If the CIs embrace zero, the difference is not significant (α = 0.05). 
v Scale bias (systematic bias or slope shift, υ, 1 = no bias relative to the concordance line) can be ≤1≥; therefore, it was necessary to obtain standardized (as 1 

– υ) absolute data prior to calculating the mean difference. 
w Location bias (constant bias or height shift, µ, 0 = no bias relative to the concordance line) can be ≤0≥; therefore, it was necessary to obtain absolute data 

prior to calculating the mean difference. 
x Correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy. 
y Correlation coefficient (r) measures precision. 
z LCC coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with the true value. 

Fig. 3. Frequency of the inter-rater reliability of 15 raters measured by the 
coefficient of determination (R 2) without and with use of a standard area diagram 
set with five or six diagrams as an aid for assessment of Asiatic citrus canker on 40 
images of unripe (green) Baia sweet orange. 
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made with or without SAD sets – actual disease severity) was cal-
culated for all estimates. 

Results 
The GLM analysis showed that there were significant main ef-

fects of number of SAD sets, fruit number, rater, and interactions 
of number of SAD sets–fruit number, and number of SAD sets–
rater (Table 1). LCC analysis of these data demonstrated a range in 
bias (υ and µ), accuracy (Cb), precision (r), and agreement (ρc) 
among raters whether rating without SAD sets or when using five- 
or six-diagram SAD sets (Table 2). Overall, the range in agreement 
was 0.220 to 0.913 when not using SAD sets, 0.814 to 0.955 when 
using five-diagram SAD sets, and 0.863 to 0.925 when using six-

diagram SAD sets (measures of bias, accuracy, and precision fol-
lowed a similar pattern, suggesting an improvement with use of 
five- or six-diagram SAD sets). 

The bootstrap analysis comparing assessments done with no SAD 
sets to those done using the five-diagram SAD set showed that all of 
the parameters of LCC (υ, µ, Cb, r, and ρc) were significantly 
improved with the use of the five-diagram SAD set (Table 3). 
Similarly, the bootstrap analysis comparing assessments done with 
no SAD sets with those done using the six-diagram SAD set also 
showed that all of the parameters of LCC were significantly 
improved with the use of the six-diagram SAD set as an aid for 
estimating ACC severity (Table 4). The comparison of the five- and 
six-diagram SAD sets as aids for assessment showed that the six-

Table 6. Inter-rater reliability of the estimates of Asiatic citrus canker severity made by 15 raters of 40 images of unripe (green) Baia sweet orange displaying 
a range in severity of disease either without or with use of a standard area diagram (SAD) sets with five or six diagrams as an aid for assessmentu 
   F value (P value)    

Variable tested Means (R2)v Mean differencew Fruit number Rater number CVx ICCy 95% CIsz 

R2        
No SADs × five SADs 0.54, 0.69 –0.152 … … … … –0.202 to –0.107
No SADs × six SADs 0.54, 0.62 –0.083 … … … … –0.128 to –0.041
Five SADs × six SADs 0.69, 0.62 0.069 … … … … 0.046 to 0.091

ICC (ρ)        
No SADs … … 29.3 (<0.0001) 18.6 (<0.0001) 51.9 0.93 a 0.92 to 0.94 
Five SADs … … 66.4 (<0.0001) 6.1 (<0.0001) 32.2 0.96 b 0.95 to 0.97 
Six SADs … … 54.5 (<0.0001) 1.3 (0.2) 33.0 0.95 ab 0.94 to 0.96 

u Inter-rater reliability was measured using the coefficient of determination (R2) and the intraclass correlation coefficient (ICC; ρ). Numbers with the same 
letters are not significantly different at P = 0.05.  

v R2 is the proportion of the variation explained by the association between two sets of measurements. 
w Mean of the difference between each rating. 
x Coefficient of variation. 
y ICC compares the between-subject variance with the within-subject variance and is the relative amount of variation from the combined mean of the two test 

sessions explained by differences between the subjects. The F values (P values) indicate the significance of the effect. 
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 7. Regression solutions for the relationship between bias, precision, and agreement without the use of standard area diagrams (xSADs, where x = 0 or 
5) assessment aides and the difference (xSADs – ySADs, where y = 5 or 6) for estimates of Asiatic citrus canker on unripe (green) Baia sweet orange 

LCC, relationships Intercept Slope F value (P value) CVt R2u 

υv      

Five SADs – no SADs 0.95 1.10 72.1 (<0.0001) 12.6 0.85 
Six SADs – no SADs 0.90 0.95 102.1 (<0.0001) 10.8 0.89 
Six SADs – five SADs 1.00 –0.78 5.8 (0.03) 9.7 0.31 

µw   

Five SADs – no SADs –0.15 0.99 441.5 (<0.0001) –12.4 0.97 
Six SADs – no SADs –0.17 0.91 862.3 (<0.0001) –8.9 0.99 
Six SADs – five SADs –0.08 –0.89 3.5 (0.09) –264.1 0.21 

Cb
x      

Five SADs – no SADs 0.98 –1.01 1735.1 (<0.0001) 2.7 0.99 
Six SADs – no SADs 0.97 –0.97 4077.8 (<0.0001) 1.8 0.99 
Six SADs – five SADs 0.98 –0.73 13.6 (0.003) 1.4 0.51 

ry      
Five SADs – no SADs 0.88 –0.83 161.3 (<0.0001) 4.6 0.93 
Six SADs – no SADs 0.86 –0.82 184.9 (<0.0001) 4.3 0.93 
Six SADs – five SADs 0.89 –0.55 2.2 (0.2) 4.6 0.15 

ρc
z      

Five SADs – no SADs 0.90 –1.02 220.1 (<0.0001) 8.8 0.94 
Six SADs – no SADs 0.86 –0.99 384.6 (<0.0001) 6.7 0.97 
Six SADs – five SADs 0.87 –0.85 9.9 (0.008) 4.4 0.43 

R2      
Five SADs – no SADs 0.64 0.66 511.7 (<0.0001) 13.8 0.83 
Six SADs – no SADs 0.60 0.72 458.8 (<0.0001) 14.5 0.82 
Six SADs – five SADs 0.65 0.60 68.8 (<0.0001) 12.8 0.40 

s Lin’s concordance correlation (LCC) statistic. 
t Coefficient of variation (CV) is a unitless measure of variation, and is calculated as [(mean square error/mean) × 100]. 
u Coefficient of determination (R2) is the proportion of the variation explained by the association between two sets of measurements. 
v Scale bias (systematic bias or slope shift, υ, 1 = no bias relative to the concordance line) can be ≤1≥; therefore, it was necessary to obtain standardized (as 1 

– υ) absolute data prior to calculating the mean difference. 
w Location bias (constant bias or height shift, µ, 0 = no bias relative to the concordance line) can be ≤0≥; therefore, it was necessary to obtain absolute data 

prior to calculating the mean difference. 
x Correction factor (Cb) measures how far the best-fit line deviates from 45° and, thus, is a measure of accuracy. 
y Correlation coefficient (r) measures precision. 
z LCC coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure the degree of agreement with the true value. 
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diagram SAD set provided less precision (r) or agreement (ρc) 
compared with the five-diagram SAD sets but there was no effect 
on systematic or constant bias (υ or µ, respectively) or accuracy 
(Cb) (Table 5). 

The frequency of inter-rater reliability (R2) improved with use of 
both five- and six-diagram SAD sets as aids for assessment of 
severity of ACC on unripe sweet orange (Fig. 3). The bootstrap 
analysis showed that use of both five- and six-diagram SAD sets 
resulted in a significant improvement in the inter-rater reliability 
(Table 6). However, as with the LCC measures of agreement, 
although there was a significant difference between the reliability of 
estimates made using five- or six-diagram SAD sets, it was the five-
diagram SAD sets that provided estimates that were more reliable. 
The ICC indicated a significant difference in inter-rater reliability 
between estimates made without SAD sets using the five-diagram 
SAD sets, but the six-diagram SAD sets apparently provided no 
significant improvement in inter-rater reliability compared with 
using no SAD sets or using the five-diagram SAD sets (Table 6B). 

The relative gain or loss among raters using the five- or six-
diagram SAD set (regression of method 1 against method 2 – 
method 1) for each of the LCC statistics and for inter-rater reliabil-
ity had a linear relationship in most cases (Fig. 4, with regression 
solutions shown in Table 7). The linear relationship suggests that 
those raters with the least good score improved the most, whereas 
those raters who already showed little bias (υ and µ) or had good 
accuracy (Cb), precision (r), agreement (ρc), or reliability (R2) did 
not improve much (or, in a few cases, were less good) when using 
either five- or six-diagram SAD sets compared with using no SAD 
sets. Use of either SAD set resulted in reduction in systematic bias 
(υ; Fig. 4A; Table 7) and constant bias (µ; Fig. 4B; Table 7). For 
both υ and µ, markers to the left of the vertical dashed line (nega-
tive values) indicate reduction in bias; based on the R2, there was 
no relationship between five- and six-diagram SAD sets (i.e., raters 
who had less bias with five-diagram SAD sets were not relatively 
or consistently more or less biased with six-diagram SAD sets). 
The regression analysis showed that accuracy (Cb), precision (r), 

 

Fig. 4. Relationship between bias, precision, and agreement without the use of standard area diagram (xSAD, where x = 0 or 5) assessment aides and the difference (xSADs 
– ySADs, where y = 5 or 6), demonstrating that raters with the least good scores benefitted the most for all variables. A, Systematic bias; B, constant bias; C, bias correction 
factor; D, correlation coefficient; E, Lin’s concordance correlation coefficient; and F, Inter-rater reliability. Disease was assessed on a set of 40 images of unripe (green) Baia 
sweet orange with symptoms of Asiatic citrus canker by 15 different raters. Regression solutions are given in Table 7.  
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agreement (ρc), and inter-rater reliability all improved when esti-
mates of ACC severity were made using a five- or six-diagram SAD 
set relative to no SAD set, and the worst raters tended to improve the 
most (Fig. 4C, D, E, and F, respectively; Table 7); markers to the 
right of the vertical dashed line (positive values) indicate 
improvement. However, when using six- compared with five-
diagram SAD sets, there was generally a weaker relationship and, 
most often, a slight loss in individual rater accuracy and reliability. 

Absolute error was reduced using either five- or six-diagram 
SAD sets compared with error for estimates made without SAD 
sets, and tended to be more centered around zero (Fig. 5), with a 
greater proportion of estimates falling within ±10%. Without use of 
SAD sets, absolute error reflected the tendency of most of these 
raters to underestimate the severity of ACC on unripe orange fruit. 
However, use of either SAD set resulted in the estimates being 
more evenly balanced between over- and underestimates, with 
fewer extreme values. 

Discussion 
The results confirm that SAD sets can greatly improve the agree-

ment of visual estimates of the actual severity of ACC on unripe, 
green fruit of sweet orange. Both the five- and six-diagram SAD 
sets improved the estimates compared with estimates made without 
using SAD sets. These results also confirm several previous studies 
that have demonstrated the utility of SAD sets in improving the 
accuracy and reliability of visual estimates of disease severity 
(2,5,17,28,32,37,38,41). 

Estimates using the five-diagram SAD sets were slightly better 
than those using the six-diagram SAD sets. Although this may 
seem counterintuitive, there are possible explanations for the ap-
parent paradox of less agreement despite using an SAD set com-
prising more diagrams. The difference in SAD structure (the indi-
vidual severities presented) might have made the six-diagram SAD 
sets less useful for guiding raters who were interpolating estimated 
disease severities over the range experienced in this sample. Alter-
natively, having an extra diagram in the low severity range (≤9%) 
might have caused raters to overanalyze their estimate, resulting in 
an estimate with greater bias. Whatever the cause, the number of 
diagrams depicted in an SAD set might affect agreement (15) ex-
cept, in that particular study, the raters did not interpolate severity 
but rated the disease based on the severity depicted in the SAD, 
limiting its comparison with estimating severity to the nearest per-
cent. 

The distribution of ACC on fruit is not uniform (8). However, 
sweet orange is an almost spherical fruit and, when viewed from 
the side, 50% of the surface area is visible. They are unlike apple 
fruit, which tend to have an upper and a lower surface which are 
less visible from a side view and, thus, require additional SAD sets 
to ensure that the severity of Sooty blotch and flyspeck is assessed 
appropriately (37). With ACC, although there is a tendency for 
more disease on the upper half of the fruit (8), a side view still 
provides very good coverage of 50% of the fruit surface. Thus, 
using a two-dimensional SAD as an aid to assess the two sides of a 
fruit can provide a more accurate assessment of ACC severity on 
the whole fruit compared with unaided assessment. 

Most unaided raters underestimated ACC severity on unripe 
sweet orange fruit in this study. The study by Spolti et al. (37) 
using SAD sets to aid assessment of apple fruit disease also found 
that raters had a marked tendency to underestimate disease sever-
ity. This is in contrast to most visual estimates of foliar disease, 
where there is most often a pronounced tendency to overestimate, 
particularly at severities of 0 to 10% (11,36). The tendency to un-
derestimate disease was resolved by use of both the five- and six-
diagram SAD sets. We do not know what the cause of the con-
sistent underestimation might have been but it could have some-
thing to do with estimating disease severity on a curved, three-
dimensional surface like a citrus fruit. 

The results showed that estimates using SAD sets improved the 
most for raters who had the least good accuracy or reliability with-
out using SAD sets. This has been observed before (3,41), demon-

strating the point that using SAD sets helps to ensure that estimates 
by different raters are all in closer agreement with the actual values 
and, therefore, with each other. Nonetheless, if assessments are 
made by multiple raters in an experiment, it is strongly recom-
mended that the raters assess based on replicate to prevent any bias 
being attributed to treatment. 

It is important to reassert that these results relate specifically to 
estimation of ACC on green (unripe) fruit of citrus. Unripe (often 
smaller, and always green) citrus fruit are more susceptible to 
ACC, and become increasingly resistant as they mature (40). Thus, 
it is important to have an aid to quantify ACC that develops prior to 
fruit maturity, which is the intended function for the SAD sets 
described in this study. Furthermore, the difference in symptoms 
on unripe and ripe fruit is a compelling reason to develop SAD sets 
to use for ripe citrus that are yellow to orange in color, and on 
which the canker lesions no longer have an apparent chlorotic halo. 

In conclusion, use of either the five- or six-diagram SAD sets 
improves the accuracy and reliability of visual estimates of the 

Fig. 5. Absolute error (estimate minus true disease) of assessments of Asiatic citrus 
canker on a set of 40 images of unripe (green) Baia sweet orange by 15 raters A,
without use of standard area diagram (SAD) sets as assessment aides or using a 
SAD set with B, five or C, six diagrams depicting different severities of citrus 
canker. Dashed lines indicate ±10% absolute error limits. 
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severity of ACC on unripe citrus fruit, although the five-diagram 
SAD sets appeared to provide slightly better agreement and relia-
bility compared with the six-diagram SAD sets. Based on this re-
sult, the five-diagram SAD sets is preferred. Although the SAD set 
was developed for sweet orange, it doubtless has applicability to 
other citrus, including grapefruit. These SAD sets should be useful 
for research and disease management, where estimates of the se-
verity of ACC is needed on citrus fruit, including for field surveys, 
disease progress studies, spread of the disease, citrus genotype 
rating, and studies of disease control. 
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