
Abstract Calculation of the area under the disease-pro-
gress curve (AUDPC) as a measure of quantitative dis-
ease resistance entails repeated disease assessments. For
typical sigmoid disease-progress curves, repeated assess-
ments may be unnecessary. A mathematical procedure is
derived for estimating the AUDPC from two data points.
A field trial with ten cultivars with and without the gene
Yr18 for resistance to stripe rust were inoculated with
two pathotypes of Puccinia striiformis (from the culti-
vars Karamu and Oroua) and assessed for the percentage
leaf area infected seven or eight times during the grow-
ing season. The AUDPCs were calculated directly from
data and estimated from the described equation. Calcu-
lated values were plotted and ranked against estimated
values, and excellent correspondence was obtained
(Spearman’s Rank Correlation in the Karamu trial=
0.9879 and the Oroua trial=0.9515). Therefore, an esti-
mation of the AUDPC from two data points provides an
equivalent amount of information as from repeated as-
sessments.

Keywords Disease assessment · Quantitative resistance ·
Puccinia striiformis f.sp. tritici · Wheat · area under the
disease-progress curve

Introduction

Plant-disease epidemiologists have long been interested
in the temporal increase of disease as characterised by a
disease-progress curve. Simple descriptive growth mod-

els have often served to characterize the overall patterns
of disease increase in time (Pennypacker et al. 1980;
Berger 1981; Luke and Berger 1982; Thal et al. 1984;
Subba Rao et al. 1990) or in time and space (Berger and
Luke 1979; Jeger 1983; Headrick and Pataky 1988;
Damicone et al. 1990). In some cases epidemiologists
have used these models to estimate rate parameter, or
other disease-progress parameters that may be of use in
identifying cultivars that express different patterns of
disease progress in the field (MacKenzie 1976) or how
these patterns may be influenced by different compo-
nents of partial resistance (Das et al. 1993; Aquino et al.
1995). Leonard and Mundt (1984) related the rate of dis-
ease progress to changes in the components of quantita-
tive resistance, but during the exponential phase of an
epidemic only.

In at least two areas, those of crop-loss assessment
(Ferrandino and Elmer 1992) and field assessment of
partial or quantitative resistance, the use of disease-pro-
gress data has been developed further through the calcu-
lation of the area under the disease-progress curve
(AUDPC). This measure has been used to average out
the undoubted variation and idiosyncrasies (Royle 1994)
often seen in disease-progress curves, and also to inte-
grate all aspects of disease progress in relation to host
development and growth. Most applications have been
made in field assessment of high levels of resistance.
Techniques for calculating the AUDPC are based on
simple formulae (Wilcoxson et al. 1975; Shaner and
Finney 1977; Bjarko and Line 1988; Das et al. 1992:
Chen and Line 1995; Miedaner and Sperling 1995;
Broers et al. 1996) such as the trapezoidal rule for calcu-
lating areas. In a different context, the area under the lin-
ear-regression function of genotype yield against an in-
dex of environmental productivity has been proposed as
a selection criterion in plant breeding (Hernandez et al.
1993).

A representative range of publications concerned with
the assessment of quantitative resistance using AUDPC
is summarized in Table 1. These publications all deal
with foliar fungal pathogens on annual crops, where
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Thus, only two assessments of disease are necessary,
one at the start of an epidemic and one at the end or at a
critical growth stage. Equation 3 can actually be inserted
directly into equation 2 to obtain a single expression for
the AUDPC.

Materials and methods

Two autumn-sown field experiments were established (sowing
date 23 May 1996) at Lincoln, New Zealand (latitude 43°38′S,
longitude 152°20′E, altitude 11 m), to determine stripe rust severi-
ty (caused by Puccinia striiformis Westend. f.sp. tritici) on 16
wheat cultivars with and without the Yr18 gene for resistance (da-
ta for ten cultivars are presented in this paper). The spreader rows
of either of the wheat cultivars, Karamu or Oroua, were inoculated
with the pathotype 106E139A+ (isolated from Karamu) or
106E139A− (isolated from Oroua), respectively. Both pathotypes
were virulent on the genes Yr2 and Yr7 present in some of the test
cultivars (Viljanen-Rollinson and Cromey 1998). Each experiment
was conducted in a completely randomised block design with four
replicates. Each replicate consisted of 16 plots. Each plot consist-
ed of six 1.2-m drill rows; the first, third, fourth and sixth rows
were sown with spreaders (Karamu or Oroua) while the second
and fifth rows were the respective test cultivars. The spreader
rows were inoculated (Cromey 1992) by planting 40 pots of glass-
house-grown plants of the cultivar Tiritea infected with either
pathotype 106E139A+ (Karamu trial) or 106E139A− (Oroua trial)
when the plants at the experimental site had one fully emerged
leaf. Disease was scored on seven (Oroua trial) or eight (Karamu
trial) occasions giving each cultivar a score (percentage of leaf ar-
ea infected) based on the modified Cobb's scale for measuring rust
severity (Peterson et al. 1948), derived from the whole row.

Results

Disease-progress curves for the ten cultivars (means over
replicates) are shown in Fig. 1 using the P. striiformis
pathotype derived from the cultivars Karamu and Oroua.
Data were transformed to logits and estimates of slope
and initial disease (y0) were obtained for each cultivar by
linear regression (Table 2). In all cases statistically sig-
nificant fits were of P=0.05 or greater significance, with
coefficients of determination (R2) ranging from 0.40 to
0.99 with the Oroua pathotype, and 0.66 to 0.96 with the
Karamu pathotype.

The AUDPCs were calculated numerically using the
trapezoidal rule and are plotted for successive assess-
ment dates in Fig. 2. The AUDPC values calculated di-
rectly from the data for all assessments up until day 67,
and those estimated from equation 2 based only on as-
sessed values on days 14 and 67 (Table 3), generally
show a good correspondence (Spearman’s Rank Correla-
tion in the Karamu pathotype=0.9879 and in the Oroua
pathotype=0.9515).

A more-thorough procedure for checking the corre-
spondence between the calculated and estimated
AUDPC is to estimate a matching value for each of the
cumulative AUDPCs in Fig. 2 and plot the estimated
(based on two assessments) against the actual calculated
values. This was done for each of the ten cultivars across
both pathotype sources (Karamu and Oroua) and for

there are many cycles of pathogen multiplication within
a growing season. They cover a range of assessment
methods and sampling frequencies (up to 12 assessment
dates per growing season). In some cases data were pre-
sented graphically, or comments were made on the shape
of the disease-progress curve; many were, or were con-
sidered to be, of a sigmoid or logistic shape.

The purpose of our investigation was to determine
whether, for sigmoid curves at least, the amount of sam-
pling and the number of assessments made was actually
necessary to estimate the AUDPC. In cases where a
well-defined period for assessment exists (i.e. in terms
of growth stages), then as few as two assessments are
sufficient to provide most of the information present in
calculations of the AUDPC. We do this by analysing the
properties of sigmoid curves, notably the logistic growth
function, and by reference to data on stripe rust epidem-
ics on a number of different wheat cultivars.

Mathematical procedures

For any real, continuous function y=f(t) (with y>0) the
area under the function is simply the definite integral
evaluated between the limit of integration t0 and T,
where T>t0.
Suppose

(1)

with A=(1-y0)/y0, where y0 is the value of y at t0=0, and
r is a rate parameter. Conventionally we set t0=0 to cor-
respond to the earliest date that disease is observed in a
crop, and thus to the start of an epidemic. Equation 1 is
the well-known logistic function with y restricted to the
values 0–1, and has often been used to describe disease-
progress curves where disease incidence or severity is
measured as a proportion. The area under a disease-pro-
gress curve described by equation 1 is then

which, evaluated between the limits t=0 and T, and sub-
stituting in y,

(2)

where yT is the value of f(t) at t=T. We interpret T as the
time of harvest, or time of some preceding critical growth
stage. It should be noted that as T increases, yT approach-
es the value 1 and equation 3 is simply a linear equation
in T.

If we have values for y0 and yT and have estimates of
the rate parameter r then the AUDPC follows immedi-
ately from equation 2. An estimate of the rate is obtained
from the formula:

(3)

y f t
Ae rt= = +( ) –
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each pathotype source across all cultivars (Fig. 3). The
estimated slopes for the cultivars ranged from 0.83 to
1.85 with R2 values ranging from 0.77 (Avocet R) to
greater than 0.92 (all other cultivars). Figure 3A shows
the calculated values plotted against the estimated values
for trials with the Karamu pathotype across all cultivars.

Fig. 1 A Disease severity of stripe rust on ten wheat cultivars as-
sessed on eight occasions (intervals of 12–14 days for the first
three assessments, 6–9 days for the last five assessments; Day 0=3
Oct 1996) using pathotype 106E139A+ derived from cultivar Kar-
amu. B Disease severity of stripe rust on ten wheat cultivars as-
sessed on seven occasions (intervals of 11–16 days for first five as-
sessments, 6–8 days for last two assessments; day 0=3 Oct 1996)
using pathotype 106E139A– derived from the cultivar Oroua

Table 2 Linear regression of
logit-transformed disease data
(Fig. 1) against time for ten
wheat cultivars inoculated with
two pathotypes of P. striiformis
f.sp. tritici (standard error in
parenthesis)

Cultivar Karamu pathotype Oroua pathotype

logit Y0 R R2 logit Y0 R R2

Karamu −5.18 (0.800) 0.063 (0.013) 0.80 −5.25 (0.925) 0.038 (0.015) 0.56
Oroua −7.29 (0.932) 0.100 (0.015) 0.88 −4.50 (0.305) 0.060 (0.005) 0.97
WW15 R −5.55 (0.668) 0.072 (0.011) 0.89 −6.54 (1.410) 0.056 (0.023) 0.54
WW15 S −5.59 (0.842) 0.067 (0.013) 0.81 −4.98 (0.989) 0.030 (0.016) 0.40
Avocet R −4.46 (0.563) 0.114 (0.009) 0.96 −4.86 (0.969) 0.077 (0.016) 0.82
Avocet S −4.77 (0.521) 0.076 (0.008) 0.93 −3.92 (0.469) 0.070 (0.008) 0.94
Jupateco R −5.89 (0.445) 0.076 (0.007) 0.95 −5.28 (0.659) 0.064 (0.011) 0.87
Jupateco S −6.10 (0.798) 0.087 (0.013) 0.89 −4.20 (0.222) 0.066 (0.004) 0.99
Thatcher −5.28 (0.607) 0.092 (0.010) 0.94 −3.87 (0.338) 0.075 (0.006) 0.97
Thatcher +Lr34 −5.27 (1.020) 0.055 (0.016) 0.66 −4.27 (0.775) 0.054 (0.013) 0.79

Fig. 2 The cumulative AUDPC of stripe rust on ten wheat culti-
vars inoculated with the pathotype derived from A the cultivar
Karamu and B the cultivar Oroua (values calculated from data pre-
sented in Fig. 1)

Although, as would be expected, values coincide at low-
er AUDPCs there is little divergence between values of
about 10 and 30. The slope of the fitted line was 1.12
(SE=0.04) with an R2 value of 0.92. Figure 3B shows
calculated values plotted against estimated values for tri-
als with the Oroua pathotype across all cultivars. By
contrast with Karamu, there was divergence in values
above AUDPCs of about 15. The slope of the fitted line
was 1.02 (SE=0.05) with an R2 value of 0.86.
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Finally the rankings of cultivars with respect to calcu-
lated and estimated rates of disease progress and the
AUDPC are summarized in Table 4. For the rate parame-
ters there was some discrepancy in rankings for some
cultivars, especially with the Oroua pathotype (Spear-
man’s Rank Correlation in the Karamu patho-
type=0.9636 and in the Oroua pathotype=0.8303). For
the AUDPC there was excellent correspondence between
rankings based on calculated and estimated values
(Spearman’s Rank Correlation in the Karamu patho-
type=0.9879 and in the Oroua pathotype=0.9515).

Conclusions

Disease assessment represents a considerable investment
in time, space, and human resources. There are limita-
tions on how frequently assessments can be made, espe-
cially in small-plot trials involving large numbers of
cultivars or breeding lines. The use of the calculated
AUDPC has increased in recent years and can certainly
be recommended when, because of either host phenology
or growth, monotonically increasing disease progress is
unlikely. Particularly for polycyclic foliar pathogens,
however, where resistance is expressed quantitatively,
the estimation technique introduced in this paper, based
on as few as two assessments, may provide as much in-
formation as repeated sequential assessments. Three
qualifications should however be made. Firstly, the ef-
fect of resistance should be expressed in terms of the rate
parameter (‘rate-reducing’ resistance) and not the as-
ymptotic level of disease – a complication that may
arise, for example, with adult plant resistance. This as-
sumption was reasonable for the particular trial data
analysed in this paper, but may not always be the case.
Secondly, in the trial data the period of time over which
disease was present in the crop was the same for each of
the ten cultivars. This might not always be the case and
would need to be accounted for in the estimation proce-

Table 3 Comparison of the calculated (directly from the data for
all assessments until day 67) and estimated (from equation 2 based
only on assessed values on days 14 and 67) AUDPC of stripe rust
on ten cultivars inoculated with two pathotypes of P. striiformis
f.sp. tritici, after 67 days

Cultivar Karamu pathotype Oroua pathotype

Calculated Estimated Calculated Estimated

Karamu 3.88 3.84 1.19 1.23
Oroua 4.48 4.41 6.97 7.25
WW15 R 4.11 3.99 0.71 1.15
WW15 S 3.70 3.53 1.07 1.46
Avocet R 28.98 27.93 7.31 12.65
Avocet S 11.66 11.00 18.89 14.99
Jupateco R 4.61 4.93 4.92 4.93
Jupateco S 7.75 6.13 13.16 12.15
Thatcher 12.71 15.34 17.72 18.83
Thatcher +Lr34 2.53 3.70 5.44 4.86

Fig 3 Correspondence between the calculated and estimated
(equation 2) AUDPC of stripe rust on ten wheat cultivars inoculat-
ed with pathotypes derived from Karamu and Oroua: combined
data across all cultivars for the pathotype derived from cultivar-A
Karamu and -B Oroua

dure. Thirdly, where infection is not continuous but de-
pendent upon discrete environmental events, then sig-
moid curves may not arise and the technique introduced
may give anomalous results. Das et al. (1993) also sug-
gested that using a single measurement of rust severity,
measured toward the end of the epidemic, would help in
selecting slow rusting genotypes, if resources were limit-
ed and several disease readings are not available to com-
pute the AUDPC.

Many measures of disease have been advocated for
use in resistance screening, including single-point as-
sessments at key growth stages, calculating rates of dis-
ease development, and calculating areas under disease-
progress curves. Recently it has been found that quanti-
tative trait loci are associated with partial resistance to
barley leaf rust, determined on the basis of the AUDPC
(Qi et al. 1998). We believe that the estimation proce-
dure we describe offers an optimisation of the informa-
tion to be gained from field disease assessments, and the
time and calculation effort required for making the as-
sessments.
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