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ABSTRACT

Andrade-Piedra, J. L., Hijmans, R. J., Juarez, H. S., Forbes, G. A,
Shtienberg, D., and Fry, W. E. 2005. Simulation of potato late blight in
the Andes. II: Validation of the LATEBLIGHT model. Phytopathology
95:1200-1208.

LATEBLIGHT, a mathematical model that simulates the effect of
weather, host growth and resistance, and fungicide use on asexual devel-
opment and growth of Phytophthora infestans on potato foliage, was
validated for the Andes of Peru. Validation was needed due to recent
modifications made to the model, and because the model had not been
formally tested outside of New York State. Prior to validation, procedures
to estimate the starting time of the epidemic, the amount of initial inocu-
lum, and leaf wetness duration were developed. Observed data for valida-
tion were from field trials with three potato cultivars in the Peruvian
locations of Comas and Huancayo in the department of Junin, and
Oxapampa in the department of Pasco in 1999 and 2000 for a total of 12

epidemics. These data had not been used previously for estimating model
parameters. Observed and simulated epidemics were compared graphi-
cally using disease progress curves and numerically using the area under
the disease progress curve in a confidence interval test, an equivalence
test, and an envelope of acceptance test. The level of agreement between
observed and simulated epidemics was high, and the model was found to
be valid according to subjective and objective performance criteria. The
approach of measuring fitness components of potato cultivars infected
with isolates of a certain clonal lineage of P. infestans under controlled
conditions and then using the experimental results as parameters of
LATEBLIGHT proved to be effective. Fungicide treatments were not
considered in this study.

Additional keywords: data validation, operational validation, tropical
highlands.

LATEBLIGHT is a mathematical model that simulates the
effect of weather, host growth and resistance, and fungicide use
on asexual development and growth of Phytophthora infestans on
potato foliage. Andrade-Piedra et al. (4) modified this model so
that it can be used in the Andes and, eventually, worldwide. This
was needed because the previous version of the model (referred to
as LB1990 [4]) is invalid outside the conditions for which it was
originally calibrated due to the following limitations: (i) some of
the original parameters and equations represent a P. infestans
population that has been displaced by new, more aggressive popu-
lations; (ii) a key fitness component is assumed to be constant at
all temperatures, while experimental data shows the opposite; and
(iii) several parameters obtained by calibration are out of range of
experimentally observed values and, therefore, are biologically
meaningless (4). The modifications, therefore, included the incor-
poration of improved equations for the effect of temperature on
lesion growth rate (LGR) (Table 1 provides a list of acronyms and
abbreviations) and sporulation rate (SR) in isolates from a clonal
lineage that belongs to the new populations of P. infestans; the in-
corporation of temperature-dependent latent period (LP); and the
use of experimentally measured parameters of LGR, SR, and LP
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of specific potato cultivars and pathogen lineages (4). The result-
ing version of the model was referred to as LB2004 (4).

Because of these changes, and because the model was previ-
ously tested formally only near Ithaca, NY (8,11), further valida-
tion of the model was needed. In the present study, we validate
LB2004 using data obtained from experiments located in Peru.
We do not validate the fungicide submodel here, and only report
on epidemics in which no fungicides were used. The objective of
validation is to test if the model is reasonably accurate within its
domain of applicability and consistent with its intended applica-
tion (34,36). The domain of applicability, i.e., the “prescribed
conditions for which the computerized model has been tested,
compared against reality to the extent possible, and judged suit-
able for use” (36), are the Peruvian Andes, as we use data from
that region only. The intended application of the model is for
research and education. For example, we intend to use model re-
sults to demonstrate epidemiological principles of disease manage-
ment to diverse audiences and to improve and focus field experi-
ments by developing and testing hypotheses about the integration
of partially resistant cultivars and, eventually, fungicides in di-
verse environmental conditions.

Before validation could take place, there were three variables
that needed to be estimated. The first two are the starting time of
the epidemic and the amount of initial inoculum, which initiate
the simulation of disease. In the epidemics used to validate the
two previous versions of the model, the plants were artificially



inoculated to ensure the presence of the disease (8,11). Thus,
initial inoculum, expressed either as lesions per plant or sporangia
per unit area, at a certain point in time, was known. In contrast, in
our field experiments the plants were infected by natural inocu-
lum because air-dispersed sporangia were present at emergence,
which is true in many parts of the Andes (1,10,28). With natural
inoculum, the starting time of the epidemic and the amount of
initial inoculum needed to be estimated.

The third variable to be estimated is leaf wetness duration
(LWD). In previous versions of LATEBLIGHT, LWD was esti-
mated with a simple empirical model that assumes occurrence of
leaf wetness from dew whenever relative humidity (RH) is above
a commonly used threshold (90%) as measured by a sensor lo-
cated within the potato canopy (7,8,11,16). However, the RH sen-
sor is located at screen height (approximately 1.5 m) in most field
experiments and, since RH is usually lower above the canopy than
within, LWD would be underestimated. Moreover, to make the
model more widely applicable, data measured in standard weather
stations should be suitable for model input, and RH is also
measured at screen height at those stations. Therefore, it was neces-
sary to develop a procedure to compare RH measurements taken
above and within the canopy in order to estimate LWD with RH
measured above the canopy.

In this study, we used field data from Peru to assess the re-
liability of LB2004 for research and education purposes. The first
step was to analyze the field data to determine their variance and
to make certain that there were no obvious errors (data validation
[35]). Then, we developed procedures to estimate the starting time

TABLE 1. Acronyms and abbreviations used in this study

of the epidemic and the amount of initial inoculum, and to
compare RH measured above and within the canopy in order to
estimate LWD. Finally, we compared epidemics simulated by
LB2004 with those observed in the real system (operational vali-
dation [35]) using graphical and statistical tests. The level of
agreement between model output and reality was assessed by com-
parison with subjective and objective performance criteria (33).
The output of LB2004 was not compared with that of LB1990
because of the invalidity of LB1990 outside the conditions for
which it was originally calibrated.

MATERIALS AND METHODS

Field experiments. Trials were conducted in three locations in
Peru: Comas and Huancayo in the department of Junin, and
Oxapampa in the department of Pasco (Table 2). Three potato
cultivars, for which the parameters needed for LB2004 were
previously obtained (4), ‘Tomasa Tito Condemayta’ (hereafter
referred to as ‘“Tomasa’), ‘Yungay’, and ‘Amarilis-INIA’ (hereafter
referred to as ‘Amarilis’), were planted in four experiments for a
total of 12 epidemics. Cv. Tomasa has been reported as highly
susceptible to P. infestans, cv. Yungay as moderately resistant, and
cv. Amarilis as resistant (13). Data from the field experiments had
not been used previously for estimating model parameters.

Potato plants were grown in 4.0- to 4.2-m-long plots, each with
four rows that were 1.0 m apart. Plots (experimental units) were
randomly allocated to each cultivar in a randomized complete
block design and separated from each other by a strip of 4.0 m of

Acronym or abbreviation Definition Unit
AIL Area of one lesion m? lesion™!
AUDPC g, Observed area under the disease progress curve Percent-days
AUDPCpbs Mean AUDPC Percent-days
AUDPCg, Simulated area under the disease progress curve Percent-days
AUDPCsim Mean AUDPCg,, Percent-days
CIT Confidence interval test -
DAE Days after emergence -
DOI Day of initiation of the simulated epidemic Days after emergence
E Efficacy of a relative humidity threshold to compensate for the location of
the sensor above the potato canopy -
EAT Envelope of acceptance test -
EC-1 Clonal lineage of Phytophthora infestans widely distributed in Peru (30) -
GC Ground covered by potato foliage Proportion
H Daily period when relative humidity was above 85% (sensor located above the potato
canopy) or 90% (sensor located within the potato canopy) h
H Mean H during the experiments h
HP Humid period: relative humidity above a threshold, e.g., 90% (HPy) and 88% (HPgg) h
IL Initial number of lesions for the simulated epidemic Lesions m~2 of ground
ILgc Initial number of lesions for the simulated epidemic adjusted for the proportion of Lesions m~2 of ground covered

ground covered by potato foliage

by potato foliage

LA Lesion area on ¢, m? m2 of ground
LAI Leaf area index m? m2 of ground
LB2004 Most recent version of LATEBLIGHT (4) -
LGR Lesion growth rate m day~!
LP Latent period Days
LWD Leaf wetness duration h
RAUDPC, Observed relative area under the disease progress curve %
RAUDPC s Mean RAUDPC %
RH Relative humidity %
S Severity of late blight %
SD Standard deviation of the mean -
SE Standard error of the mean -
SR Sporulation rate Sporangia m= day!
T Mean daily air temperature °C
T Mean T during the experiments °C
TH Mean daily air temperature when relative humidity was above 85% (sensor located
above the potato canopy) or 90% (sensor located within the potato canopy) °C
to Last evaluation on which no lesions of P. infestans were observed Days after emergence

3

First evaluation on which lesions of P. infestans were observed

Days after emergence
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barley. The number of replications was four. Whole tubers of
approximately 60 g each were planted at 0.26 to 0.30 m spacing
in the row, resulting in a density of between 3.3 plants m™ (Huan-
cayo and Oxapampa, 2000) and 3.8 plants m™2 (Comas and Oxa-
pampa, 1999). Planting dates were 12 January 1999 (Comas), 22
January 1999 (Oxapampa, 1999), 16 December 1999 (Huancayo),
and 27 November 1999 (Oxapampa, 2000). Ammonium nitrate,
diammonium phosphate, and potassium chloride were applied at
planting at the rate of 80-140-120 N-P-K kg ha™'. The plants were
hilled and fertilized again with ammonium nitrate (80 kg N ha™)
35 days after planting. The insecticide carbofuran (Furadan) at the
rate of 1 kg ha™! and the herbicide metribuzin (Sencor) at the rate
of 0.19 kg ha™! were also applied at planting. There were no appli-
cations of fungicides, except on plots that were used to estimate
the growing period of a healthy crop (data not shown).

Late blight epidemics started from natural inoculum. The geno-
type of P. infestans was not identified, although the experiments
were located in areas where potatoes are predominantly infected
with isolates of the EC-1 clonal lineage (30). Severity of late
blight, expressed as the percentage of foliage infected on a plot
basis, was estimated visually every 4 to 6 days starting 5 to
12 days after emergence (DAE) following the method described
by Fry (14). Epidemics were evaluated until healthy plants in
plots with chemical control were mature (98 to 139 DAE).

Temperature and RH were measured using sensors sheltered
from direct solar radiation located within a potato canopy at
0.15 to 0.50 m (Oxapampa, 1999) or above the canopy at 1.50 to
1.70 m (Comas, Huancayo, and Oxapampa, 2000). The following
automated data loggers were used: Hobo (Model Pro RH/Temp,
Onset Computer Corporation, Pocasset, MA) and Watchdog
(Model 450, Spectrum Technologies, Plainfield, IL). The sensors
were sampled every 15 to 60 min, and the following daily vari-
ables were calculated: mean air temperature (T, degrees Celsius),
period when RH > x (H, hours), and mean air temperature when
RH > x (TH, degrees Celsius), where x = 85 or 90% depending
whether the temperature/RH sensor was located above or within
the potato canopy, respectively (described below).

Analysis of field data. The observed relative area under the
disease progress curve (RAUDPC,,, percent) was used to analyze
the data of each epidemic in the field (combination cultivar—
location—year). Observed AUDPC (AUDPC,,, percent-days) was
first calculated (9) for each plot and then divided by the disease
duration (15), which was estimated as the period (days) between
the appearance of the first lesions and the end of the growing
period of a healthy crop. Then, the 95% confidence interval of the
mean of RAUDPC,,, (RAUDPC.s) was calculated based on a ¢
distribution for each epidemic (37). Normal probability plots and
scatter plots of standardized residuals on the estimated mean were
used to check normality of RAUDPC,,, and presence of outliers
(23). Within an experiment, cultivars with non-overlapping confi-
dence intervals of RAUDPC., were statistically different among
each other at o = 0.05.

Estimation of initial inoculum. When epidemics are initiated
from natural aerial inoculum in the Andes, infection can occur at
any time after emergence of the crop. In order to estimate the day

of initiation (DOI, DAE) of the simulated epidemic, it was as-
sumed that (i) late blight was first observable between the last
evaluation on which no lesions were observed (7;, DAE) and the
first evaluation they were observed (¢;, DAE); and (ii) late blight
was not readily observed during the LP of the first lesions. There-
fore, DOI was set using equation 1:

DOI = [(ty + t,)/2] - LP M

where LP = temperature-dependent LP of the specific cultivar—
lineage interaction (days) generated by LB2004.

The initial number of lesions for the simulated epidemic (IL,
lesions per square meter of ground) on DOI was estimated as the
quotient between lesion area on #; (LA, square meter per square
meter of ground) and the area of one lesion (AlL, square meter
per lesion). LA was calculated with equation 2:

LA =LAI, xS, /100 )

where LAI = leaf area index (square meter per square meter of
ground) generated by the model and S = severity (%). The A1L
was calculated with equation 3:

2
AlL:nx(0.001+ > LGR,.J 3)
where LGR = temperature-dependent LGR of the specific
cultivar-lineage interaction (meters per day) at the ith DAE, y =
{[(ty + 1,)/2] + 1}DAE, and 0.001 = radius of the lesion when it
becomes visible (meters) (7). In order to make comparisons
among experiments, IL. was adjusted for the proportion of ground
covered by potato foliage (ILgc, lesions per square meter of
ground covered by foliage) according to equation 4:

ILge = IL/GC (C)]

where GC = ground covered by potato foliage (proportion) esti-
mated with equation 5 (21,25):

GC = minimum(1, LAI/3) )

The variables f, t;, and S were obtained from the field experi-
ments (average of replications), while LP, LAI, and LGR were
generated by the model. Differences among experiments and
cultivars for ILgc and DOI were investigated using analysis of
variance in a completely randomized design. The Tukey’s test
(o0 = 0.05) was used for comparing their means (23). Assumptions
of normal distribution and homogeneous variance of experimental
errors were tested as described by Neter et al. (27).

Comparison of RH measured above and within the canopy
in order to estimate LWD. RH data from tropical highland sites
measured within and above the potato canopy were used to esti-
mate the RH threshold compensating for the location of the sensor
above the canopy. Data from the following sites were used: Oxa-
pampa (collected in 1999, n = 133 days; and 2000, n = 21 days);

TABLE 2. Information on the Peruvian locations where experiments to validate the LB2004 version of LATEBLIGHT were conducted

Location, department, year Altitude? Latitude Longitude Tb ﬁc
Comas, Junin, 1999 2,400 11°34'42"'S 75°5'35"W 13.8 19.5
Oxapampa, Pasco, 1999 1,800 10°33'55"'S 75°23'55"W 17.4 15.4
Huancayo, Junin, 2000 3,300 12°1'45"S 75°14'0"W 12.0 10.6
Oxapampa, Pasco, 2000 1,813 10°35'31"'S 75°23'0"W 16.5 16.6

4 Meters above sea level.

b Mean daily air temperature (°C) during the experiments. The temperature/relative humidity (RH) sensor was located above the potato canopy at 1.50 to 1.70 m
(Comas, Huancayo, and Oxapampa, 2000) or within the potato canopy at 0.15 to 0.50 m (Oxapampa, 1999).
¢ Period when RH >85 or 90% (h) during the experiments. The 85% RH threshold was used when the sensor was located above the potato canopy and the 90%

threshold when it was located within.
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Huancayo (collected in 2000, n = 31 days) (Table 2); and Toluca
(Mexico, 2,640 m above sea level, latitude 19°14'35"'N, longitude
99°3523""W; collected in 1998, n = 76 days; 1999, n = 76 days;
and 2000, n = 87 days) (19,20), for a total of six data sets (loca-
tion—year combinations). In Peru, RH was measured within and
above a potato canopy as described previously, and both sensors
were horizontally separated from each other by less than 1 m. In
Mexico, the data loggers used were Hobo (Model Pro RH/Temp)
and Campbell (Model CR10X with 207-probe, Campbell Scien-
tific, Logan, UT). The sensors were horizontally separated from
each other by approximately 100 m and were sampled every 1 to
5 min.

For each data set, data from within the canopy were used to
calculate the humid period (HP) as the number of hours when RH
was above the original 90% RH threshold. This was referred to as
HP,, and was assumed to be the most accurate estimator of LWD,
because the model was originally calibrated with LWD obtained
with the 90% RH threshold (8). Data from above the canopy were
used to calculate HP with six RH thresholds: 80, 82, 84, 86, 88,
and 90%. These values were divided by HPy, to obtain the
efficacy (E, no units) of each RH threshold to compensate for the
location of the sensor above the canopy. Values of E lower than 1
indicated that the new RH threshold was too high and, therefore,
there was an underestimation of LWD, while values higher than 1
indicated the opposite.

Values of E (as predictor variable) and RH thresholds (as re-
sponse variable) grouped by data sets were fitted to a random
coefficient model using the Mixed procedure of SAS Software,
release 9.1 (Statistical Analysis System, SAS Institute, Cary, NC)
(24). Finally, a 95% confidence interval for the RH threshold
corresponding to E = 1 was calculated.

Simulations. The LB2004 version of LATEBLIGHT (4)
was used to generate simulated epidemics. The program is
available upon request from the corresponding author or from
the Global Initiative on Late Blight website (GILB, available
online from the International Potato Center [CIP]). A single
simulation was performed for each epidemic (combination
cultivar-location—year).

Environmental variables measured in each field experiment (T,
H, and TH) were used as driving variables of the model. Other
input variables for which values were obtained from the field
experiments were emergence date (estimated when 50% of plants
emerged), date of the end of the epidemic (estimated as the length
of the growing season of a healthy crop), and maturity level of the
cultivar (early, mid, or late). Cultivars with fewer than 100 days
from planting to maturity in a given location were considered as
early-season, 100 to 120 days as mid-season, and more than
120 days as late-season (31,38). Parameters for LGR, SR, and LP
were those obtained in a previous study (4). Initial inoculum was
calculated as described previously. In several replications of Comas
and Oxapampa (2000), the first S evaluation was done when the
epidemic had already started and, therefore, #, was unknown. In
those cases, 7, was estimated as the day of emergence. In epi-
demics on cvs. Amarilis and Yungay in Huancayo, initial S was
estimated at 1% and stayed at this level for several evaluations. In
those cases, it was assumed that S = 0% for all evaluations before
the last evaluation with S = 1% (described below).

At high levels of disease, the model sometimes showed erratic
behavior with the proportion of infected tissue going up and down
over time. This problem was corrected by reducing by 10% the
effect of the proportion of infected tissue on lesion growth at S >
82%.

Validation. Graphical comparisons were made by plotting ob-
served and simulated disease progress curves (blight severity on
time). This technique was used to subjectively evaluate for good-
ness of fit (35) and whether LB2004 possesses sufficient accuracy
for its intended purpose, i.e., to predict the effects of environ-
mental conditions and host resistance on late blight epidemics.

Statistical comparisons were made using AUDPC. This vari-
able was used (and not RAUDPC as in the analysis of field data)
because the observed and simulated epidemics had the same
duration. Two statistical tests were applied. First, a slightly
modified version of the confidence interval test (CIT) described
by Alewell and Manderscheid (2) was used to compare mean
AUDPC,,, (AUDPCqs, percent-days) and mean simulated AUDPC
(AUDPCqm, percent-days) according to equation 6:

ie [(pi 2 Llowcr.l)/\ (pi < Luppcr,i)]
CIT ==L x 100 6)
n

where p; = AUDPCqin in the ith epidemic, Ligyer; and Lypper; =
lower and upper 95% confidence limits of AUDPCobs, respec-
tively, in the ith epidemic, and n = number of epidemics. Values
of CIT varied from 0 to 100% and represented the percentage of
epidemics in which AUDPCqn fell within the 95% confidence
interval of AUDPC.s. In the original version of the test (2), CIT
values represented the percentage that fell outside the confidence
interval and the interval limits were not inclusive. Each compari-
son of AUDPCgin with the corresponding confidence interval of
AUDPC,; was equivalent to a hypothesis test to determine
whether u (AUDPC.y) is not different from a specified value p,
(AUDPCqin) (37). Specifically, H,: u =y, and H,: p # . The test
statistic was f and Olingiviqua = 0.05. The assumptions of normality,
absence of outliers, and independence of AUDPC.s were previ-
ously verified in the analysis of the field data. The epidemics
were grouped by location and cultivar, and CIT values were
calculated for each of these groups. The performance criterion to
consider the model valid was that AUDPCsi, had to fall within the
95% confidence interval of AUDPC.s in at least 75% of the
epidemics (34). The CIT did not provide information about the
magnitude of the deviations, i.e., about the difference between
AUDPCgi, and AUDPCops (2).

The second statistical comparison was made using an equiva-
lence test (17,39) on AUDPC deviations. Equivalence tests are de-
signed to test the null hypothesis of unequal means rather than
that of equal means, as in the standard hypothesis framework
(17). Thus, they are appropriate for model validation in which
observed and simulated values are compared and the important
finding is that both are equivalent (17). The following was done:
(i) AUDPC deviations ( AUDPCsim — AUDPCos ) Were calculated
and assumptions of normality, absence of outliers, and indepen-
dence of observations were tested; (ii) a 95% confidence interval
of the mean of AUDPC deviations based on a ¢ distribution was
calculated (37); (iii) a tolerance range for AUDPC deviations, i.e.,
the interval within which the mean of deviations is considered
acceptable, was defined; and (iv) the 95% confidence interval was
compared with the tolerance range. The null hypothesis “the
mean of AUDPC deviations is greater than the tolerance range”
was rejected with a type I error of 5% when the confidence inter-
val of the mean of deviations fell within the tolerance range
(17,39). The performance criterion to consider the model valid
was to reject this null hypothesis.

The tolerance range was determined based on the precision and
accuracy of the measurement of blight severity, which is directly
related to AUDPC. Using data reported by Forbes and Korva (Fig.
3A in literature citation 12 [page 670]) and the method described
by Hau (pages 126-127 in Campbell and Madden [9],), it was
determined that evaluation of blight severity in the field using a
percentage scale suffers by an inaccuracy of approximately 14%
and an imprecision of approximately 12%. It would be unreason-
able to expect the model to perform as well as this, so a less strict
tolerance range of 15% of the mean of AUDPC.,s was used.

Deviations of AUDPC were analyzed using the method de-
scribed by Mitchell (26) and Willocquet et al. (39). This is a
graphical method, although it was used in a quantitative manner.
In contrast to the equivalence test, in which the mean of AUDPC
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deviations was compared with a predefined tolerance range, in
this case each value of AUDPC deviation was compared with an
envelope of acceptance. The envelope of acceptance was con-
structed by multiplying AUDPCgm by the tolerance range ex-
plained above (0.15). An indicator similar to CIT was calculated
to obtain a quantitative measure, and we called it the envelope of
acceptance test (EAT):

M=

€ [(di = Llnwer,i)/\ (di < Lupper,i)]
1 x 100 @)
n

EAT =

where d; = AUDPC deviation obtained with LB2004 in the ith
epidemic, Ligyer; and Lypper; = lower and upper limits of the toler-
ance range, respectively, in the ith epidemic, and n = number of
epidemics. Values of EAT varied from 0 to 100% and represented

the percentage of epidemics in which AUDPC deviations fell
within the envelope of acceptance. The epidemics were grouped
by location and cultivar, and EAT values were calculated for each
of these groups. The performance criterion to consider the model
valid was that AUDPC deviations had to fall within the envelope
of acceptance in at least 75% of the epidemics.

RESULTS

Field experiments. The experiments were located in diverse
environments: T ranged from 12.0 to 17.4°C and H from 10.6 to
19.5 h (Table 2).

Late blight epidemics started at different intervals after emer-
gence (Fig. 1). In Comas, the disease was first observed 8 DAE;
in Oxapampa 1999, 11 DAE; in Oxapampa 2000, 12 DAE; and in

100 Al +

B C

100

100

Blight severity (%)

100

1500

0 50 100

100 1500 50 100 150

Time (days after emergence)

Fig. 1. Observed (circles) and simulated (continuous line) disease progress curves of epidemics of Phytophthora infestans in potato cultivars A, Tomasa, B,
Yungay, and C, Amarilis in Comas, 1999; D, Tomasa, E, Yungay, and F, Amarilis in Oxapampa, 1999; G, Tomasa, H, Yungay, and I, Amarilis in Huancayo, 2000;
and J, Tomasa, K, Yungay, and L, Amarilis in Oxapampa, 2000. The simulated progress curves were obtained with the LB2004 version of LATEBLIGHT. Vertical

lines represent the standard deviation of the observed mean blight severity.

1204 PHYTOPATHOLOGY



Huancayo, 43 DAE (average values). The disease was detected
earlier in susceptible cv. Tomasa and moderately resistant cv.
Yungay (means of 15 and 16 DAE, respectively) than in resistant
cv. Amarilis (26 DAE). Severity when the disease was first de-
tected averaged 4% (standard deviation, SD = 5) and varied from
1 to 25%, although in most cases it was between 1 and 5%.

Late blight epidemics progressed very rapidly in Oxapampa
and Comas, and slowly in Huancayo (Fig. 1). The mean period to
reach 50% severity was 25 DAE in Comas, 28 DAE in Oxapampa
(1999), and 26 DAE in Oxapampa (2000), while in Huancayo it
was 72 DAE, excluding cv. Amarilis which did not reach 50%
severity. Mean final severity was 100% in Comas and Oxapampa,
and 72% in Huancayo. Cv. Tomasa ended the epidemics with
mean severity of 100%, cv. Yungay with 90%, and cv. Amarilis
with 77%.

Analysis of field data. Analysis of RAUDPCos showed that the
degree of within-treatment variability was relatively low (Fig. 2).
The 95% confidence intervals of RAUDPC.s were informative
with one exception, cv. Yungay in Huancayo, for which the
variability was high. Final severities in the four replications of
this cultivar in Huancayo were 35, 60, 70, and 80%.

Cv. Amarilis was the most resistant, followed by cv. Yungay
and cv. Tomasa according to the analysis of RAUDPCes (Fig. 2),
although the degree of difference was related to disease severity
in environment. In Huancayo, the three cultivars clearly separated
from each other, while in Oxapampa the differences among them
were nonsignificant (o = 0.05). The location of Comas was inter-
mediate, with cv. Amarilis being statistically more resistant than
cvs. Yungay and Tomasa, and these two cultivars sharing the same
rank.

Estimation of initial inoculum. Values of DOI varied sig-
nificantly among experiments (P = 0.019) (Fig. 3). Mean DOI in
Huancayo (46 DAE) was significantly later (oo = 0.05) than in
Oxapampa, 1999 (7 DAE), Oxapampa, 2000 (5 DAE), and Comas
(3 DAE). There were no statistically significant differences among

100

+¢¢

q‘
(3]
I
—o—
o

RAUDPCobs (%)
3

N
3]
L

0 T T T T T T T 1¢I T T
TYATYATYATYA
Com'99 Oxa'99 Hcyo'00 Oxa ‘00

Epidemic

Fig. 2. Ninety-five percent confidence intervals of the mean of observed
relative area under the disease progress curve (RAUDPC ) in nine epidemics
of Phytophthora infestans under field conditions in the Andes of Peru. An
epidemic was defined as the combination of a potato cultivar (T = Tomasa, Y =
Yungay, or A = Amarilis), a location (Com = Comas, Oxa = Oxapampa, or
Hcyo = Huancayo), and a year (99 = 1999 or 00 = 2000). No fungicides were
applied, and the epidemics started from natural inoculum. Within an
experiment (combination location—year), cultivars with non-overlapping
confidence intervals of RAUDPCobs were statistically different among each
other at o = 0.05.

cultivars (P = 0.310), although the epidemics started later in cv.
Amarilis (24 DAE) than in cv. Yungay (12 DAE) and cv. Tomasa
(9 DAE). Differences in ILgc were not statistically significant
among experiments (P = 0.156) (Fig. 3) or cultivars (P = 0.516).
The average number of lesions per square meter of ground
covered by potato foliage (ILgc) was 787 in Huancayo; 933 in
Oxapampa, 2000; 1,445 in Oxapampa, 1999; and 2,338 in Comas,
while the average number of lesions per square meter of ground
(IL) was 491 in Huancayo; 17 in Oxapampa, 2000; 53 in Oxa-
pampa, 1999; and 25 in Comas.

Comparison of RH measured above and within the canopy
in order to estimate LWD. A random intercept model was used
based on nonsignificant likelihood ratio tests for the variance of
the slope and the covariance between the intercept and the slope
(P > 0.050 in both cases). The coefficients for the regression were
by = 119.23 (standard error, SE = 3.16) and b, = -34.61 (SE =
3.05), and both were different from zero (P < 0.001) (Fig. 4). The
variance of the intercept among locations was 4.76, and the
residual variance was 2.58. The 95% confidence interval of the
RH threshold for E = 1 was 84.3 to 85.0%. For convenience, 85%
RH was used as the threshold to estimate LWD when the RH
sensor was located above the potato canopy.

Validation. The LB2004 version met the predefined perform-
ance criteria in all the graphical and statistical tests. The disease
progress curves generated by LB2004 were a reasonably accurate
fit of those observed in the field (Fig. 1). The model was also able
to predict the effect of environmental conditions (compare Fig.
1C and I) and host resistance (Fig. 1G and I) on late blight
epidemics. In some cases, model predictions slightly underesti-
mated (Fig. 1G and L) or overestimated (Fig. 1E) the disease, but
these failures were judged to be minor.

The mean CIT value was 83%, i.e., AUDPCsm fell within the
95% confidence interval of AUDPCa in 10 out of 12 epidemics
(Table 3), and was higher than the predefined performance cri-
terion that the model had to pass in order to be considered valid.
In Comas and Huancayo, AUDPCsn fell within the 95% con-
fidence interval of AUDPC.s with all three cultivars, while it did
not fall within the interval with cv. Yungay in Oxapampa, 1999,
and with cv. Amarilis in Oxapampa, 2000.

In the equivalence test, the 95% confidence intervals of the
mean of AUDPC deviations (—142, 468) fell within the predefined
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Fig. 3. Estimated initial lesions of Phytophthora infestans per square meter of
ground covered by potato foliage (ILgc) and day of initiation (DOI) of the
simulated epidemic in three locations of the Andes of Peru in 1999 and 2000.
Each data point represents the mean of three cultivars, vertical lines represent
the standard deviation of the mean of ILgc, and horizontal lines represent the
standard deviation of the mean of DOIL
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tolerance range (+£1,071), i.e., the null hypothesis “the mean of
AUDPC deviations is greater than the tolerance range” was re-
jected with o = 0.05 and, therefore, the differences between
AUDPCqn and AUDPC.,s were acceptable. The mean of AUDPC
deviations fell within a tolerance range as low as 6.6% of the
mean of AUDPCos (F471).

Ten of twelve AUDPC deviations fell within the predefined
envelope of acceptance, giving a mean EAT value of 83%, which
was higher than the predefined performance criterion (Table 3). In
Comas and Oxapampa, the AUDPC deviations fell within the
envelope of acceptance with all three cultivars, while in Huan-
cayo, the deviations fell outside the envelope of acceptance with
cvs. Amarilis and Yungay.

DISCUSSION

The LB2004 version of LATEBLIGHT accurately predicted the
effect of weather and specific levels of host resistance on late
blight epidemics occurring in the Andes of Peru. The approach of
measuring LGR, SR, and LP of potato cultivars infected with
isolates of a certain clonal lineage of P. infestans under controlled
conditions (4) and then using the experimental results as param-
eters of LB2004 proved to be effective. The validated model can
be used for educational and research purposes to illustrate con-
cepts and to generate hypotheses about disease management using
host resistance and manipulation of environment and initial inocu-
lum. The domain of applicability of L.B2004 is defined by (i)
potato cultivars with similar resistance levels to P. infestans to
those of cvs. Tomasa, Yungay, and Amarilis; (ii) P. infestans iso-
lates with similar levels of aggressiveness to those prevailing in
the field experiments; and (iii) environmental conditions within
the range of those observed in Comas, Oxapampa, and Huancayo.
We expect hypotheses tested with the model to have a good
chance to be informative when these constraints are satisfied. Yet,
we note that we cannot rigorously define the exact environmental
boundary conditions, or the precise meaning of “similar” resis-
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Fig. 4. Comparison of relative humidity (RH) measured above and within the
canopy in order to estimate leaf wetness duration (LWD). RH measured
within a potato canopy from six location—year combinations was used to
calculate the humid period (HP) as the number of hours when RH was above
the commonly used 90% RH threshold (HPy;). Data from above the canopy
were used to calculate HP with 80, 82, 84, 86, 88, and 90%. These values were
divided by HPy to obtain the efficacy (E) of each threshold to compensate for
the location of the sensor above the canopy. Values of E and RH thresholds
grouped by data set were fitted to a random coefficient model, and the 95%
confidence interval for the RH threshold corresponding to E = 1 was 84.3 to
85.0%. We used 85% RH as the new threshold to estimate LWD when RH was
measured above the potato canopy.
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tance or aggressiveness levels. In all cases, any important conclu-
sion from simulation analyses should be corroborated with field
experiments.

Our approach to the operational validation of LB2004 had two
key characteristics. First, we defined performance criteria to de-
cide whether the level of agreement between model output and
reality is acceptable. To our knowledge, there is no convention
regarding the criteria that a plant disease model has to meet for
being considered operationally valid. Thus, we followed sugges-
tions by other authors and proposed a set of criteria. Second, the
limits to decide whether the performance of the model is accept-
able for each epidemic were defined based on variability of the
field data. These two characteristics are crucial for the validation
process because (i) operational validation can then be defined as a
yes-or-no proposition (the model either does or does not meet the
specified performance criteria); and (ii) data accuracy and pre-
cision define the limits for model testability, i.e., a model cannot
be expected to generate results more accurate and precise than
data of the real system (34). Our conclusion regarding the validity
of LB2004 was based on the fact that the level of agreement
between model output and reality was acceptable according to
predefined subjective and objective performance criteria.

Field data analyzed as RAUPDC,,; showed relatively low within-
treatment variability (Fig. 2). This was unexpected since the epi-
demics started from natural inoculum, and under these conditions,
epidemics tend to be more variable (20). This low variability
could be explained in part by the way we calculated RAUDPC .
In those epidemics in which S reached 100% in a few days,
RAUDPC,;, variability would be much higher if the epidemics
had been truncated at the first evaluation with S = 100%. How-
ever, such truncation does not allow for comparisons among
epidemics in different locations/seasons (variation in length of
crop growing period) or among different cultivars. In the case of
cv. Yungay in Huancayo (Figs. 1H and 2), we decided not to
consider any data point as an outlier, because we believe that this
large variability was representative of the real system and not due
to human error. We concluded that the field data were usable for
validation of LB2004.

The performance of the model was sometimes erratic at high
severity values. This problem was identified in the first version of
LATEBLIGHT and apparently is due to an incomplete description
of the relationship between disease density and epidemic develop-

TABLE 3. Values of the confidence interval test (CIT) and the envelope of
acceptance test (EAT) obtained with the LB2004 version of LATEBLIGHT
for epidemics grouped by location and year, and cultivar in Peru

Group n? CIT® (%) EAT® (%)
Location, year
Comas, 1999 3 100 100
Oxapampa, 1999 3 67 100
Huancayo, 2000 3 100 33
Oxapampa, 2000 3 67 100
Cultivar
Tomasa 4 100 100
Yungay 4 75 75
Amarilis 4 75 75
Mean 12 83 83

4 n, number of epidemics within each group.

b Values of CIT represent the percentage of epidemics in which the mean of
the simulated area under the disease progress curve ( AUDPCgin ) fell within
the 95% confidence interval of the mean of the observed area under the
disease progress curve ( AUDPCops ). The performance criterion to consider
the model valid was that AUDPCqim had to fall within the 95% confidence
interval of AUDPCs in at least 75% of the epidemics (34).

¢ Values of EAT represent the percentage of epidemics in which AUDPC
deviations ( AUDPCsim — AUDPCos ) fell within an envelope of acceptance
( AUDPCgim % 0.15). The performance criterion to consider the model valid
was that AUDPC deviations had to fall within the envelope of acceptance in
at least 75% of the epidemics.




ment (8). We removed this limitation by adjusting the density
dependence for S > 82%. In practical terms, this adjustment is not
relevant as opportunities for late blight management are essen-
tially nonexistent at S > 50%.

The method we developed and used to estimate initial inoculum
takes into consideration the size and resistance of the plant, the
aggressiveness of the pathogen, and the environmental conditions.
The variables DOI and IL are a function of LP and LGR, re-
spectively, which in turn are defined by the cultivar-lineage inter-
action and temperature (4). The variable IL is also dependent on
LAI, which in the current version of the model is a function of
time (16). Thus, observed LAI could be lower than simulated LAI
in plants growing in locations with low temperature and, there-
fore, IL could be overestimated. Replacing the current host sub-
model with a weather-driven potato simulation model would
allow us to accurately estimate LAI and, therefore, IL and yield.
First steps on that direction have been taken (32) using the
LINTUL potato simulation modeling approach (22).

The method to estimate IL could be validated through field-
work in which actual levels of inoculum are measured. Given a
level of available inoculum, differences between cultivars in the
number of lesions per square meter of foliage should be attribut-
able to differences in infection efficiency, which is a fitness com-
ponent that we have not measured.

We identified several considerations related to initial inoculum
for future validation experiments: first, the intervals of the evalua-
tions to detect the disease should be as short as possible (ideally
daily) in order to accurately estimate #,, #; and, therefore, DOI;
and second, care should be taken to accurately estimate S because
it is critical for estimation of IL. The importance of an accurate
estimation of S is illustrated with epidemics on cvs. Yungay and
Anmarilis in Huancayo (Fig. 1H and I). In these epidemics, initial
S was estimated at 1% and stayed at this level for several evalua-
tions. However, when we estimated DOI and IL using the values
of this first S evaluation, the model overestimated the disease
(data not shown). In contrast, the performance of the model im-
proved when the values for the last evaluation with S = 1 were
used. The most likely explanation for this behavior is that initial S
was overestimated in the field and, therefore, IL for the simulated
epidemic was also overestimated. Apparently, S values lower than
1% were scored as 1%, or lesions caused by other diseases were
scored as caused by P. infestans.

We noticed that LB2004 is very sensitive to the onset of the
epidemic, which depends on the weather and the amount of
inoculum that is available. This complicates its use because the
availability of inoculum is not known for a given place and time.
Field studies to determine inoculum loads and their effect on the
onset of the epidemic would be useful, particularly if such work
could lead to the development of a predictive model. Such a
model will consider spore production, escape, transport, survival,
deposition, and infection (5). First steps in that direction have
been taken (6). At the end, this model will help to predict the risk
of disease spread among fields.

There are some limitations in the method used to estimate LWD.
The main assumption was that the period when RH exceeds 90%,
as measured within the potato canopy, was the most accurate
estimator of LWD. This was assumed because LATEBLIGHT
was originally calibrated with LWD obtained with this empirical
model (8). However, it has been shown that the accuracy of the
90% RH threshold can be unsatisfactory (18), and other methods
to estimate LWD are available (3,29). LATEBLIGHT might be
improved by using a more accurate method to estimate LWD but,
in such methods, in addition to air temperature and RH, more
environmental variables such as wind speed and cloud cover are
needed. These variables are often not available for many locations
in developing countries such as those of the Andes.

The field experiments were located in areas with extreme or
near-extreme environmental conditions for late blight (Table 2).

Comas and Oxapampa have environments highly conducive to the
disease from December to March (the rainy season) and, because
of that, are used by the breeding program of CIP to evaluate
potato genotypes for resistance to P. infestans. Farmers do not
grow potatoes in these locations during these months because late
blight cannot be managed economically. In contrast, Huancayo is
at or near the other end of the range of environmental conditions
where late blight is not a major problem. We selected these
locations in order to test the model under extreme or near-extreme
conditions, but we lack information of the performance of the
model under other extreme conditions and also under intermedi-
ate conditions. Testing the model in new environments as well as
in other potato cultivars and P. infestans populations is covered in
a future study.
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