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Abstract

A model simulating the progress of Puccinia recondita severity, expressed as a percentage of rusted leaf area
(both as average and its 95% confidence interval) on individual wheat leaves over the course of a growing season,
with a time step of one day, was elaborated using laboratory and field data from literature. Data on the stages
of each infection cycle (uredospore germination, penetration, latency, uredium eruption and infectiousness) were
transformed into model parameters by curve fitting, Montecarlo stochastic procedures, corrections and empirical
assumptions. Data on host growth, like the timing of all phenological stages, the dynamic of the green area of
each leaf from appearance to complete senescence, and tillering were obtained from a specific sub-model. Model
validation was performed on actual data not used in model building and representing a wide range of conditions
(several winter wheat cultivars grown at eight locations in northern Italy between 1990 and 1994) by using
subjective, non-parametric and parametric tests: it revealed a satisfactory agreement between the data simulated by

the model and actual data.

Introduction

Brown rust, caused by Puccinia recondita Rob. and
Desm. f. sp. tritici Eriks. and Henn., is the most
important disease of wheat world-wide. In northern
Italy it appears every year (Ross et al., 1990), when
the growth stage of the wheat is between 55 and 73 of
the decimal code (Zadokset al., 1974). To control rust,
the farmers usually apply fungicides at heading (Pan-
caldi and Brunelli, 1988). Even though it is an effec-
tive strategy (because theinoculumis till low and the
periodleft for rust devel opment after thetimewhenthe
fungicide loses efficacy is short, Daamen, 1991; Hims
and Cook, 1991) calendar spraying is not reasonable,
because 1) epidemicsvary from light to severe accord-
ing to weather conditions, and 2) fungicide application
is profitable only when rust causes severe epidemics
(Milus, 1994; Sutherland et al., 1993).

Therefore, in addition to a model able to simu-
late disease appearance (Rossi et al., 1996), areliable

forecast for leaf rust progressis essential for the orga-
nization of an advisory system.

Two different approaches have been used to fore-
cast rust development. Some forecasting systems con-
sider the effect of weather on the disease by means
of empirical rules (Chester, 1943; Minkevich and
Zakharova, 1987), or flow charts (Statler and Helge-
son, 1988), or disease indices (De La Rocque, 1988;
Paveley, 1993), or regression equations (Eversmeyer
and Burleigh, 1970; Burleigh et al., 1972). Other mod-
els forecast rust severity on the basis of the dynamic
of the epidemic, using a fixed relative growth rate of
the disease (Shaner and Hess, 1978; Fleming, 1983;
Daamen, 1991).

In this work we present a simulation model for the
development of leaf rust epidemics which blends the
two earlier approaches. In fact it is based on the effect
of meteorological conditionson the uredosporecycles.

A similar approach has been used for other rust
diseases, like Phakopsora pachyrhiz/soybean (Yang
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et al., 1991b), Hemileia vastatrix/coffee (Kushalappa
etal., 1983), Uromycesappendicul atus/bean (Berger et
al., 1995), Puccinia striiformis/wheat (Luo and Zeng,
1995), and for wheat brown rust, too, by Benizri and
Projetti (1992): this model has not been published in
acomplete version and it is available in acommercial
computerized version only (De La Rocque, 1992).

Materials and methods

RUSTDEP (RUST Devel opment of EPidemics) model
description

The model simulates the progress of disease severity,
expressed as a percentage of rusted leaf area (both as
averageand its 95% confidenceinterval), onindividual
leaves, over the course of a growing season, with a
time step of one day, as aresult of the increase in the
diseased area caused by each infection cycle (Figure
1).

Information about the interactions between stages
of disease cycles, weather conditions and host charac-
teristicsareincorporatedinto asystem dynamic model,
as shownin Figure 2.

The infection process begins when uredospores
germinate onwheat leaves and theresulting germ tubes
produce infection structures which penetrate into leaf
tissue and cause latent infections. At the end of the
latent period a part of the infections established erupt
urediaon leaves:. infection becomesvisible as arusted
leaf area. Urediospores produced from uredia are dis-
persed and some part of these can cause new infections
on viable and healthy leaf tissues. Infectious uredia
actively contribute to the epidemic during their infec-
tiousperiod: later they become old and sterile and their
contribution ends.

Weather and the host’s variablesinfluencethe rates
of change from one disease stage to another and from
one disease cycle to another: therefore they determine
the progress of epidemic.

This model uses the basic structure of the logistic
model (Van der Plank, 1963), which best describesthe
disease progress under field conditions (Yang et al.,
19914).

Variablesand constantsused in themodel arelisted
in Table 1, following DeWit and Goudriaan (1978).

Onday j, disease severity on each L leaf is calcu-
lated as follows:

RLALJ' = RLAL(J',]_) + DRLAL] cv
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Figure 1. Output of the RUSTDEP model: simulation of brown
rust severity on the leaves from the flag leaf (LF) to the antepenulti-
mate leaf (LF-2), respectively (— average and . . . 95% confidence
interval) (cv. Spada, Ravenna 1992).
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Figure 2. Relational diagram of RUSTDEP drawn according to
Leffelaar and Ferrari (1989) (see Table 1 for abbreviations).



Table 1. Variables and constants used in the RUSTDEP model

State variables

LLA leaf areawith latent infections (cm?-cm~—2)
ILA infectious leaf area (cm?-cm—2)

NLILA  nolonger infectious leaf area (cm?-cm—2)

RLA* total rusted leaf area (= ILA + NLILA) (cm?-cm—2)

DRLA*  daily increase of RLA (= ILA-INF-ALA-FAI)
(cm?.cm—2)

Rate variables

INF infection efficiency of uredospores (0-1)

FAIl failure rate of latent infections (0-1)

ERU eruption rate of uredia (0-1)

EXH exhaustion rate of uredia (0-1)

Auxiliary and intermediate variables

GER germination of uredospores on leaves (0-1)

APF appresssorium formation (0-1)

PEN penetration into leaves (0-1)

LA leaf area (green leaf area) (cm?-leaf—1)

ALA affectable leaf area (cm?-cm=2)

NVLA leaf areano longer vulnerable to infection
(cm?-leaf—1)

LP latent period (days)

P infectious period (days)

LW leaf wetness (hours-day—1)

Phn wheat growth phase (Phl to Ph6)

Constants and parameters

MaxLA  maximum leaf area (cm?-leaf—1)
cVv host effect on DRLA (humber < 1)
Tm daily mean temperature (°C-day 1)
Th hourly temperature (°C-h—1)

RHh hourly relative humidity (%-h—1)
Rh hourly amount of rainfall (mm-h—1)

* Variables used inthe model but not shown intherelational diagram
of Figure 2 because they are the sum or the product of other variables.

where: RLA | =total rusted |eaf area (or disease sever-
ity) onthe L™ leaf; DRLA, = daily increase of RLA ;
CV = host effect on DRLA.

The leaf positions (L1, L2, ..., LF-1, LF, where
LF isthe flag leaf) are considered separately because
the contributions to potential grain yield and the dis-
ease progress curvesfor individual leaves are different
from each other (Seck et al., 1991; Rao et al., 1992).
Likewise the main stem and tillers are considered
separately.

For each L™ leaf, theincrease of therusted leaf area
oneach " day is:
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DRLA’,_J» =ILAj- INF- ALA(;- FAI

where: i = j-LP, where LP is the latent period; ILA
= infectious leaf area; INF = infection efficiency of
uredospores; ALA = affectableleaf area; FAIl =failure
rate of latent infections.

Since the pustules produced by infections estab-
lished on the i™" day do not all open simultaneously
(Methaand Zadoks, 1970), adelay function for DRLA
is considered according to the data from Shaner et al.
(1978). For each k™ day around j (j—2 to j+2):

DRLAk = DRLA,’_j- ERUy

where: ERUy = eruption rate of urediaon each k" day:
ERU;_, =0.06; ERU;_, = 0.26; ERU; = 0.38; ERUj ;1
=0.26; ERUj;» = 0.04.

Latent period (LP). LPisthe time, expressed in days,
that elapses between the arrival of uredospores on the
leaf surface and the eruption of uredia (Zadoks and
Schein, 1979). LP depends on temperature (Johnson,
1980; Rao et a., 1990; Jasvir-Singh et a., 1989). To
calculate LP, data from Johnson (1980) on the length
of latency (expressed asthe number of daysfrominoc-
ulation until 50% of the uredia erupt) are regressed on
Tm:

LP=61.023-Tm—0-7019

Infectious Leaf Area (ILA). ILA; isthe amount of |eaf
area that is occupied by infectious uredia, at day i:
it represents the amount of secondary inoculum well,
because it is proportional to the number of available
uredospores (Burleigh et al., 1969). ILA is calculated
as a part of RLA: the area having old sterile urediais
subtracted from the total rusted leaf area:

ILA; =30 _, (RLALG —RLAL (i)

where: L = leaf number (from 1 to 9); IP = infectious
period.

IPisthe period of uredospore production by aure-
dium; due to the fact that rusted tissues are no longer
infectious when this period is over, they do not parte-
cipate in the epidemic any more and are removed. To
calculate P, datafrom Tomerlin et al. (1983) werepre-
ferred to the equation from Jasvir-Singh et al. (1989)
(IP=10.94-0.26-Tm), because they agreed better with
the data observed at field level in the Po Valley or
given by both Mehta and Zadoks (1970) and Wang
and Casulli (1995). Dataon thelength of theinfectious
period (in days) observed onthewheat ‘ Thatcher’ arti-
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Table2. Infectious period (days) of Preconditaf.sp. tritici
on cv. Thatcher at three growth stages and at different
temperatures (from Tomerlin et al., 1983)

Growth stages
Tm(°C) Seedling Heading Anthesis
211 19 63 32
239 21 48 29
26.7 19 25 20
294 14 20 15

ficially inoculated at three growth stages were used in
the Tm range 21-30°C (Table 2). Values of IPfor Tm
and wheat growth stages between the tabul ated values
were calculated using a linear interpolation; to make
interpolation between the growth stages the number
of days between stages was derived from the WHE-
GROSIM sub-model. | P was considered unaffected by
growth stages after anthesis, and by Tm in the 10—
20°Crange(Teng et a., 1978).

Infection efficiency of uredospores (INF). INF is the
proportion of available uredospores which cause new
infections. Infection involves germination of ure-
dospores on leaves (GER), appressorium formation
(APF), and penetration into |eaves (PEN).

Germination of uredospores on the leaf surface
depends on temperature and free water in the form of
leaf wetness (Clifford and Harris, 1981; Eversmeyer
et al., 1988). Germination can be inhibited by light
because hydration initiates a series of reactions that
temporarily render sporeslight-sensitive (Chang et al .,
1973), but thiseffect can beleft out because under field
conditions it is negligible (Eversmeyer et al., 1988).
Formation of appressoria depends on temperature and
leaf wetness too, whereas free water is not necessary
for the other infection structures (substomatal vesi-
cles, infection hyphae and haustorium mother cells):
appressoriaremain ableto produce penetrating hyphae
even after theleaf surface hasdried (Eversmeyer et dl.,
1988).

To calculate GER, APF and PEN, data from Clif-
ford and Harris (1981) on the percentage of ure-
dospores germinated on wheat |eaves, on the percent-
age of germ tubes able to produce appressoria, and
on the percentage of penetration through stomatawere
expressed as a proportion of a maximum value and
interpolated by polynomia regressions, considering
Tm and LW asindependent variables. For each day i:

Figure 3. Relationship between mean air temperature (Tm), leaf
wetness (LW) and infection efficiency of brown rust uredospores
(INF) drawn as contour plot (see text for the polynomial function).

—GER; = (-14.035 + 15.217-Tm; — 0.586.Tm? +
0.852-LW;)/100

—APF = (-60.125 + 15.339-Tm; — 0.544.Tm? +
3.401-LW;)/100

—PEN; = (-159.867 + 17.423-Tm; — 0.527-Tm? +
5.787-LW;)/100

—if LW; < 3, GER; and APF =0

—if GER;, or APF;, or PEN; < 0, GER;, or APF;, or
PEN; =0

—if GER;, or APF;, or PEN; > 1, GER;, or APF;, or
PEN; = 1.

Fitted datawere obtained for each variable, from 0
to 30°C of Tm, and from 3to 24 h of LW. Thenacom-
mon regression was calculated for the three variables
(Figure 3), onthe assumptionthat all these monocyclic
components are present in the field each time during
the epidemics:

—INF = (-78.011 + 15.995.-Tm; — 0.556-Tm? +
3.346-LW;)/100

—if LW; < 3,INF =0

—if INF < O,INF =0

—if INF > 1, INF = 1.

Affectableleaf area (ALA). ALA isthetotal amount of
aleaf areathat can be infected. It is a part of the total
leaf area.

For eachi™ day and each L™ leaf, ALA iscal culated
asfollows:



ALAL; = (LAl —NVLA_)/MaxLA_

where: LA = leaf area (green leaf ared); NVLA =
leaf area no longer vulnerable to infection; MaxLA=
maximum leaf area

LA (cm?-leaf—1), on eachit" day issimulated by the
specific sub-model WHEGROSIM, aswell asMaxLA
(cm?-leaf—1).

NVLA (cm?-leaf 1) is computed as follows:

NVLA(; = (RLA_1) + LLAL)-MaxLAL

where: LLA = leaf areawith latent infections.

LLA; is the total amount of the area of the L
leaf that is in the latent phase of infection. It is an
infected areawithout any visible disease symptoms. It
iscalculed asfollows:

LLAL =RLALj —RLA(;

Failurerate (FAI). Thefailurerate of latent infections
is based on the consideration that a part of the latent
infections cannot go on till the eruption of uredia. FAI
dependson the leaf areathat is physiologically dead; it
is calculated by assuming that the leaf tissue occupied
by a latent infection and the healthy tissue have the
same probability to die:

—whenLA(; > LA, FAl =1
—when LALJ‘ < LAy, FA||_]' = LALJ‘ [ LAL.

Host resistance (CV). In many wheat cultivars (the
slow-rusting cultivars) resistance towards P.recondita
is a rate-reducing resistance (sensu Nelson, 1978). In
epidemiological terms, resistance reducesthe apparent
infection rate of epidemics as an effect of changesin
the basic infection rate, due to reduced effectiveness
of the uredospores in causing new infections (Shaner
and Hess, 1978; Knott and Mundt, 1991) and less
abundant sporulation, dueto areductionin boththesize
of theuredia(Shaner, 1983) and inthe uredosporeyield
(Wang and Casulli, 1995), in the latent period (Shaner
et al., 1978; Johnson, 1980), and in the infectious
period (Zhang et al., 1993). Lacking precise data on
the effect of each wheat cultivar in changing ILA, LP,
INF, and FAI, the rate-reducing effect of any cultivar
isincluded in the CV variable, whichis < 1.

Sochastic procedures. Stochastic elementswereincor-
porated into the model to reflect unknown variability
in: i) the number of days from inoculation until 50%
of the urediaerupt (LP); ii) the proportion of available
uredospores which cause new infections (INF).
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As described by Giosue et al. (1995), following
the Monte-Carlo method a probability distribution was
assigned to LP and INF, which were assumed to be
normally distributed. Parameters of normal distribu-
tions were derived from the regression equations used
to compute LP and INF: x =10and o = 0.5for LP;
=0.5and ¢ =0.025for INF. Ten daysisthe average of
LP in the range 6-14 days, which corresponds to the
possible Tm range during rust epidemics (about 9 to
25°C); 0.5 daysisthe standard deviation of LP values
estimated by theregressionanalysis. Inthe case of INF,
0.5 is the intermediate value of INF range (from O to
1) and 0.025 is the standard deviation from regression
analysis. Using the standardized normal distribution,
the probability associated with each value of the two
variables was determined in the intervals. 6-14 days
(step 0.5) for LP; 0-1 (step 0.02) for INF. A set of
random numbers was then associated with each vari-
able value, in such a way that the set width was pro-
portional to the probability of each variable value. To
obtain a set of output values of RLA on each j" day
and for each L™ leaf, the model ran 50 times using,
eachtime, adifferent LP and INF value from the prob-
ability distribution, asdetermined by arandom number
generator (the Rnd function of Visual Basic version 3,
Microsoft Corporation, 1993); theresult isthen aset of
50 disease progress curves. To evaluate the set of RLA
values generated by the 50 stochastic runs, the mean
value and its 95% confidence interval were calculated
each day. Using 50 iterations, the mean value of RLA
obtained with the stochastic procedureis similar to the
value obtained deterministically (Giosue et a., 1995).

WHEGROS M (WHEat GROwth S Mulation)
sub-model description

The model represents a re-elaboration of the models
from Porter (1984) and Weir et al. (1984), limited tothe
timing of al phenological stages, |eaf-by-leaf devel op-
ment and tillering. The basic concepts are reported in
the previously cited papers, whereas the mathematical
formulation of the model is described here; it was per-
formed using data from literature (Reyneri and Grig-
nani, 1989; Tuttobeneet al., 1993), sometimes adapted
to the environmental conditionsof the Po Valley onthe
basis of the results obtained by validation (not shown
here). The model alows simulation of both the phe-
nology of wheat growth and the dynamic of the green
areaof eachleaf fromitsappearanceto complete senes-
cence (Figure 4).
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Decimal Code (Zadoks et al., 1974)
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Figure4. Output of the WHEGROSIM: simulation of the phenology
of wheat growth and the dynamic of the green area of each leaf on
main stems (Ravenna, 1991/92).

to RUSTDEP model 4+

to RUSTDEP model ¢

Figure5. Relationa diagram of WHEGROSIM drawn according to
Leffelaar and Ferrari (1989) (see Table 3 for abbreviations).

Therelational diagram for theleaf growth of winter
wheat is shown in Figure 5. Variables and constants
used in the model are listed in Table 3.

Phenol ogical devel opment. Phenol ogical devel opment
predicts the beginning and ending dates for 6 phases
(Phn): Ph1, sowing to emergence (Decimal Code 11 of
Zadoks et al., 1974); Ph2, emergenceto tillering (DC
21); Ph3, tillering to stem elongation (DC 31); Ph4,
stem elongation to booting (DC 41); Ph5, booting to
anthesis (DC 60); Ph6, anthesisto ripening (DC 92).

The duration of each period is measured asthermal
time, using the following summation:

TTS=3"4_; Teq Phtg

where:
—TTS = thermal time summation: 167, 132, 156,
240, 117 and 500 for Ph1 to Ph6, respectively;

Table 3. Variables and constants used in the WHEGROSIM sub-
model

State variables

LAA leaf area at leaf appearance (cm?-leaf—1)

LAE leaf area during leaf expansion (cm?-leaf—1)

LAm leaf area during leaf maximum size maintenance
(cm?-leaf—1)

LAs leaf areaduring leaf senescence (cm?-leaf—1)

Rate variables

APP rate of leaf appearance

EXP rate of leaf expansion

MAN rate of leaf maintenance

SEN rate of leaf senescence

Auxiliary and intermediate variables

Phc phyllochrone (°C)

Pht photoperiodic factor (h-day—1)

Phn wheat growth phase (Ph1 to Ph6)

LA leaf area (green leaf area) (cm?-leaf—1)

DLAE  daily increase of LA during expansion (cm?-leaf —1)
TTS thermal time summation (° C)

Te daily effective temperature (°C-day—1)

TO basal temperature (°C)

Constants and parameters

MaxLA  maximum leaf area (cm?-leaf—1)

LLR lamina and leaf ratio (cm?-cm—2)

DL daylength (h-day—1)

DLO photoperiodic effective hours (h-day—1)
Tm daily mean temperature (°C-day 1)
Tmin minimum daily temperature (° C-day—1)
Tmax maximum daily temperature (°C-day—1)
Ln leaf position (L1to L9 = LFflag leaf)
K1 constant for leaf maintenance (= 2.345)
K2 constant for leaf senescence (= 1.115)

—d = day counter, from beginning (d = 1) toending
(d = n) of each phase;
— Te = daily effective temperature (in °C-day —1):

Teyg = [(Tmaxg + Tming)/2]-TO

where: TO (basal temperature) = 2 during Phl; TO =
—2 during Ph2 and Ph3; TO = 0 during Ph4 and Ph5;
TO = 9 during Ph6; Tmax and Tmin = maximum and
minimum daily temperature;

— Pht = photoperiodic factor (only from Ph2 to
Ph5):

Phty = (DL4-DL0)/(24-DLO)



— Leaf Leaf Leaf Leaf
appearance expansion manteinance senescence

LAy

LAg

LAs |~ Flag Leaf

Leaf Area (cm?)

LA, ¥

502.4 230 539.4 256.5
Thermal Time (°C)

Figure 6. Phases of leaf growth (flag leaf) from appearance to
senescence as a function of thermal time (°C) and correspondent
leaf area (cm?) (see Table 3 for abbreviations).

where: DLy = daylength, DL O = photoperiod-effective
hours (equal to 6) (in hd—1).

Leaf growth. The leaf growth is divided into 4 phases,
for each L leaf: 1) appearance, from the sowing to
the appearance of the L™ leaf; 2) expansion, from
appearance to fina leaf size; 3) full photosynthetic
activity, in which the leaf maintainsits maximum size;
4) senescence, in which leaf tissue diesrapidly (Figure
6).

Leaf appearance. The length of the leaf appearance
period depends on the phyllochrone (Phc), which is
thethermal timerequired to producesuccessiveleaves;
the day on which the L' leaf appearsis determined as
follows:

where:

—z =day counter, from emergence (z = 1) to appear-
ance (z = n) of the L™ leaf;

—Phcisequal to 38, 79.2, 131.8, 190.6, 261.9, 336.7,
409.1,502.4for L rankingfrom2t0 9, respectively.

Leaf expansiontill thefinal size. Following |eaf appear-
ance, the model assumesthat each leaf expands during
a fixed period at a rate determined by effective air
temperature, till afinal size.

The day in which the L™ |eaf reachesits final size
is determined as follows:

>, Te=TTS

where:
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—z = day counter, from appearance of the L™ |eaf (z
= 1) to reaching of final size (z=n);

—TTS, isequal to 120, 130, 171, 198, 264, 270, 280,
280, 230 for L ranking from 1 to 9, respectively.

During leaf expansion, the leaf area (LA ) on each
2" day iscal culated asfollows, up to amaximumvalue
(MaxLA) from Gallagher (1979):

LA, =LA, 1 + (DLAE_,LLR)

where: DLAE = daily increase of leaf (sheat and lam-
ina) area (cm?-d—1) during expansion; LLR = ratio
between lamina and leaf (Gallagher, 1979).

DLAE is afunction of mean air temperature. It is
calculated by a polynomial regression:

DLAE,, = -0.2623 + 0.4140-Tm, —0.0948. Tm? +
0.0101-Tm3 — 0.0003- Tm

Leaf maintenance at maximum size. When each leaf
has reached its final size, it remains at maximum size
beforeits green areastartsto decline. Thereforeon day
Z: LAz = MaxLA_. Thelength of leaf maintenanceis
caculated as: TTS; -2.345.

Leaf senescence. The length of the period in which
the leaf completes senescence is calculated as:
TTS -1.115. On day z, the leaf area of the senescent
leaf is calculated as follows:

LAz =MaxLA|_ — {[MaxLA_/
(TTS.-1.115)] - Y20, Tey}

where: v = number of days between the beginning of
senescenceand z. When LA < 0, theleaf isdead and
LA =0.

Tillering. Tillers appear at the same time as the 4™
leaf. Leaf growth on tillersis calculated like that on
the main stem.

Model validation

Following Anderson (1974), a set of historical data
collected previously and not used for model building
were used for model validation.

The data consisted of disease severity values,
assessed weekly on five 100-culm samples as a per-
centage of the rusted leaf area on each leaf from LF
to LF-2, on severa winter wheat cultivars (Triticum
aestivum L. and T. durum Desf.) grown in big plots at
eight locations in the Emilia=Romagna region (lying
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in the districts of Piacenza, Parma, Reggio, Modena,
Bologna, Ferrara, Ravenna, and Forli), over five years
(from 1989/90 to 1993/94).

Simulations were made using a computerized
version of the model programmed with Visual Basic
Version 3.0 (Microsoft Corporation, 1993).

To run both models, hourly data of air tempera-
ture, relative humidity and rainfall were obtained from
meteorological stations placed in the neighbourhood
of the experimental fields by both the Meteorological
Service of Emilia-Romagna and the Agrometeorol og-
ical Network of Piacenza; they were used to calculate
Tm, Tmax, Tmin. Leaf wetness duration (LW) was
estimated from hourly data of temperature, relative
humidity and rainfall (Th, RHh, Rh) using anumerical
model (Galliani et al., 1993). The daylength (DL) was
calculated according to Keidling (1982).

RUSTDEP was initialized on the day of the first
record of rust in the field, using the correspondent
value of assessed disease severity. The model start-
ed to run four days in advance, considering that the
assessed disease severity results from the first infec-
tion cycle and that the appearance of these uredia is
distributed during a period of five days at the rate of
0.06, 0.32, 0.7, 0.96, and 1, respectively (Shaner et al .,
1978). For instance, if rust was observed on May 20
with disease severity equal to 0.002 on any leaf, the
model ran starting fromMay 16 setting RLA according
to the cited rates (RLAMay]_G = 0.002-0.06; RLAMay]j
= 0.002:0.32; RLAmay1s = 0.002-0.7; RLAMay19 =
0.002-0.96; RLAMay20 = 0.002-1).

WHEGROSIM was initialized on October 20, that
isthe central day of the prevalent sowing period in the
considered wheat-growing area (Legaet al., 1993).

The coefficient CV was defined empirically for
each cultivar by running themodel using aset of values
(CV =110 0.6, step 0.05) and choosing the best fit of
actual data by means of avisual comparison.

Inthiswork only afew representative examplesare
shown: the bread wheat ‘Spada’ grown at Piacenza,
from 1990/91 to 1993/94; the bread wheats ‘ Eridano’,
‘Centauro’, ‘Recital’, and the durum wheats ‘Duilio’,
‘Neodur’ grown at Piacenza, Ferrara, and Ravenna
in 1993/94; the bread wheats ‘Mirtos' and ‘Oderzo’
grown at Ferrara and Ravenna in 1993/94, respec-
tively, where rust epidemicswere very severe.

Three validation methods were performed (Teng,
1981).

Subjective validation. Disease severity data assessed
in the field and simulated by the model were visually

compared. Agreement was considered acceptableif the
simulated datafell into the 95% confidenceinterval for
the mean of field data (Zadoks, 1979) for the greater
part of the time of disease progress.

Satigtical validation using non-parametric tests. Sim-
ulated and field data were considered as two indepen-
dent random samples with unknown distribution func-
tions represented by F(x) and G(x). The null hypoth-
esis that F(x) and G(x) were the same for al x from
—o0 to +oo wastested using the Kolmogorov-Smirnov
two-sample test (Sidney, 1978): maximum absolute
distance (D) between the cumul ative distribution func-
tions of the two samples was computed and compared
with tabulate values (T). If D was lower than T, then
the null hypothesiswas accepted and model output was
considered statistically similar to field observation.

Satistical validation using regression analysis. Model
outputs (dependent variable) were regressed against
field data (independent variable) and the properties of
thelinear model were examined: for each set of results,
representing pairs of simulated and field data, the null
hypothesesthat a (intercept of regression line) is equal
to 0 and b (dlope of regression line) is equal to 1 were
tested using the Student t-test: t; = (a0)/S.E.5; tp, =
(b-1)/S.E.p.

If the t-test for a and b was not significant, then
both null hypotheses were accepted and the model was
considered astatistically accurate simulator of thefield
data

If the t-test for a or b was significant, then both
null hypotheses were simultaneously tested using the
F-test. F-statistic was computed as:

F={(n-2)-[n-& +2n.Y-a(b-1)] +
[T Y2 (b-1)2}/(2n-S)

where n is the number of observations, a and b are
the regression parameters, Y is the mean of model
simulations, Y; are individua model ssmulations and
Sisthe standard error of the dependent variable (Teng,
1981).

Results and discussion

Epidemics considered for validation covered a wide
range of disease severity, from light epidemics, like
that which devel oped at Piacenzain 1994 (maximum of
about 1% of rusted areaontheflag leavesof * Centauro’
and ‘Neodur’), to severe epidemics, like that which
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Table 4. Results of validation of RUSTDEP using visual comparison, Kolmogorov-Smirnov test and
regression analysis, for the epidemics which occurred on the flag leaf of winter wheat ‘ Spada’ (CV=1) at

Gariga (Piacenza), from 1991 to 1994

Year  Visud D?  ad SEa ta b* SEp F R?

1991  agrt ns® 0004 0091 ns 095 00385 ns -5 0999
1992 agr ns -0.03 0.289 ns 0.98 0.174 ns - 0.941
1993 agr ns -0.45 0.401 ns 1.01 0.101 ns - 0.981
1994 agr ns 0.44 0.432 ns 0.93 0.079 ns - 0.986

1 agr = agreement; 2 D = dtatistic of the Kolmogorov-Smirnov test; 3 a=intercept; 4 b =slope; > ns=

not significant; & —= test not performed.

Table 5. Results of validation of RUSTDEP using visual comparison, Kolmogorov-Smirnov test and regres-
sion analysis, for the epidemics which occurred on the flag leaf of five winter wheat cultivars (Eridano,
CV=0.75; Centauro, CV=0.85; Recital and Duilio, CV=0.80; Neodur, CV=0.90) at three locations in 1994

Location and Cultivar ~ Visud D2 & SEa ta b? SEp, t, F R?
Gariga (Piacenza)

Eridano agr! n®® 237 1113 ns 073 0132 ns % 0886
Centauro agr ns 004 0042 ns 082 0051 s/ = 0.992
Recital agr ns 033 0353 ns 102 0162 ns - 0.930
Duilio agr ns 005 0212 ns 119 0172 ns - 0.960
Neodur agr ns -012 0015 ns 115 0.022 =« Hk 0.999
Guarda Ferrarese (Ferrara)

Eridano agr ns 107 0401 ns 129 0.065 = ns 0.998
Centauro agr ns 034 0655 ns 103 0030 ns - 0.999
Recita agr ns 240 2294 ns 106 0134 ns - 0.969
Duilio agr ns 037 0.028 151 0021 *x — 0.999
Neodur agr ns -1.73 0916 ns 121 0132 ns - 0.988
Ravenna

Eridano agr =9 = = = = = = = =
Centauro agr ns 107 1756 ns 125 0157 - ns 0.984
Recita agr ns 022 0315 ns 09 0021 ns - 0.999
Duilio agr ns -026 0.007 = 092 0.002 xx — 0.999
Neodur agr ns -012 0068 ns 126 0.062 = * 0.995

1 agr = agreement; 2 D = statistic of the Kolmogorov-Smirnov test; 3 a = intercept; * b =slope; ® ns=
not significant; ® —= test not performed; 7 * = significant at P < 0.05; & %« = significant at P < 0.01; ° =
statistical analysis not performed because only two actual values were available.

occurred at Ferrarain 1994 (maximum of about 60%
on ‘Mirtos).

Visual comparison between actual and simulated
data shows a constant acceptable agreement (Table 4
to Table 6): in the greater part (80%) of the cases
considered, the simulated disease severity constantly
fell into the 95% confidence interval for the mean of
actual data (Figures 7 and 8). In the remaining cases
(20%) simulations went out of the confidence limits
in one or two points, usualy at alow level of disease
severity (Figure 9). This could be due to the fact that
disease severity is difficult to assess during the first

part of an epidemic because of the effect of foci (Rao et
al., 1990) and the high variability in disease incidence
point to paoint in the field (James and Shih, 1973);
therefore anumber of samplesgreater than that used to
collect the data available for validation should be used
to assess rust severity better.

The Kolmogorov-Smirnov test showed that simu-
lations were statistically similar to field observations.
Inall cases, the maximum distance between the distri-
bution of field data was lower than the critical values,
at both 99% and 95% probability levels (Table 4 to
Table 6).
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Table 6. Results of validation of RUSTDEP using visual comparison, Kolmogorov-Smirnov test and regres-
sion analysis, for the epidemics which occurred on the three top leaves of winter wheat ‘ Mirtos' and ‘ Oderzo’

(CVv=0.85) at two locations in 1994

Location and Cultivar ~ Visuad  D? a SEa ta b* SEp, t F R?
Ferrara cv. Mirtos

Flag leaf (LF) agr! n® 062 0537 ns 126 0141 ns -5 0967
LF-1 agr ns 028 0328 ns 092 0078 ns - 0.982
LF-2 agr ns 040 1020 ns 098 0037 ns - 0.956
Ravenna cv. Oderzo

Flag leaf (LF) agr ns 045 0368 ns 0928 0028 ' ns 0997
LF-1 agr ns 004 0041 ns 112 0060 ns - 0.999
LF-2 agr =8 = = = = = = = =

1 agr = agreement; 2 D = statistic of the Kolmogorov-Smirnov test; 3 a=intercept; * b= slope; ® ns=not
significant;  — = test not performed; 7 = significant at P < 0.05; 8 = statistical analysis not performed
because only two actual vaues were available.
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Figure 7. Comparison between brown rust severity on whest leaves
assessed inthefield and simulated by RUSTDEP (cv. Mirtos, Ferrara
1994). M average of field data; + 95% confidence interval for the
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Figure 8. Comparison between brown rust severity on whesat leaves
assessed in the field and simulated by RUSTDEP (cv. Oderzo,
Ravenna 1994). Bl average of field data; + 95% confidence interval
for the average of field data; — average of simulated data.
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Figure 9. Comparison between brown rust severity on the flag
leaf assessed in the field and simulated by RUSTDEP (cv. Eridano,
Piacenza 1994). Ml average of field data; + 95% confidence interval
for the average of field data;, — average of simulated data.

The t-test showed that in fifteen out of twenty-five
cases, neither a or b were significantly different from
the hypotheses tested: a= 0 and b = 1, which is a
perfect accordance between actual and simulated rust
severity. The slope was significant in seven cases (five
at the 95% probability level and two at the 99%), while
the intercept was significantly different from O only in
two cases (at the 95%). The F-test was significant for
‘Centauro’ at Piacenza and for ‘Neodur’ at Piacenza
and Ravenna. This result could induce us to reject the
hypothesis of concordance between actual and simu-
|ated dataeven though differencesbetween thetwo sets
of values are negligible in practice (Figure 10). Then
the statistical test leads to misinterpret results. Thisis
alimit of the test which computes the t-statistic on the
basis of standard error for the regression coefficients:
when simulated values are very similar to the actual
values, the error is low and even a small shifting of
the regression line from the line of perfect agreement
leads to computation of high and significant t values.

Onthebasisof results, themodel can be considered
accurate and robust (Knudsen et a., 1987): it allows
to simulate the progress of rust severity well inawide
range of conditions.

Conclusions
Thesimulation model for leaf rust epidemicsconsiders

the rel ationships between pathogen, host and weather,
based on laboratory and field data from literature. The
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Figure 10. Comparison between brown rust severity on wheat leaves
assessed in the field and simulated by RUSTDEP (cv. Centauro,
Piacenza 1994). Ml average of field data; + 95% confidence interval
for the average of field data; — average of simulated data.

data were transformed into model parameters using
curve fitting, stochastic procedures, corrections and
empirical assumptionswhen quantitative datawere not
available. Because the model makes accurate simula-
tions based on input data not used in model build-
ing and representing a wide range of conditions, this
approach can be considered successful.

In future works the model could be used to better
understand relationships between host, pathogen and
weather or to improve the strategies for rust control.

Acknowledgements

Thiswork is part of research promoted and supported
by the Emilia=Romagnaregion (Italy) by means of the
co-ordination of the Consorzio Emiliano Romagnolo
Aziende Sperimentali (CERAYS).



464
References

Anderson JR (1974) Simulation: methodology and application in
agricultural economics. Rev Mark Agric Econ 42: 3-55

Benizri E and Projetti F (1992) Mise au point d’ un modéle de smu-
lation de la rouille brune bu blé. Agronomie 12: 97-104

Berger RD, Hau B, Weber GE, Bacchi LMA, Bergamin Filho A and
Amorim L (1995) A simulation model to describe epidemics
of rust of phaseolus beans. |. Development of the model and
sensitivity analysis. Phytopathology 85: 715-721

Burleigh JR, Romig RW and Roelfs AP (1969) Characterization
of wheat rust epidemics by numbers of uredia and numbers of
urediospores. Phytopathology 59: 1229-1237

Burleigh JR, Eversmeyer MG and Roelfs AP (1972) Development of
linear equations for predicting wheat leaf rust. Phytopathology
62: 947-953

Chang HS, Calpouzos L and Wilcoxon RB (1973) Germination of
hydrated uredospores of P. recondita inhibited by light. Can J
Botany 51: 2459-2461

Chester KS (1943) The decisive influence of late winter wheather on
leaf rust epiphytotic. Plant Dis Rep, supplement 143: 133-144

Clifford BC and Harris RG (1981) Controlled environment studies
of the epidemic potential of Puccinia recondita f. sp. tritici on
wheat in Britain. Trans Br Mycol Soc 77: 351-358

Daamen RA (1991) An advisory model for control of Puccinia
recondita in winter wheat. Neth J Pl Path 97: 275-288

De la Rocque B (1988) Prévision des dates de traitement contre
la rouille brune du blé le modele SPIROUIL. In: Deuxiéme
Conférence Internationale sur les Maladies de Plantes (4: 319—
330) ANPP, Paris, France

De laRocque B (1992) Modeles de prévision de larouille brune du
blé. Phytoma 438: 35-39

DeWit CT and Goudriaan J(1978) Simulation of ecological process-
es. PUDOC, Wageningen

Eversmeyer MG and Burleigh JR (1970) A method of predicting
epidemic development of wheat leaf rust. Phytopathology 60:
805-811

Eversmeyer MG, Kramer CL and Hassan ZM (1988) Environmental
influences on the establishment of Puccinia recondita infection
structures. Plant Dis 72: 409-412

Fleming RA (1983) Development of asimple mechanistic model of
cereal rust progress. Phytopathology 73: 308-312

Gallagher IN (1979) Field studies of cereal leaf growth. I. Initiation
and expansion in relation to temperature and ontogeny. J Exp
Botany 30: 625636

Galliani G, Peli M and Screpanti F (1993) Model to estimate leaf
wetness duration using optimization criteria for configuring the
network. In: Secher BJM, Rossi V and Battilani P (ed) Pro-
ceedings of the Workshop on Computer based DSS on Crop
Protection (pp 117-124) SP-Report 7, Danish Institute of Plant
and Soil Science, Lynghy

Giosue S, Racca P and Rossi V (1995) Use of stochastic process-
es in simulating Cercospora leaf spot epidemics on sugarbeet.
Phytopath medit 34: 204-206

LegaP, Libé A and Zinoni F (1993) Caratterizzazione agrofenol ogica
della pianura piacentina Quaderno 27 dell’ Amministrazione
Provinciale, Piacenza

Hims MJ and Cook RJ (1991) The use of rainfall and accumulated
mean temperature to indicate fungicide activity in the control of
leaf diseases of winter wheat in the UK. Bull OEPP 21: 477-484

James WC and Shih CS (1973) Relationship between incidence
and severity of powdery mildew and leaf rust on winter whest.
Phytopathology 63: 183-187

Jasvir-Singh, Dhiman JS, Seekri MS and Singh J (1989) Effect of
temperature on latent period, infectious period and basic infec-
tion rate of Puccinia recondita Robex. Desm. causing brown
rust of wheat. J Res, Punjab Agric Un 26: 101-107

Johnson DA (1980) Effect of low temperature on the latent period
of slow and fast rusting winter wheat genotypes. Plant Dis 64:
1006-1008

Keisling TC (1982) Calculation of the length of day. Agron J 74:
758-759

Knott EA and Mundt CC (1991) Latent period and infection effi-
ciency of Puccinia recondita f. sp. tritici populations isolated
from different wheat cultivars. Phytopathology 81: 435439

Knudsen GR, Spurr HW and Johnson CS (1987) A computer simu-
lation model for Cercosporaleaf spot of peanut. Phytopathol ogy
77.1118-1121

Kushalappa AC, Akutsu M. and Ludwig A (1983) Application of
surviva ratio for monocyclic process of Hemileia vastatrix in
predicting coffee rust infection rates. Phytopathology 73: 96—
103

Leffelaar PA and Ferrari TJ(1989) Some elements of dynamic sim-
ulation. In: Simulation and systems management in crop pro-
tection (pp 19-45) PUDOC Wageningen

Luo Y and Zeng SM (1995) Simulation studies on epidemics of
whest stripe rust (Puccinia striiformis) on slow-rusting cultivars
and analysis of effects of resistance components. Plant Pathol
44: 340-349

Metha Y R and Zadoks JC (1970) Uredospore production and sporu-
lation period of Puccinia recondita f.sp. triticina on primary
leaves of wheat. Neth J Pl Path 76: 267276

Microsoft Corporation (1993) Visua Basic programming system for
Windows, Version 3.0

Milus EA (1994) Effect of foliar fungicides on disease control, yield
and test weight of soft red winter wheat. Crop Protection 13:
291-295

Minkevich Il and Zakharova Tl (1987) Use of qualitative character-
istics for long-term seasonal forecasting of winter wheat brown
rust. Mikologiya i Fitopatologiya 21: 56-59

Nelson RR (1978) Genetics of horizontal resistance to plant diseases.
Ann Rev Phytopath 16: 359-378

Pancaldi D and Brunelli A (1988) Chemica control of powdery
mildew and rusts in common wheat in northern Italy. Brighton
Crop Protection Conference 3: 923-928

Paveley ND (1993) Integrated disease risk (IDR) — A quantitative
index system for wheat disease control decision support. In:
Secher BIM, Rossi V and Battilani P (eds) Proceedings of the
Workshop on Computer based DSS on Crop Protection (pp 47—
56) SP-Report 7, Danish Institute of Plant and Soil Science,
Lyngby

Porter JR (1984) A model of canopy development in winter wheat.
JAgric Sci 102: 383-392

Rao KVS, Berggren GT and Snow JP (1990) Characterization of
wheat leaf rust epidemics in Louisiana. Phytopathology 80:
402-410

Rao KV'S, Yang XB and Snow JP (1992) A model to estimate disease
on serial leaves at different position from whole plant severity
data. Phytopathology 82: 184-190

Reyneri A and Grignani C (1989) Modello per la previsione della
crescita e dellaresadi unacoltura di frumento tenero (Triticum
aestivum L.) in seminaautunnale. Ann Fac Sci Agr Univ Torino
16: 1-21

Rossi V, Ranieri R and Chiusa G (1990) Utilizzazione fitoiatrica di
serie storiche di dati sulle malattie del frumento. Atti Giornate
Fitopatologiche 2: 161-170



Rossi V, Racca P, Pancaldi D and Alberti | (1996) Appearance of
Puccinia recondita f.sp. tritici on winter wheat: a simulation
model. Bull OEPR, in press

Seck M, Roelfs AP and Teng PS (1991) Influence of leaf position
on yield loss caused by wheat leaf rust in single tillers. Crop
Protection 10: 222-228

Shaner G, Ohm HV and Finney RE (1978) Response of susceptible
and slow leaf-rusting wheats to infection by Puccinia recondita.
Phytopathology 68: 471-475

Shaner G and Hess FD (1978) Equations for integrating components
of slow leaf-rusting resistance in wheat. Phytopathology 68:
14641469

Shaner G (1983) Growth and urediniaof Pucciniareconditainleaves
of sow- and fast-rusting whesat cultivars. Phytopathology 73:
931-935

Sidney S (1978) Statistica hon parametrica per le scienze del com-
portamento. Organizzazioni speciali (ed), Firenze (pp 108-115)

Statler G and Helgeson G (1988) Fungicide spray decision for wheat
leaf rust. North Dakota Farm Res. 45: 6, 14-16

Sutherland KG, Wale SJ, Oxley SIP and Williams GH (1993) Effect
of GS 31 fungicide sprays on yield benefit and disease control
inwinter wheat. In: Proccedings of the conference on Crop Pro-
tection in northern Britain (pp 115-120) Scottish Crop Research
Institute, Dundee, UK

Teng PS (1981) Validation of computer models of plant disease
epidemics. a review of philosophy and methodology. J Plant
Dis Prot 88: 49-63

Teng PS and Close RC (1978) Effect of temperature and uredinium
density on urediniospore production, latent period andinfectious
period of Puccinia hordei Otth. NZ J Agric Res 21: 287-296

Tomerlin JR, Eversmeyer MG, Kramer CL and Browder LE (1983)
Temperature and host effects on latent and infectious periods

465

and on urediniospores production of Puccinia recondita f. sp.
tritici. Phytopathology 73: 414-419

Tuttobene R, Cosentino S and Cavallaro V (1993) Su un possi-
bile modello di accrescimento e produzione del frumento duro
(Triticum durum Desf.) in relazione a parametri meteorici in
ambiente mediterraneo. Riv Agron 27; 608-620

Van der Plank JE (1963) Plant diseases: epidemics and control.
Academic Press, New York

Wang F and Casulli F (1995) Component analysis of partia resis-
tance to Puccinia recondita f. sp. tritici in some Chinese bread
wheat cultivars. Phytopath medit 34: 23-28

Weir AH, Bragg PL, Porter JR and Rayner JRH (1984) A winter
wheat crop simualtion model without water or nutrient limita-
tions. JAgric Sci, Camb 102: 371-382

Yang ZW, Shang HS, Pei HZ and Xie YL (1991a) Dynamic forecast-
ing of stripe rust on winter wheat. Scientia Agricultura Sinica
24: 4550

Yang XB, Dowler WM and Tschanz AT (1991b) A simulation model
for ng soybean rust epidemics. J Phytopath 133: 187-200

Zadoks JC, Chang TT and Konzak CF (1974) A decimal code for
the growth stages of cereals. Weed Res 14: 415-421

Zadoks JC (1979) Simulation of epidemics: problems and applica-
tions. EPPO Bull 9: 227-234

Zadoks JC and Schein RD (1979) Epidemiology and plant disease
management. Oxford University Press, New York

Zhang HS, Niks RE, Dekens RG, Lubbers HH, Jacobs T and
Parlevliet JE (1993) Inheritance of resistance to wheat leaf rust
(Puccinia recondita) in four accession of diploid whesat. In:
Jacobs T (ed) Durability of disease resistance (p 358) Current
plant science and biotechnology in agriculture Kluwer Aca
demic Publishers, Dordrecht, Netherlands



