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Abstract

Wheat was assessed at four crop growth stages for eyespot (anaRseptiocercosporella herpotrichoides
teleomorphrapesia yallundaein a series of field trials that studied the effects on disease frequency of five wheat
management techniques (sowing date and density, nitrogen fertiliser dose and form, removal/burial of cereal
straw). An equation expressing disease level as a function of degree-days was fitted to the observed disease levels.
This equation was based on eyespot epidemiology and depended on two parameters illustrating the importance
of the primary and the secondary infection cycles respectively. Cultural practices were classified according to
the importance of their effects on disease, and these effects could be related to infection cycles and host plant
architecture. Sowing date had the earliest and strongest effect; early sowing always increased disease frequency
through the primary infection cycle, and its influence on the secondary cycle was variable. Disease frequency was
increased by high plant density and/or a low shoot number per plant through primary infection; the secondary cycle
was, however, decreased by a low shoot number per plant, which reduced late disease development at high plant
density. High nitrogen doses increased disease levels and the severity of both infection cycles, but this effect was
partly hidden by a simultaneous stimulation of tillering and thus an indirect decrease of disease incidence. When
significant, ammonium (vs ammonium nitrate) fertiliser decreased eyespot levels and infection cycles whereas
straw treatment (burial vs removal of straw from the previous cereal crop) had no effect.

Introduction cropping systems on eyespot must be studied in order
to optimise crop management to limit disease develop-
The eyespot fungus (anamorpiseudocercosporella ment and yield losses.
herpotrichoidegFron) Deighton; teleomorpFapesia Crop rotation, which has a major influence Bn
yallundaeWallwork & Spooner) infects stem bases of herpotrichoideshas been studied previously both by
most winter cereals, interfering with water and nutri- ourselves (Colbach et al., 1994; Colbach and Huet,
ent transport and sometimes causing plants to lodge.1995; Colbach and Meynard, 1995) and numerous oth-
The disease can reduce yield substantially (Scott ander authors (e.g. Glynne and Slope, 1959; Maenhout,
Hollins, 1974, Clarkson, 1981; Schaub and $sskr, 1975; Steinbrenner anddflich, 1984; Schulz et al.,
1982; Meunier, 1984). As the fungus regularly devel- 1990; Polley and Thomas, 1991). In this paper, we will
ops resistance to commercial fungicides (Maraite and analyse exclusively the effects of crop management on
Weyns, 1986; Leroux and Gredt, 1988; Cavelier et al., eyespot.
1992), chemical control must be augmented with oth- The effect of weather conditions on disease
er management strategies. Furthermore, the growingdevelopment has already been extensively studied
importance of environmental concerns will necessitate (Schiddter and Fehrmann, 1971 a, b; Rapilly et al.,
a limitation in pesticide use. Therefore, the effect of 1979), but the interaction with crop management is
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Table 1 Cultural practices evaluated for management of eyespot of wheat, conducted in France in 1991-1993

Experiment site

Treatment Level Le Rheu 92 Le Rheu 93 La \Verei 92 Chartres 92
Sowing date early 17 Oct. 91 16 Oct. 92 11 Oct. 91 8 Oct. 91
late 26 Nov. 91 24 Nov. 92 6 Nov. 91 7 Nov. 91
Plant density high 231 194/108 236 228
(plants/n¥) low 140 138/74 70 179
Total available high 325 325 380 290
nitrogen (kg/h&)  low 235 230 300 200
Nitrogen form ngF ammonium sulphate  ammonium sulphate  none urea+ammonium sulphate
NH4sNO3  ammonium nitrate ammonium nitrate ammonium nitrate ammonium nitrate
Straw treatment buried buried buried buried
baled baled burnt baled

@ Seed depth was 2-3 cm and row spacing was 16 cm.
b The first density was observed on early, the second on late sown plots.

¢ Total nitrogen = available soil nitrogen + mineralisation + nitrogen applications. The amount of nitrogen fertiliser applied was
calculated according to the predictive balance sheet methexhyRind Hbert, 1977). Nitrogen fertiliser was applied as top dressing

twice in the season at GS 15 and 30.

Table 2 Description of the experimental sites used to evaluate cultural practices for management of eyespot of wheat in experiments conducted

in France during 1991-1993

Experiment Longitude Latitude Altitude Soil texture Mean annual Mean annual
site loam  silt sand temperatureQ) precipitation (mm)

(%) (%) (%) Meart 91-92 9292 Meart 9192 92-93
Chartres 237 48°28 156 m 22-24 66-68 5 10.3 10.8 581 340
Le Rheu 243 48°07 34m 15 70 15 10.2 11.6 11.5 714 616 675
La Verriecre 201 48°46 168 m 14-16 29-32 38-42 10.1 10.8 639 497

@ Mean over 30 years.

b Annual means for 1991-92 and 1992-93 were calculated from August 1991 to July 1992 and from August 1992 to July 1993, respectively.

poorly understood. Several authors have studied this Material and methods

interaction to determine if and when to use fungi-

cides against eyespot (e.g. Frahm and Knapp, 1986;Experimental plan

Sieberasse and Fehrmann, 1987; Groll and Gutsche,

1989), but their work was based on surveys and not Winter wheat was visually assessed for eyespot in a
on closely monitored field trials. They could thus not multifactorial field trial design combining five cultur-
study disease development or relate the effects of cul- al practices (Table 1). The experiment was conduct-

tural practices to host or pathogen characteristics.

ed in three different locations (Le Rheu, La Vers,

In this study, disease development was monitored Chartres) in 1991-92, and again in Le Rheu in 1992-
in field trials in which various crop management tech- 93; locations were chosen to provide a combination
nigues were combined in order to (a) evaluate crop of different soil and climatic conditions (Table 2). To
management influence on eyespot build-up, (b) clas- maximise disease risk, the crops preceding the assessed
sify cultivation techniques according to their impact wheat at each site were either winter wheat or winter
on disease, and (c) study the interaction between thesebarley, the latter also being a host for eyespot.

factors.

For each cultural practice, two levels were chosen
(Table 1): sowing date (early vs late), sowing densi-
ty (high vs low), total nitrogen dose (high vs low),
nitrogen fertiliser form (low vs high ammonium con-
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tent) and removal/burial of straw originating from the compared to optimum nitrogen content using the ref-
previous crop. Most treatments were arranged factori- erence curve established by Justes et al. (1994).

ally except for the combinations of low nitrogen dose

x buried straw and of high ammonium nitrogen

removed straw. At La Veréire, no high ammonium  Statistics

nitrogen was used, but the low nitrogen buried

straw combination was included. Thus, there were Linear model

always 16 different combinations of experimental fac-

tors. At three locations (Le Rheu, 1992, Le Rheu, To analyse eyespot levels at each assessment time and
1993, Chartres), a balanced 4-block-design was usedlocation, we used analyses of covariance. All exper-

and every experiment had of 64 plots; at La \iere, imental factors were treated as qualitative variables,
the design was composed only of three blocks and 48 except plant density which was introduced as a quan-
plots. Each plot was 10 m 6 m. titative variable.

Cultural practices applied uniformly to all plots
were as follows. The eyespot susceptible cultivar model #1: %of plants with eyespot = constant + sowing date effect
Soissons was used in each experiment. Fields were+ nitrogen rate effect + fertiliser form effect + straw treatment
ploughed and harrowed the day before or on the day of effect + block effect + assessor effect +xaplants nm2 + b x
sowing and a herbicide (Trifluralin+Linuron at sowing, shoots plant® + interaction sowing dataitrogen rate + interaction
Bifenox+loxynil+Mecoprop-P in spring) was sprayed sowing datefertiliser form + interaction sowing datstraw treat-
the day after sowing and again in the spring. No fungi- ment + interaction sowing datplants nT2 + interaction sowing
cides were applied for stem-base diseases but foliar dateshoots plant?® + error
diseases, septoria diseases and rusts which usually
occurred in the areas of experimentation, were con- Only the interactions of the major factor, i.e. sowing
trolled with fungicide applications at heading (Tebu- date, with the other cultural practices were analysed to

conazole). keep the models as simple as possible. Nitrogen rate
and form effects were used only in the models corre-
Sampling and measurements sponding to those stages that were subsequent to the

first nitrogen fertiliser application, i.e. GS 30 (GS 50
Wheat was visually assessed for eyespot at four growth for Chartres where nitrogen rate and form did not differ
stages: 5-leaf stage (GS 15), pseudostem erect (GSat the first application). An assessor effect was intro-
30), first spikelets visible (GS 50) and early dough duced into the models to take into account the subjec-
(GS 80) (zadoks et al., 1974). Plants were sampled tivity due to different persons assessing disease levels.
together with roots and soil from four randomly cho- In order to study the relationship between plant archi-
sen sub-plots, each measuring 25 en® rows, and tecture and eyespot, the number of shoots per plant
separated after washing off the soil; eight plants were T; was introduced as a supplementary covariable. The
sampled from each subplot and the percentage of dis-effect of crop management on the number of shoots
eased plants was calculated. At GS 80, Ehenher- per plant was studied in a second series of models:
potrichoidesvarieties isolated from stems with symp-
toms were identifiedn vitro. For each plot, 30 dis-  model #2: shoots plant = constant + sowing date effect + nitro-
eased shoots were surface-sterilised (1 min in 1% sodi- gen rate effect + fertiliser form effect + straw treatment effect +
um hypochlorite solution), then transferred to potato- block effect + assessor effect +-aplants nT2 + interaction sow-

dextrose-agar. After 10 days incubation af20) form, ing datenitrogen rate + interaction sowing dafertiliser form
size and colour of the colonies were used to distin- + interaction sowing datetraw treatment + interaction sowing
guishP. herpotrichoidewar. herpotrichoidesrom P. dateplants n2 + error

herpotrichoidewar. acuformis(Nirenberg, 1981).

The number of plants m? was determined and  The final models contained only those factors and/or
at each assessment stage together with the number otovariables for which the probability values of the sta-
shoots per plant (tillers + the main stem). At GS 15 and tistical zero hypothesis test were less tlhan 0.05. If
30, all tillers were counted; at the last two stages, only these values were higher than= 0.05, the contribu-
tillers with ears were considered. At GS 30, plants tion due to the factor or covariable was considered to
were also analysed for nitrogen content, which was be not significant. The sum of squares used to calculate
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the probability values for each factor or covariable was

adjusted to all terms present in the model and thus did This model contains neither assessor nor block effects,
not depend on their order of appearance in the model. as we only have one set of parameters for each experi-
All analyses were done with the General Linear Mod- mental treatment. As before, the final model only con-
el (GLM procedure) of the SAS software (Statistical tained the statistically significant factors and/or covari-

Analysis System, SAS Institute Inc, 1989). ables. If the variances were not homogeneous, the
Box and Cox transformation (Box et al., 1978) was
Disease build-up as a function of thermal time used to homogenise variance; if the linear regression

In(variance(parameter)) = a + b In(parameter)was
Eyespot development as a function of time was stud- significant, the paramete; was transformed as fol-
ied with the help of the kinetic equation established lows:
by Colbach and Meynard (1995) and based on eyespot
epidemiology. The basic assumptions were as follows:
(a) there are two possible sources of inoculum: pri-
mary inoculum produced by host residues close to the
soil surface and secondary inoculum produced on dis- Results
eased living plants; (b) each inoculum type has its own
infection rate. The relation between the percentage of The number of shoots per plant
diseased plantg and timet expressed as a sum of

1-b/2

Ctransformed = C

degree-days from sowing is: Plant density and sowing date were the most frequently
significant factors affecting tillering (Table 3). Early

model#3 : y = 1— e (ertea)t sowing at high density increased the number of shoots

' 1+2- e—(c1ter)t per plant. The other cultural practices had less effect.

High vs low nitrogen and ammonium vs ammonium
in which c; is the infection rate for primary inoculum  nitrate increased tillering whereas the impact of straw
andc; is the infection rate for secondary inoculum. treatment was variable.

Equation #3 was adjusted to eyespot build-up (cor-

rected for assessor and block influences if these wereEyespot incidence

significant in model #1) for every experimental treat-

ment on each site. We used the Non-Linear Model The percentage of diseased plants was highest at La
(NLIN) procedure of SAS based on minimisation of Verriére and lowest at Chartres (Table 4). These were
square sums weighted by the inverse of the variancealso the two locations where tHe herpotrichoides
corresponding to each assessment stage. After a seriepopulation was nearly entirely composed ffher-

of iterations, this adjustment estimated the parameterspotrichoidessar. herpotrichoidesThe proportion ofP.

¢1 andc; for each experimental treatment. herpotrichoides/ar. acuformiswas high in both years

at Le Rheu, but in 1993, tha vitro identification also
Classification of the cropping systems according to revealed a high proportion of shoots with both eye-
the primary and secondary infection parameters spot varieties. Sowing date was the most frequently

significant factor for determining eyespot incidence,
On each of the two groups of parameter values, we test- and early sowing always increased disease frequency
ed a linear model (analysis of covariance) to explain (Table 5). When sowing date had no effect on disease,
the parameter value for each site, as a function of the no other factor was significant. The only exception is
various factors and covariables used in model #1. The the last stage at Le Rheu 1993; at this location, there
initial model was as follows: was a considerable difference in densities between ear-

ly and late sowing (Table 1) and it was thus difficult
model #4: Estimate of,c= constant + sowing date effect + nitro-  t0 separate the effect of these two factors on eyespot.
gen rate effect + fertiliser form effect + straw treatment effect+ a  Plant density was rarely positively correlated to eyespot

plants nT2 + b x shoots plant?® + interaction sowing datenitrogen frequency (Table 5). However, disease was frequently
rate + interaction sowing datertiliser form + interaction sowing influenced by the covariable shoots per plant, which
datesstraw treatment + interaction sowing depéants nm 2 + inter- was itself intimately related to plant density (Table 3).

action sowing dateshoots plartt* + error Correlation between tillering and disease was always



Table 3 Regression estimates for the effect of wheat cultural practices on the number of shoots fer plant

Growth  Cultural practice  Level Experiment site
stage LeRheu92 LeRheu93 LaVere 92 Chartres 92
15° Sowing date early 0.3 —-04 0.2
late - 03 ¢ 0.4 —-0.2
Plants nt2 quantitative variable — 0.00Z
— 0.006
r? 0.34 0 0.72 0.40
30 Sowing date early 31 2.6 2
late -31 —2.6 -2
Plants nT2 quantitative variable — 0.025! —0.0009 —0.009 —0.013
— 0.002 —0.008 nste
Fertiliser form NH, -0.2 nd/
NO3NH4 0.2
Straw treatment  burial -0y 0.14 nal nal
removal 0.9 —-0.14
r? 0.91 0.59 0.84 0.75
50 Sowing date early 0.7 1.3 0.5
late - 0.7 —-1.3 — 0.5
Plants nT?2 quantitative variable — 0.00& — 0.008 — 0.0 — 0.007
— 0.00& —0.0F — 0.004
Total nitrogen high 0.1 0.3
low -0.1 -0.3
Straw treatment  burial - 05 - 0.1
0.3
removal 0.5 0.1
- 03
r? 0.82 0,60 0.90 0.83
80 Sowing date early 0.2 34 0.6
late —0.2 —34 — 0.6
Plants nT?2 quantitative variable — 0.009 —0.006 — 0.5 — 0.007
—0.2¢ —0.003
Total nitrogen high 0.13
low —0.13
Straw treatment burial - 0.6
removal 0.6
r? 0.69 0.54 0.94 0.85

@ Estimates are for model #1 shown in text; effects of assessor and block on disease are not shown.
b Decimal growth stage of wheat on Zadoks scale (Zadoks et al., 1974).
¢ Late sown plots were not assessed at this stage.
4 The interaction between sowing date and plant density was significant; the first number is the estimate of the correlation

parameter of shoots per plant and plant density on early sown plots, the second number the correlation parameter for late

sown plots.

¢ This number was not significant from zero at P = 0.05.
f There were no plots with Nidon this site.
9 The interaction between sowing date and straw treatment was significant; the numbers are the estimated effects of straw

treatment on early sown plots.

h The plots with buried straw were not assessed at these locations.
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* The interaction between sowing date and straw treatment was significant; the first number is the estimated effects of

straw treatment on early sown plots, the second on late sown plots.



Table 4 Incidence of eyespot and varietiesRgeudocercosporella herpotrichoidaseach site

Stage Percentage of plants with eyespot (meatandard errof)
LeRheu92 LeRheu93 La Veere 92 Chartres 92
15 2+3 11+9 74 0.7+ 11
30 9+ 11 144+ 35 37+ 35 04+14
50 44+ 30 28+ 20 89+ 11 29 +21
80 85+ 13 70+ 19 99+ 1 42 +25

Percentages of eyespot lesions from wifcherpotrichoidesarieties were isolatéd
40+ 15% 67+£ 27 100 + 0% 100 +0.03%
63+ 17% 57+ 27 0.01+ 0.03% 0.02+ 0.03%

var. herpotrichoides
var. acuformis

% Means and standard errors for all plots at a given site.
b Sums higher than 100% are due to symptoms on which both varieties were identified.

Table 5 Regression estimates for the effect of wheat cultural practices on the percentage of plants with eyespot

Growth  Cultural practice  Level Experiment site
stage LeRheu92 LeRheu93 LaVere 92 Chartres 92
15> Sowing date early 2 1.6
late -2 ¢ —1.6
Plant density quantitative variable 0.03
r? 0.37 0 0.58 0
30 Sowing date early 6.9 24.7
late —6.9 — 247
Shoots plant®  covariable —13.8
r? 0.39 0 0.65 0
50 Sowing date early 20.7 3.9 20.9
late —20.7 -39 —20.9
Shoots plant!  covariable —10.2 — 136 -1 — 86
Fertiliser form NH, — 9.4 nde
NO3NH4 9.4¢
Total nitrogen high 2.6 4%
low ~26 — 4.6
r? 0.90 0.56 0.53 0.70
80 Sowing date early 8.9 22.9
late —8.9 — 229
Plant density quantitative variable 0.14
Shoots plant®  covariable 25 —11.4
Fertiliser form NH, -39 nd
NO3NH4 3.9
r? 0.65 0.59 0 0.78

@ Estimates are for model #2 shown in text; effects of assessor and block on disease are not shown.

b Decimal growth stage of wheat on Zadoks scale (Zadoks et al., 1974).

¢ Late sown plots were not assessed at this stage.

4 The interaction between sowing date and fertiliser form was significant; the numbers are the estimated effects of fertiliser
form on early sown plots.

€ There were no plots with Nidon this site.

f The interaction between sowing date and nitrogen rate was significant; the numbers are the estimated effects of nitrogen
rate on late sown plots.
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Figure 1 Eyespot build-up as a function of time. Example of fitting model #3 to measured data at Le Rheu 92 for treatments with early- (— =
simulated an@ = measured data) and late-starting disease evolutions (- - - = simulatell amdeasured data).

negative except at GS 80 at Le Rheu 1992. The effectsent for parametec,: values were greater at La Ver-
of the nitrogen amount and of the fertiliser form were riere and Chartres, which were the sites with nearly
significant on only two occasions (Table 5). In these noP. herpotrichoidevar. acuformis than at Le Rheu
cases, disease was more frequent on plots fertilisedwhere this variety was frequent. Early sowing always
with ammonium nitrate than with ammonium sulphate increased the values of (Table 7) whereas the effect
and eyespot was increased by a high compared with of sowing date on parameterwas variable (Table 8).
low nitrogen amount. The impact of these two fac- Effects of plant density and shoot number were less fre-
tors on plant nitrogen content was also analysed: fer- quently observed than effects of sowing date. On these
tiliser form did not influence nitrogen content and the occasions, an increase in plant density resulted in an
increase in nitrogen content on plots with high nitro- increase of botl; andc,. The shoot number per plant
gen rates was not associated with an effect on diseaseonly influencedc,; the covariable and the parameter
The burial vs. removal of cereal straw had no effect on values then were positively correlated. The effects of

eyespot. nitrogen amount and fertiliser form were seldom sig-
nificant. Increasing nitrogen amounts were however

Disease evolution as a function of ‘cumulative found to increase both andc, whereas fertiliser form

degree-days’ influenced only the second parameter which was then

higher on plots with ammonium nitrate vs ammonium

The kinetic equations usually fitted well to the observed sulphate. Straw treatment was again without effects.
disease data (Figure 1); at the two sites with high eye-
spot level: mearfwas 0.99 (standard-error = 0) for La
Verriere, 0.98 for Le Rheu 92 (standard error = 0.01) Discussion
and 0.91 for Le Rheu 93 (standard error = 0.07). The
r? value was considerably less and more variable at These trials produced several results that are consistent
Chartres where eyespot level was lo®/=r0.68 with with previous reports, mainly concerning site rank-
a standard error of 0.20. Residuals were normally dis- ing (Rapilly et al., 1979), disease increase in case of
tributed, except once at Le Rheu 92 and at Le Rheu 93 early sowing (Hollins and Scott, 1980; Steinbrenner
and twice at Chartres. and Seidel, 1982; Schulz et al., 1990; Groll and Luzi,

The estimates of parameterwere greatest at La  1991; Polley and Thomas, 1991) and high plant density
Verriere and least at Chartres (Table 6), as was eye-(Glynne, 1951; Salt, 1955; Huet, 1986; Groll and Luzi,
spot frequency (Table 4). The site ranking was differ- 1991), and the absence of any effect of straw treat-
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Table 6 Mean and standard error values for the paramejeessociated to the primary infection cycle, aadassociated to the secondary
infection cycle of eyespot

Parameter  Experiment site

Le Rheu 92 Le Rheu 93 La Veerie 92 Chartres 92
c1 16x 10°+1.3%x107°° 12x1054+1.7x107° 19x10°+12x10°5 12x10%+1.9x 10
c2 43x1034+87x10% 44103+19x 103 59x1034+14x103 56x103+1.3x 103

Table 7 Regression estimates for the effect of wheat cultural practices on disease progress model parameter
c¢1, which is associated to primary eyespot development on Wheat

Cultural practice  Level Experiment stte
Le Rheu92 Le Rheu 93 La Veerie 92  Chartres 92

Sowing date early 0.057 0.0012 0.0015 0.01
late —0.057 —0.0012 —0.0015 —0.01
Plant density quantitative variable 0.00047  0.0003:< 0.000029 0.00069
Total nitrogen high 0.012
low —0.012
r2 0.72 0,42 0.76 0.47

@ Estimates are for model #4 shown in text.
® For each site, a Box and Cox transformation was necessary. The transformation§=eeftc-6/2) at Le

Rheu 92, gt=c;(1-1-5%/2) at Le Rheu 93, ¢f=c;(1~1:06/2) at La Verrere and ¢t=c; (1~1-51/2) at Chartres.

¢ The interaction between sowing date and plant density was significant. At Le Rheu 92 and &ee\&2rithe

number is the estimate of the correlation parameter on late sown plots; at Le Rheu 93 on early sown plots.

4 This effect is only significant at P = 0.14 and 0.09 at Le Rheu 93 and Chartres 92 respectively, but without its
presence no significant model would have been found.

¢ The interaction between sowing date and nitrogen rate was significant the numbers are the estimated effects
of nitrogen rate on early sown plots.

ment effects (Shipton, 1972; Steinbrenner and Seidel, that site might explain the lower final eyespotincidence
1982; Herman, 1985, 1986). However, even for these and also the lesserimportance of the primary infections
rather well investigated factors, we were able to draw at this location. Furthermore, site ranking for the sec-
some new conclusions. For instance, our site ranking ondary cycle was also inconsistent with the report by
obtained for final eyespot incidence, with highest lev- Rapilly et al. This apparent disagreement could also
els at La Verrere and lowest at Chartres, is not entirely be at least partly related to the difference in pathogen
consistent with that given by Rapilly et al. (1979); varieties. Butthe second reasonis of a different nature:
according to these authors, disease frequency shouldRapilly et al. (1979) based their classification on the
have been higher at Le Rheu than at La \fmgias the  frequency of pre-winter sporulation-infection condi-
climate is milder and more humid at the first location tions whereas the secondary cycle takes place mostly
compared to the second. This difference could not be during spring (Moreau et al., 1990) and is therefore
explained by the initial soil infectivity. At Le Rheu, seldom influenced by pre-winter climatic conditions.
both the previous crop and the one before this were  The effect of sowing date on eyespot does not seem
hosts whereas at La Vegrie and also at Chartres, only to be as straightforward as indicated in the literature.
the immediately preceding crop was a host. However, The frequently given reason for disease increase relat-
Rapilly et al. (1979) worked only withP. herpotri- ed to early sowing, i.e. an increase in the favourable
choidesvar. Herpotrichoides whereas the pathogen pre-winter infection period, would also explain the
populations found on our trials at Le Rheu consisted increase in primary infection cycle, which starts in
mainly of P. herpotrichoidesar.acuformis.This vari- autumn, observed on the early sown plots of our trials.
ety is reported to be less aggressive (Higgins and Fitt, However, the effect of sowing date on secondary infec-
1985; Creighton et al., 1989) and to grow more slowly tions depended on the site. This might be related to the
in planta(Cavelier et al., 1987; Mauler and Fehrmann, onset of secondary infection cycle: at those locations
1987 a, b; Moreau et al., 1990), and its frequency on where the secondary infections start before winter, ear-
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Table 8 Regression estimates for the effect of wheat cultural practices on disease progress model pgrameter
which is associated to secondary eyespot development on4wheat

Cultural practice  Level Experiment site
LeRheu92 LeRheu93 LaVerriere 92 Chartres 92

Sowing date early 0.0041 0.32 6:810"
late —0.0041 —-0.32 —6.8x 107
Plant density quantitative variable —3.9x 10°¢
Shoots plant?  covariable 0.00169 — 7.4x 10°
Total nitrogen high —4.6x 10°f
low 4.6 x 10
Fertiliser form NH, — 0.00058
NH4NO3 0.00058
r2 0.69 0.44 0.86 0

@ Estimates are for model #4 shown in text; only effects significant at P = 0.05 are shown.

b A Box and Cox transformation was necessary. The transformation itas; 6! ~2-5%/2) at Le Rheu 93 and

c1t=c, (1=1:51/2) at La Verrire. Because of the negative exponent at La &erithe relationship between the
estimates the levels of a given effect given fgf was therefore the inverse of that far. ¢

¢ The interaction between sowing date and plant density was significant; the number is the estimate of the
correlation parameter on early sown plots.

d The interaction between sowing date and shoot number per plant was significant; the number is the estimate of
the correlation parameter on late sown plots.

¢ The interaction between sowing date and shoot number per plant was significant; the number is the estimate of
the correlation parameter on early sown plots.

f The interaction between sowing date and nitrogen rate was significant; the numbers are the estimated effects
of nitrogen rate on early sown plots.

9 The interaction between sowing date and fertiliser form was significant; the numbers are the estimated effects
of nitrogen rate on early sown plots.

ly sowing would favour these infections (as at Le Rheu) plant density, or, more frequently, by a negative corre-
because of the increase of the pre-winter infection peri- lation with the shoot number per plant which was itself
od. However, the secondary cycle usually only starts negatively correlated to plant density. Such observa-
in spring (Moreau et al., 1990); as late sowing means a tions have already been reported (Glynne, 1951; Salt,
longer post-winter period, secondary infections would 1955; Huet, 1986; Groll and Luzi, 1991) and are
be increased by late sowing, as observed at La Ver- explained by two mechanisms: (a) a high plant density
riere. Similar results on the effects of sowing date on means a shorter distance between the inoculum and its
infection cycles have also been reported recently for future host plant, and therefore a better probability of
take-all disease (Colbach et al., 1997). This analogy infection which is important for eyespot spreading by
can be explained by the similarities of the epidemi- short-range spores (Glynne, 1953; Fitt and Lysandrou,
ologies of P. herpotrichoidesand Gaeumannomyces 1984). Another explanation would be an increase in
graminis(Sacc.) von Arx et Olivier vattritici (Walk- humidity in densely-sown crops as proposed by Groll
er), the causal pathogen of take-all. Both fungi survive and Luzi (1991). However, this effect would only be
on dead host residues in soil, begin their dissemination important when the canopy is closing. As the compen-
in autumn, do not spread from field to field (in con- sating effect of tillering usually leads to an equivalent
trast to air-borne diseases) and infect new host plantsnumber of shoots m?, whatever the initial sowing
by inoculum produced by the surviving fungi on dead density, a variation in humidity does not seem the like-
organic matter (resulting inthe primary infectioncycle) ly explanation for the effects of plant density; (b) a
and by the necroses of living diseased plants (i.e. the high plant density also means less tillering, while the
secondary cycle). emergence of new tillers is reported to push infect-
The disease progress equations allow the complexed sheaths away from older shoots, thereby reducing
effect of plant density to be analysed more closely. The infection by contact (Glynne, 1951; Salt, 1955; Huet,
impact of this factor on eyespot frequencies was illus- 1986). Furthermore, secondary tillers which are rare
trated either by a positive correlation of disease with in high plant densities, also emerge later than the main
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shoot and the primary tillers; they are therefore infected previous contradictory results) were revealed in our
later and have less time to develop lesions. Because oftrials: (a) an increase in nitrogen rate results in an
this second mechanism, the covariable shoots per plantincrease in tillering, the latter decreasing eyespot inci-
was more adequate for disease description than plantdence, so that high nitrogen would indirectly decrease
density itself. These two mechanisms, plant-inoculum disease; (b) an increase in nitrogen rate directly inten-
distance and the effect of tiller emergence, also seem tosifies disease by an unknown mechanism. In contrast to
influence the primary infection cycle, as the associated other foot diseases such as foot rot (Ellen and Langer-
parametec; was positively correlated with plantden- ak, 1987), an increase in eyespot disease could not be
sity. However, the situation must be different for sec- related to plant nitrogen content; this content was high-
ondary infections: plant density actually increased the er on plots with high nitrogen rates at Le Rheu whereas
secondary cycle at La Vegte and both at this location  eyespot was not influenced. However, plant tissue may
and atLe Rheu 92, the associated parantgtgas pos- be more susceptible to plant disease with high nitrogen
itively correlated with the number of shoots per plant. rates, because of higher plant growth rates.
This second correlation is of course contradictory to The mechanism related to tillering would only
the hypothesis of new tillers pushing away infected influence the primary cycle and the resulting early dis-
sheaths. This is not surprising, as tillering is mostly ease incidence (see above) whereas the second mech-
finished and the wheat canopy closed if the secondary anism influenced both infection cycles; its effect was
cycle begins in spring. It is therefore relatively easy therefore not limited to an influence on the saprophytic
for the fungus to reach new host plants, which explains and pre-infection stages of the fungus in the soil as the
the lesser importance of the plant density factor for the secondary cycle takes place outside this environment.
secondary infections. In these circumstances, plants The same methodology was used to study take-all (Col-
with a larger plant surface, caused by a higher shoot bach et al., 1997) and also concluded that two mecha-
number per plant, would present a greater risk of being nisms existed with contradicting results, one influenc-
infected by eyespot, which would explain how the cor- ing the fungus directly and one limiting its develop-
relation between the shoot number and paramegter ment by an indirect mechanism. There are, however,
was positive and not negative. This mechanism would several important differences; only the primary infec-
also account for the positive correlation of shoot num- tion cycle of take-all is stimulated by an increase in
ber per plant and eyespot frequency that was observednitrogen, the inhibiting mechanism is not related to
in Le Rheu 1992 at GS 80. These results can again beplant architecture, but to an expansion of antagonis-
compared to those of Colbach et al. (1997) on take- tic microflora in the case of nitrogen increase, and
all: the development of both diseases are increased atthe disease-inhibiting mechanism is stronger than the
the beginning of wheat growth by a decrease in plant- stimulating one.
inoculum distance (illustrated by a positive correlation There are no previous reports on the effect of
between disease frequencies and plant densities) andfertiliser form on eyespot. Results from our trials
at later growth stages, by an increase in plant surfaceindicate a relationship between the decrease in dis-
susceptible to the fungus (illustrated by the shoot or ease on ammonium-fertilised plots and the secondary
root number per plant). However, for take-all, both infection cycle, but give no further indications on
phenomenatook place earlier and were more transient.the nature of this relationship (such as no indirect
Furthermore, for this disease, no event comparable effect through reduced plant growth). Results wizh
to the removal of eyespot-infected sheaths by newly graminis showed that the effect of fertiliser form is
formed tillers was found. greater than with eyespot and concerns both infection
For the other factors, i.e. nitrogen rates and fertilis- cycles (Colbach et al., 1997). Furthermore, the impact
er forms, the trials produced some new information. of fertiliser form on take-all is currently explained by
Previous reports on nitrogen rate are contradictory; a stimulation of antagonistic soil microflora (Smiley,
eyespot increases (Meynard, 1985; Groll and Luzi, 1978; Lucas and Collet, 1987; Sarniguet et al., 1992 a
1991) and decreases (Sieberasse and Fehrmann, 198@nd b). However, microflora may be considerably less
aswell as no influence of high nitrogen rate are reported important forP. herpotrichoidesn which only sapro-
(Shipton, 1972; Sekerkova et al., 1982; Steinbrenner phytic survival takes place in soil whergasgraminis
and Hbflich, 1984). With the help of the supplementary also infects in this environment.
covariable shoot number per plant, two possible mech- ~ The multifactorial and multi-locational nature of
anisms with opposite effects (which would explain the our trials allowed new conclusions on the hierarchy
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