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ABSTRACT

Colbach, N., Lucas, P, and Meynard, J.-M. 1997. Influence of crop man-
agement on take-all development and disease cycles on winter wheat.
Phytopathol ogy 87:26-32.

Wheat was assessed at four crop growth stages for take-all (Gaeu-
mannomyces graminis var. tritici) in aseries of field trials that studied the
effects of five wheat management practices. sowing date, plant density,
nitrogen fertilizer dose and form, and removal/buria 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 take-all epi-
demiology and depended on two parameters reflecting the importance of
the primary and secondary infection cycles, respectively. Early sowing
always increased disease frequency via primary infection cycle; its influ-

ence on the secondary cycle was variable. Primary infection and earli-
ness of disease onset were increased by high density; however, at mid-
season teke-all was positively correlated to the root number per plant,
which was itself negatively correlated to plant density. At late stages of
development, neither plant density nor root number per plant had any
influence on disease. A high nitrogen dose increased both take-all on
seminal roots and severity of primary infection cycle but decreased take-
al on nodal roots and secondary infection cycle. Ammonium (versus am-
monium nitrate) fertilizer always decreased disease levels and infection
cycles, whereas straw treatment (buria versus removal of straw from the
previous cereal crop) had no influence.

Additional keywords: disease progress model.

The take-all fungus, Gaeumannomyces graminis (Sacc.) Arx &
D. Olivier var. tritici J. Walker, infects the roots of most winter
cereals, reducing water and nutrient absorption. This disease, there-
fore, can be responsible for important yield losses (1,17,23,31,39).
Because no effective chemical control exists to limit take-all, there
is a need to know the effect of cropping practices on this disease
to limit yield reductions in the absence of chemical control. Crop ro-
tation has amagjor influence on the disease, and the fungusis reported
to survive on former host crop residues (5,6,9,40,41,42). The rela-
tiveimportance of other cultural practicesisnot aswell understood.

Most works based on sample survey (1,29) or field trials (16,25,
43) have been published without providing a time course of in-
fection or disease development. Disease progress has been partially
studied by other authors (3,11) with the help of equations based on
epidemiological knowledge but without taking into account thein-
fluence of crop management on various infection mechanisms.

In this paper, we present the results from field trials that were
assessed for take-all at severa wheat growth stages. We analyze dis-
ease incidence both separately at each crop growth stage and as a func-
tion of timeto (i) determine the influence of crop management prac-
tices during take-all development and (ii) establish a hierarchy of
the relative importance of each of these cultura control practices.

MATERIAL AND METHODS

Experimental plan. Winter wheat was assessed visually for
take-al in four multifactoria field trials combining five cultural
practices (Table 1): sowing date, plant density, nitrogen fertilizer
dose and form, and removal/burial of cereal straw. These practices

Chartres) in 1991 to 1992 and again in Le Rheu in 1992 to 1993
that were chosen to provide a combination of different pedological
and climatic conditions (Table 2). To maximize disease risk, the
crops preceding the experiment were either winter wheat or winter
barley, which are both host plants for take-all (28). In two trials,
Le Rheu 1992 and 1993, the crops preceding the previous crop
also were wheat or barley, whereas they were nonhosts in the two
other sites (potato in La Verriere and maize in Chartres).

For each cultural practice, two levels were chosen (Table 1):
sowing date (early versus late), sowing density (high versus low),
total nitrogen dose (high versus low), nitrogen fertilizer form (low
versus high ammonium content), and removal/burial of straw orig-
inating from the previous crop. Most practices were arranged fac-
torially, except for the combinations of low nitrogen dose and
buried straw and of high ammonium nitrogen and removed straw.
In the La Verriére location, no high ammonium nitrogen was used,
but the low nitrogen and buried straw combination was included.
Thus, there were always 16 combinations of experimental factors.
At three locations (Le Rheu 1992, Le Rheu 1993, and Chartres), a
balanced 4-block design was used, and every field was composed
of 64 plots; at La Verriere, the design was composed only of 3
blocks and 48 plots. Each plot was 60 m

Cultural practices applied uniformly to all plots were as fol-
lows. The take-all susceptible wheat cv. Soissons was used in
each experiment. The fields were plowed and harrowed the day
before or on the day of sowing, and a herbicide was sprayed the
day after and again during the spring. No fungicides were applied
for foot diseases (eyespot due Reseudocercosporella herpotri-
choides), but foliar diseases that usually occurred in the areas of

were tested in three locations in France (Le Rheu, La Verriere, amdperimentation (Septoria diseases and rusts) were controlled with
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fungicide applications at heading.

The number of plants per square meter was determined at plant
emergence; the numbers of seminal (only for the first two assess-
ment stages) and nodal roots per plant were counted at each as-
sessment stage.



Disease assessment. Every plot was visually assessed for take- percentage of diseased plants = constant + sowing date + plant den-
al at growth stages 15, 30, 50, and 80 according to the Za sity + nitrogen dose + nitrogen form + straw treatment + block +
doks scales (44). Eight plants were sampled from each of four assessor + sowing date-plant density interaction + sowing date-nitro- (1)

gen dose interaction + sowing date-nitrogen form interaction + sow-

randomly chosen subplots that measured 25 cm x 2 rows. Atjng dae straw treatment interaction + error
stages 15 and 30, the percentage of diseased plants was deter-
mined, and the incidence of take-all on seminal and nodal roots Plant density was treated as a quantitative variable, and all other in-
was distinguished. After stage 30, seminal roots were no long@ependent variables were treated as qualitative variables. Only the
assessed. interactions between sowing date and the other practices were ana-

Sail conduciveness. Soil conduciveness to take-all was assessetlyzed to keep the models as simple as possible. Effects of nitrogen
at the three locations in 1992. This method (24) consists of medose and form were used only in models corresponding to those
suring take-all severity on growth chamber-grown plants after therop growth stages that were subsequent to the first fertilizer ap-
soils have been amended with different rates of artificial inoculumplication (stage 30 at La Verriére and Le Rheu in 1992 and 1993
(0, 0.25, 0.825, and 2.5 g @. graminis propagules per kg of and stage 50 for Chartres, where nitrogen dose and form did not
soil). After 35 days of growth in a climatic chamber (12 to 16°C differ at the first application). To study the influence of the archi-
16-h photoperiod, and 70 to 90% relative humidity), plants wergecture of the root system, the number of roots per plant was
pulled out, and the necrosed root length per plant was calculatedded as a covariable to model 1. An assessor effect was intro-
for each soil and rate of added inoculum. duced into the models to take into account the possible variations

Statistical analysis. To analyze take-all levels for each root systemdue to different persons assessing disease levels.
at each stage and location, the general linear model (GLM proce-The final models contained only those factors and covariables
dure) of SAS software (35) was used. Several models were anar which the significance of the regression parameter estimate
lyzed. The first of these used disease incidence as the dependgséociated with the factor wRs< 0.05. The sum of squares used
variable and the experimental factors as independent variables: to calculate thé value for each factor or covariable was adjusted

TABLE 1. Cultura practices evaluated for management of take-all of wheat, conducted in France during 1991 to 1993

Experimental site

Treatment Level Le Rheu 1992 Le Rheu 1993 La Verriére 1992 Chartres 1992
Sowing date Early 17 October 16 October 11 October 8 October

Late 26 November 24 November 6 November 7 November
Plant density (plants/n?) High 231 194/108 236 228

Low 140 138/74 70 179
Total available nitrogen (kg/h&) High 325 325 380 290

Low 235 230 300 200
Nitrogen form (ammonium content) High Ammonium sulfate Ammonium sulfate None Urea + ammonium sulfate

Low Ammonium nitrate Ammonium nitrate Ammonium nitrate Ammonium nitrate
Straw treatment Buried Buried Buried Buried

Removed Removed Removed Removed

WSeed depth was 2 to 3 cm, and row spacing was 16 cm.

* The first density was observed on early sown plots; the second density was observed on late sown plots.

¥ Total nitrogen = available soil nitrogen + mineralization + nitrogen applications. The amount of nitrogen fertilizer applied was calculated according to the
predictive balance sheet method (32). Nitrogen fertilizer was applied as top dressing twice during the season at growth stages 15 and 30.

z Straw was baled (Le Rheu 1992 and 1993, and Chartres 1992) or burnt (La Verriere 1992).

TABLE 2. Description of the experiment sites used to evaluate cultural practices for management of take-all of wheat in experiments conducted in Franc
during 1991 to 1993

Experiment Soil texture Mean annual temperature (C)  Mean annual precipitation (mm)
site Longitude Latitude Altitude Loam (%) Silt (%) Sand (%) Meari991-1992 1992-1993 Meary 1991-1992 1992-1993
Chartres 1°31 48°28 156 m 22-24 66—-68 5 10.3 10.8 581 340

Le Rheu 1°43  48°01 34m 15 70 15 10.2 11.6 115 714 616 675
La Verriere 2°01 48°46 168 m 14-16 29-32 38-42 10.1 10.8 639 497

Y Mean over 30 years.
z Annual means for 1991 to 1992 and 1992 to 1993 were calculated from August 1991 to July 1992 and from August 1992 to July 1993, respectively.

TABLE 3. Mean incidence and severity of take-all on nodal roots of wheat grown at three locations in France

Experiment sité

Le Rheu 1992 Le Rheu 1993 La Verriére 1992 Chartres 1992
Growth stag¥ Incidencé Severity Incidence Severity Incidence Severity Incidence Severity
15 0 3 0 0
30 16 5 10 3 3 0.3 0 0
50 39 8 46 47 6 12 3 0.1
80 66 90 63 176 61 86 1 0.1

WDecimal wheat growth stage according to Zadoks et al. (44).

* The experiment evaluated five cultural practices (sowing date, plant density, nitrogen fertilizer dose and form, and removal/burial of cereal straw). Practice
were arranged factorially, except for the combinations of low nitrogen dose and buried straw and high ammonium nitrogen and removed straw. In La Verriére
no high ammonium nitrogen was used, but the low nitrogen-buried straw combination was included.

Y For each plot and assessment stage, eight plants were sampled from each of four randomly chosen subplots (25 cm x 2 rows). The absence or presence of
ease on the nodal roots of these 32 plants was assessed to calculate the percentage of plants with take-all.

Z Disease severity was estimated by summing the length of nodal roots (millimeters) with take-all symptoms for the 32 plants.
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to al terms present in the model and did not depend on their order
of appearancein the model (i.e., the type Il sum of squares of the
GLM procedure).

Disease progress model. A kinetic egquation similar to one
presented by Brassett and Gilligan (3) was used to describe the
number of infected roots as a function of primary and secondary
inoculum. We considered primary inoculum ( p) to arise from host
residues close to the soil surface and secondary inoculum as
infectious disease symptoms on living plants. Because we were
unable to distinguish between infectious and noninfectious symp-
toms, al plants with visible take-all (i) were considered potential
producers of secondary inoculum. Each inoculum type was as-
signed an infection rate: k; was associated with the primary in-

TABLE 4. Take-all severity on wheat grown in a greenhouse in soils from

three locations in France and amended with increasing densiti@aeof
mannomyces graminis var. tritici

G. graminis var.tritici propagules/kg of sail

Experiment site 0g 0.25¢ 0.825¢ 259

Le Rheu 14.99 a 11.33 a 36.15a 29.29 a
La Verriere 2.25ab 6.59 a 30.80 ab 31.15a
Chartres 0.47b 113 a 15.07 b 27.25a

Z Disease severity was estimated by summing necrosed root length at 35 dgl S

fection cycle and k, was associated with the secondary infection.

These rates were assumed to be constant with time. If i is the
number of diseased plants, then n — i is the number of healthy
plants, wheren is the total number of plants. The rate of disease
increase, i.e., the variation of diseased plants per degree day, was
expressed as

di/dt = (kyp + koi)(N — i) @)

To model the percentage of diseased plants (y), equation 2 was
divided by the number of plants (n), which assumes no plant loss
during winter or due to disease. We further defined ¢, = k;p and
¢, = ky;n, which gave the following equation:

dy/dt = (¢, + ¢)(1 -Y) 3
This equation integrates to
1-e(@ret

y= _1+ (CZ/C_L)e_(ClH:Z)l

4

where time t is expressed as cumulative degree days (basis 0°C)

since sowing. At sowing & 0), there are no diseased plants(

0); therefore, the constant of integration is assumed to be nil.
Assessing disease incidence at only four stages in the field trials

provided insufficient data to judge equation 4. Therefore, this equa-

on was evaluated first on a plot at Le Rheu, which was assessed

after planting. Means within a column followed by the same letter are no Very 2 weeks after stage 30. qu this evaluat.ion’ wheat _VYaS sown
significantly different aP < 0.05 according to Fisher's protected least sig- On 16 October 1992 at 225 grains pet mo nitrogen fertilizer

nificant difference test.

was applied.

TABLE 5. Regression estimates® for the effect of wheat cultural practices on the percentage of plants with take-all in France

Experiment site

Growth stage Cultural practice Le Rheu 1992 Le Rheu 1993 La Verriére 1992 Chartres 1992
15 Sowing date Early 10.5 né 7.5 2.8
Late -10.5 -7.5 -2.8
Seminal roots Plant density 0.355
r2 0.58 0.24 0.52 0.63
30 Sowing date Early -V 7.2
Late -7.2
Seminal roots Plant density -0.184 0.¥9
Total nitrogen High 8.5 na
Low -8.5
r2 0.41 0.73 0.32 0
30 Sowing date Early v 7.2
Late -7.2
Nodal roots Plant density 0.12 0.091 0.0217
Total nitrogen High -13.3 n
Low 13.3
r2 0.41 0.56 0.45 0
50 Sowing date Early 3.8 17.4
Late -3.8 -17.4
Nodal roots Plant density 0.0193
Nitrogen form NH, -4.9 nd?
NO3NH, 49
Total nitrogen High -1.2
Low 1.2
r2 0.64 0.73 0.54 0
80 Sowing date Early 171 13.3 12.2
Late -17.1 -13.3 -12.2
Nodal roots Nitrogen form NH, -6.9 nd
NO3NH, 6.9
Total nitrogen High -7.5 -7.9
Low 7.5 7.9
r2 0.62 0.52 0.40 0

s Estimates are for model 1 (described in text); effects of assessor and block on disease are not shown.

t Decimal growth stage of wheat on the Zadoks scale (44).
U Late sown plots were not assessed at this stage (na = not assessed).
V' The sowing date-plant density interaction is significami at0.0001.

"The sowing date-plant density interaction is significafit at0.0001. The number is the correlation of plant density with disease in early sown plots.

* Plots with low nitrogen were not assessed at this stage.

Y This effect is only significant & = 0.1, but without its presence, no significant model would be possible.

Z There were no plots with Njbn this site (nd = not determined).
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After this preliminary test, parameters ¢, and ¢, of equation 4
were estimated for every experimental treatment at each site. We
used the iterative nonlinear model procedure of SAS (NLIN [35])
for this purpose. The fit of the modd to the data was based on
minimization of sguare sums weighted by the inverse of the vari-
ance corresponding to each assessment stage.

Take-all risk model. For each of the sets of estimates of ¢, and
C,, we evaluated alinear analysis of covariance model to interpret
the parameter value for each site as a function of the various fac-
tors and covariables used in model 1. Theinitial model was as fol-
lows:

parameter value = constant + sowing date + plant density + nitrogen
dose + nitrogen form + straw treatment + block + assessor + sowing
date-plant density interaction + sowing date-nitrogen dose inter- (5)
action + sowing date-nitrogen form interaction + sowing date-straw
treatment interaction + error

The model contained neither assessor nor block effects, because
we had only one set of parameters for each experimental treat-
ment. Because of this low degree of freedom, we chose P < 0.1 as
the threshold value on which to reject the null hypothesis. As
before, the final model contained only the statistically signifi-
cant factors and covariables. If the condition of variance homo-
geneity necessary to apply a linear model was not fulfilled, the
Box-Cox (2) transformation was used to homogenize variance.
For example, if the linear regression of 1n[variance(parameter)]
= a + b In(parameter) was significant, parameter ¢, was trans-
formed as follows:

= cl-b/2
Ciransiormed = C

The parameter variances were those estimated by the NLIN pro-
cedure simultaneously with parameter estimates.

RESULTS

Effects of cultural practices. Le Rheu 1992 was the experi-
mental site with the highest final amount of disease, followed by

Early sowing always increased take-all on both seminal and
nodal roots (Table 5), except at very low incidences of disease
(nodal roots at Chartres). The effect of plant density was not as im-
portant as early sowing (Table 5), and the density effect usually
only became significant when disease incidence increased, but was
again insignificant at the last stages. An increase in plant density
always resulted in a disease increase, except for take-all on sem-
inal roots at stage 30 in Le Rheu 1992. If the covariable root
number per plantvas added to the GLM model, a positive corre-
lation of root number with disease incidence was significant on
several sites at stage 30 (data not shown). At late stages of wheat
growth, a high rate of nitrogen fertilizer increased take-all on
seminal roots and always decreased it on nodal roots (Table 5).
The form of nitrogen fertilizer also influenced disease, with more
severe disease in plots fertilized with ammonium nitrate compared
with ammonium sulfate (Table 5). Burying versus baling straw did
not differentially influence infection frequency.

Disease progress model. Evaluation of the disease progress
equation on the frequently assessed plot showed that the chosen
equation was well suited to describe increase of take-all over time
(Fig. 1). For the take-all management experiments, the precision
with which the disease progress equation described the data strongly
depended on the mean disease incidence at each site. Precision
was highest and least variable for Le Rheu 1992 (méan
0.95, standard error [SE] = 0.05) and lowest and most variable
for Chartres (meam? = 0.45, SE = 0.29). Regression estimates
of ¢, and ¢, were not significantly different from 0 for one
treatment at La Verriere and for three at Chartres. Based on
estimates ofc;, Le Rheu 1992 and 1993, which were the only
sites where the two preceding crops were hosts, were apparently
most favorable for primary infection (Table 6). At Chartres and
La Verriere, estimates of, were very low. The difference in
amount of disease at Chartres compared with the three other sites
was even more noticeable for parameate(Table 6). Le Rheu
1992 and La Verriere had the highest estimated values a, the
parameter.

Early sowing date always increasgdTable 7), whereas an ef-

Le Rheu 1993 and La Verriere (Table 3). Infection at Chartres wéect of sowing date on, (Table 8) was observed only at the sites
nearly nil. There was no significant difference in soil conducive-most favorable for disease (La Verriere and Le Rheu 1992). A
ness for take-all between Le Rheu 1992 and La Verriére (Table 4)psitive correlation between plant density and parangt@ras
despite the slow disease onset observed at the latter site (Table &)served only at the most favorable site, Le Rheu 1993 (Table 7).
Soil conduciveness was much lower at Chartres. Natural inoculuifhe influence of plant density an also was variable (Table 8).
density of soil appeared to be higher at Le Rheu 1992 than at Ode effect of the rate of nitrogen fertilizer depended on the param-
Verriére or Chartres, because the potted plants were the most s¢er: c1 was increased and c2 was decreased by high nitrogen (Ta-
verely diseased in soil from Le Rheu 1992 without additional arbles 7 and 8), whereas both were reduced by ammonium fertilizer.

tificial take-all inoculum.
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Fig 1. Take-al disease progress as a function of cumulative degree days
since sowing of wheat in Le Rheu, France, in 1993. Data points are the mean
and standard error of five observations. The line was fit to the data as de-
scribed in text.

The effect of straw treatment enandc, was not significant.

DISCUSSION

The effect of the experiment site on take-all was very im-
portant: if the site was not favorable to disease expression (e.g.,

TABLE 6. Mean values for equation parameters? associated with primary (cy)
and secondary (c,) development of take-all on wheat over time

Experiment site

Le Rheu Le Rheu La Verriere Chartres
Parameter 1992 1993 1992 1992
c; 1.90 x 164 2.97 x 164 8.59x10° 1.74 x 10°
C 2.32x10% 145x10% 2.73x10% 1.05x 104

Zz Parameters ¢, and c, were estimated by fitting the equation

1-e(@relt
to disease incidence on different plots with time, where y is the percentage
of plants with take-all and t is the sum of degree days since sowing. This

equation was derived by integrating the equation dy/dt = (kyp + koni)(1 —y),
wheren is the number of plants; =k p, andc, = k,n.
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Chartres), take-all incidence stayed low even if all other factors
favored its development. Site differences observed for fina take-
all incidence and primary infection were probably due to climate.
Le Rheu is closer to the sea, and consequently, the humidity and
temperature conditions are more favorable to take-all (19). Sail
conduciveness to take-all and inoculum density are other factors
that may have differed among the sites. Le Rheu 1992 and 1993
were the two sites where the two preceding crops were hosts. A
higher amount of infectious primary inoculum at Le Rheu was
confirmed by the potted plant assessment.

Sowing date wasthe cultural practice with the most important ef-
fect on disease. These observations are consistent with previous re-
ports (16,31,41). The disease increase on early sown plots is said
to be caused by alonger period favorable for infection before win-
ter. Thisexplanationis probably true for the primary infection cycle
(illustrated by parameter c,) for which an important increase was
observed on early sown plots. The secondary infection, however,
takes place later and may only begin during the spring. In this case,
secondary infection was not influenced by alonger prewinter infec-
tion period. Late sowing may result in aslightly longer postwinter
period, which might explain the higher c, values for La Verriere
with late sowing.

ber per plant. Late secondary infections, in contrast, were not in-
fluenced by plant density.

The effect of nitrogen dose is an important management con-
sideration because high nitrogen may stimulate both the pathogen
and its antagonistic microflora (4,10) and, more specifically, an-
tagonistic fluorescent pseudomonads that may need a prior take-
all infection to develop (33,34). The hypothesis developed by
Sarniguet et al. (33,34) is consistent with our results for high
nitrogen dose: the increase in primary infection and in early take-
all on seminal roots observed in our trials could be due to stimu-
lation of G. graminis propagules in soil. According to this hy-
pothesis, early infection would stimulate early fluorescent pseudo-
monad development, and the development would then be accentuated
by high nitrogen. This increase in fluorescent pseudomonad popu-
lations would later interfere with pathogen expansion, explaining
why secondary infection and take-all on nodal roots were limited
considerably in high nitrogen plots in our trials. This late disease
decrease also is consistent with other reports (12,13,21).

Decreased take-all observed on plots with the ammonium form
of fertilizer is consistent with previous reports (8,18,21,24,27,33,
34,37,38) that attribute this to antagonistic microflora (24,33,
34,37), i.e., fluorescent pseudomonads are stimulated by the am-

Plant density was important only at early stages at which theonium form of nitrogen and, thus, limit disease development.

factor was usually positively correlated to take-all. This short-livedAntagonist stimulation by ammonium was faster than stimulation
influence of high plant density might be explained by the shorteoy increasing nitrogen rate and limited both infection cycles. This
distance between soil inoculum and roots, which would increasdifference between nitrogen dose and form effects might be ex-
the probability of contact between the fungus and its host. Thiglained by the dual effect of nitrogen dose on both pathogen and
inoculum-plant distance is very important because the fungus ongntagonists, whereas nitrogen form only seems to influence the
spreads short distances by mycelial growth (30). Later, as roolstter. The effect of ammonium is still under discussion and also
begin to grow, the probability of contact with the fungus increasemight act indirectly by decreasing pH (37) and increasing manga-
proportionally. A high root number per plant, therefore, increasedese availability (20,26), which are known to have an impact on
early take-all. However, as soon as the root density became dake-all (20,22).
tablished through growth, it was no longer a limiting factor be- The removal or burial of cereal straw did not affect disease.
cause the fungus could readily reach new host plants. ThereforEhese observations are consistent with numerous reports (1,14,15,
plant density no longer influenced disease. This might explain th&6). The presumed stimulation of inoculum survival or of antag-
rarity of reports of plant density influencing take-all (12). onistic soil microflora by buried organic matter was not sufficient
The analysis of the; andc, parameters from the disease prog-to influence disease development.
ress model showed that early infections, i.e., primary infection This study showed that hierarchy and interaction between the
and early secondary infections (illustrated by a parameter increasarious factors were very important. Practices other than sowing
in early sowing at Le Rheu in 1992) were increased by high plant
density. Intermediary secondary infections (illustrated by an abl-.ABLE 8. Regression estimates for the effect of wheat cultural practices on

sence of sowing date influenc_e opat.Le Rheu in 1993) WEre isease progress model parameter c,, which is associated with secondary
decreased by high plant density and increased by high root nunake-all development on wheat¥

Experiment site"
TABLE 7. Regression estimates for the effect of wheat cultural practices on LeRheu LeRheu  La Verriere Chartres
disease progress model parameter c,, which is associated with primary take- Cultural practice 1992 1993 1992 1992
Al developmertt on wheat” Sowing  Earlly  1.25x 103 —2.67 x 103
Experiment site” date Late -1.25 x 103 2.67 x 103
6 7
LeRheu LeRheu LaVerriere Chartres Pl?jnetnsiw igg i igSX 6.97x 10
Cultural practice 1992 1993 1992 1992 Nitrogen  NH, 564 x 10° nav
Sowing Early 0.0061 0.0081 0.0316 8.7 x 10° form NH,NO; 2.64 x 104
date Late -0.0061 -0.0081 —0.0316 -8.7 x%0 Tota High -3.7x105 -7.1x10°
Plant nitrogen -2.5 x 10472
density 0.000755 Low 3.7 x 10° 7.1x10°%
Nitrogen NH, —-0.0158 nd —5.25 x 105¢ 2.5 x 1042
form NH;NO; 0.0158 5.25 x 10° r2 0.52 0.34 0.50 0
i Z
TOt?.’I High +0.151 0.0474 Vv Estimation of the effects of the experimental factors significaRt=a0.1.
nitrogen  Low -0.151 —-0.0474 . .
r2 0.36 0.79 0.46 0.58 wFor two sites, a Box-Cox transformation was necessary. The transforma-

v Estimation of the effects of the experimental factors significaRt=a0.1.

tions werec,! = ¢, *0892) for Le Rheu 1993 andh! = c,(1 - 0572for La Ver-
riere 1992.

WFor each site, a Box-Cox transformation was necessary. The transformaThe sowing date-plant density interaction was significaft at0.04. The

tions werec,! = ¢, - 19/2for e Rheu 1992; ¢,t = ¢,(! - 1-802for e Rheu
1993; ¢t = ¢,(t - L742for La Verriére 1992; and,! = ¢,(t~%492for Chartres
1992.

X There were no plots with NH, on this site (nd = not determined).

Y These effects were only significant at P = 0.11 and 0.16, respectively, but
without their presence, no significant model would be possible.

Z The sowing date-total nitrogen interaction was significant at P = 0.16. The
number estimates the effect of nitrogen on early sown plots.
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first number gives the regression estimate for the effect of plant density on
disease in early sown plots; the second number is the estimate for late sown
plots.

Y There were no plots with Njbn this site (nd = not determined).

Z The sowing date-total nitrogen interaction was significaft at0.07. The
first number gives the regression estimate for the effect of plant density on
disease in early sown plots; the second number is the estimate for late sown
plots.



date were usudly significant only when sowing date effect aso
was significant. Sowing date, therefore, may be considered as the
dominant factor and its interactions with the other practices the
strongest. The influence of the other practices seldom depended
on sowing date, but frequently seemed stronger on early sown
plots. The type of interaction, therefore, strongly resembled the
one between site and crop management, because several practices
had a stronger influence or were only significant when the trial
site was favorable to disease expression. Thus, each factor seemed
to amplify the risk due to the other effects, and low effect factors
could only influence disease if high effect factors aso were fa
vorable to its expression.

The effects of cultural practices on disease incidence and infec-
tion cycles could be estimated and classified with the eguation
used to model increase of take-all over time. The equation was
less sophisticated than the one developed by Brassett and Gilligan
(3,11) that integrates root development and inoculum decay. How-
ever, their equation was not possible in this paper because too
many parameters would have to be estimated on each plot. In
contrast, Brassett and Gilligan (3,11) fitted a single equation to
data originating from several plots. They had more observations to
estimate parameters but could not compare cropping systems.
However, because the objective of our work was to classify crop-
ping systems according to general disease evolution and not to
model minor disease variations during the growing season, the
simpler two-parameter equation was sufficient, as was shown for
eyespot (7).

Our results contribute to the understanding of the relative im-
portance of crop management practices to limit take-all expres-
sion. The factorial experiments and modeling results show that
environment and cultural practices have important effects on this
disease: cultural practices should not be considered individualy;
crop management must be reasoned as a whole with respect to
hierarchy and interactions.
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