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Abstract

The relationships between yield loss and incidence (% plants with stems affected) or severity (mean stem score,
0– 4 scale) of stem canker in winter oilseed rape were analysed using data from experiments at Rothamsted in
1991/92, Withington in 1992/93, Boxworth in 1993/94 and Rothamsted in 1997/98. Critical point models and area
under disease progress curve (AUDPC) models were better than multiple point models for describing relationships
between yield (t ha−1) and incidence or severity of stem canker for the four experiments. Since yield is influenced by
many factors other than disease, % yield loss was calculated and critical point models and AUDPC models relating
% yield loss to stem canker were constructed. The critical point models for % yield loss on stem canker incidence
for three of the four experiments were similar, but differed from that for Rothamsted in 1991/92. There were also no
differences between models of % yield loss on AUDPC of both incidence and severity for these three experiments.
Therefore, general models of % yield loss(L) against AUDPC of incidence(X) or severity(S) of stem canker from
growth stages 4.8 to 6.4 were derived from the combined data sets for the three experiments:L = −0.76+0.0075X
(R2 = 35%,p < 0.001),L = 0.26+ 0.53S (R2 = 37%,p < 0.001). The relationships between % yield loss and
% plants with different stem canker severity scores at different growth stages were also analysed; the greatest yield
losses were generally associated with the largest severity scores, for plants assessed at the same crop growth stage,
and were also associated with the early development of stem lesions. Further analyses showed that % yield loss was
related to incidence or severity of both basal stem cankers and upper stem lesions in experiments at Boxworth in
1993/94 and at Rothamsted in 1997/98.

Introduction

Stem canker (blackleg), caused byLeptosphaeria
maculans(Desm.) Ces. & de Not., is a damaging
disease of oilseed rape (canola) in the UK, France,
Germany, Australia and Canada. The pathogen attacks
cotyledons, leaves, stems, roots and pods of oilseed
rape to produce leaf spots, basal stem cankers, upper
stem lesions and pod spots (Gabrielson, 1983; Petrie,
1979; Paul and Rawlinson, 1992). In the UK, basal

stem cankers on winter oilseed rape (Brassica napus
L. spp.oleiferaD.C.) originate from phoma leaf spots
produced on leaves while the crop is at the rosette stage
during the autumn and winter, because the pathogen
spreads from these leaves down petioles to reach the
stem bases (Hammond et al., 1985). Upper stem lesions
originate from leaf spots on leaves produced later in the
season (Gladders and Symonds, 1995). The basal stem
cankers and upper stem lesions both girdle and weaken
stems, and cause lodging and premature ripening of
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the pods. In central France, when a severe stem canker
epidemic occurred in 1966, the average yield was 40%
less than in 1964 (Lacoste et al., 1969; Tiberghien,
1974). In Canada, average yield losses due to stem
canker in Saskatchewan were 7.2% in 1984, 5.2% in
1985, and exceeded 30% in some individual crops
(Gugel and Petrie, 1992). In Australia, yield losses
from stem canker were very widespread in 1972 and
1973 (Barbetti, 1975; Roy, 1978). In the UK, yield
losses of up to 50% in susceptible cultivars have been
reported when incidence of severe stem canker was
high (Gladders and Musa, 1979). In the Netherlands,
a yield loss of about 30% was reported for the suscep-
tible cultivars, such as Primor, in a cultivar trial with
a high incidence of stem canker (Van der Spek, 1981).

Fungicides are one of most effective means for
controlling stem canker in the UK (Gladders, 1988;
Gladders et al.,1998; Sansford et al., 1996), but their use
must be optimised to achieve the maximum economic
response and to avoid unnecessary fungicide applica-
tions. Spray timing experiments have shown that stem
canker can be effectively controlled only by spray pro-
grammes initiated in the autumn, when the pathogen
has not yet spread from leaves to the stems. To guide
fungicide applications in the autumn, it is necessary
not only to predict the risk that severe stem canker
epidemics will develop in the spring but also to know
relationships between yield loss and severity of stem
canker.

Most previous work done in Australia, Canada,
France or the UK (Table 1) has indicated that relation-
ships between yield or yield loss and stem canker inci-
dence (% plants with stems affected) or severity (stem
severity score) can be described by a linear arithmetic
equation (McGee and Emmett, 1977; Rempel et al.,
1991; Church and Fitt, 1995; Sansford et al., 1996;
Pierre et al., 1982). However, Hall et al. (1993) sug-
gested that the relationship between yield loss and stem
canker severity in Canada was best described by a loga-
rithmic equation. These relationships between yield or
yield loss and stem canker were all single point models
based on assessment of the disease at a single growth
stage, although the growth stage and method of assess-
ment differed. They did not attempt to determine the
critical point (CP) for estimating yield loss by analysis
of the relationship between yield loss and the disease at
different growth stages. Thus, these single point mod-
els produced relationships which differed from season
to season and site to site. The lack of a consistent model
over different sites and different seasons implied that

the models were specific to individual crops. Further-
more, these models did not differentiate the effects of
lesions of differing severity or of basal stem cankers and
upper stem lesions. More accurate estimates of rela-
tionships between yield loss and stem canker, which
may be applicable to different sites and seasons, might
be obtained by examining relationships between yield
loss and disease epidemic timing using CP, multiple
point (MP) or area under the disease progress curve
(AUDPC) models (Campbell and Madden, 1990). This
paper reports detailed examinations of the effects of
severity and timing of stem canker symptoms on yield
of winter oilseed rape in the UK, using CP, MP and
AUDPC models.

Materials and methods

Field experiments

UK data sets that were used to analyse and establish
relationships between yield loss of winter oilseed rape
and incidence or severity of stem canker were from field
experiments at Rothamsted in 1991/92, Withington
in 1993/94, Boxworth in 1993/94 and Rothamsted in
1997/98 (Table 2). In these experiments, light leaf spot
and other oilseed rape diseases were absent or present
at a low severity. The experiments were arranged in
randomised block designs, with two replicate blocks
of 22 plots at Rothamsted in 1991/92, Withington in
1993/94 and Boxworth in 1993/94, and with four repli-
cate blocks of five main plots, each split into two sub-
plots (two cultivars) at Rothamsted in 1997/98. The
plot areas were 75 m2 in the 1991/92 experiment, 96 m2

in 1992/93, 108 m2 in 1993/94 and 45 m2 in 1997/98.
The winter oilseed rape cultivar Envol was sown at
Rothamsted on 28 August 1991 (after oilseed rape),
at Withington on 14 September 1992 (after oilseed
rape), at Boxworth on 7 September 1993 (after bar-
ley) and the cultivars Capitol and Lipton were sown
at Rothamsted on 26 August 1997 (after barley). The
experiments at Rothamsted in 1991/92 and Withington
in 1992/93 were uninoculated, but the experiments at
Boxworth in 1993/94 and Rothamsted in 1997/98 were
inoculated with infected oilseed rape stem debris in
October. Different disease epidemic patterns in differ-
ent experiment plots were obtained by leaving the plots
unsprayed or using fungicide treatment regimes; a mix-
ture of iprodione and thiophanate-methyl (as Compass
at 0.25+ 0.25 kg a.i. ha−1) with prochloraz (as Sportak
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45 at 0.3 kg a.i. ha−1) at Rothamsted in 1991/92,
Withington in 1992/93 and Boxworth in 1993/94,
and difenoconazole plus carbendazim (0.125 kg ha−1

and 0.25 kg ha−1 a.i., respectively) at Rothamsted in
1997/98 with 10–22 different spray programmes used
in each experiment.

Ten plants (Withington in 1992/93; Boxworth
in 1993/94) or twenty-five plants (Rothamsted in
1991/92; 1997/98) were sampled at approximately
monthly intervals from sampling areas at the edges
and ends of plots; it was not always possible to
obtain samples from every plot on each occasion. Dis-
ease assessment dates and growth stages are shown
in Table 2. Incidence (% plants with stems affected)
and severity (mean severity score) of stem canker
(including basal stem cankers and upper stem lesions)
were recorded. The basal stem cankers and upper
stem lesions were assessed separately at Boxworth
in 1993/94 and Rothamsted in 1997/98. The disease
severity assessment used a 0– 4 scale (Hardwick et al.,
1989; 0 – nodisease, 1 – less than half the stem gir-
dled by lesions, 2 – more than half the stem girdled
by lesions, 3 – whole stem girdled and weakened by
lesions, 4 – plant dead) (Figure 1). Growth stages (GS)
of the crop were recorded using the identification key of
Sylvester-Bradley and Makepeace (1985). Plots were
combine harvested directly and yields adjusted to 90%
dry matter.

Figure 1. Winter oilseed rape stem bases with stem cankers with different severity scores (0– 4 scale) (a) and symptoms of basal stem
cankers and upper stem lesions (b).

In the experiment at Rothamsted in 1997/98, the
progress of stem canker lesions was also monitored
in detail in eight plots (two unsprayed and two each
sprayed with three different spray treatments). Twenty-
five plants in each plot were selected at random and
marked. The basal stem cankers and upper stem lesions
on individual marked plants were assessed separately
at two-week intervals, and the growth stages were
recorded.

Data analyses

Correlation and linear regression analyses were used to
examine the relationships between yield or yield loss
and stem canker and to establish CP models, MP mod-
els and AUDPC models between yield loss and stem
canker for the different experiments. AUDPCs were
calculated from stem canker assessment data for dif-
ferent dates:

AUDPC=
i=n−1∑
i=1

0.5(xi+1 + xi)(ti+1 − ti), (1)

whereti is day number,xi is incidence or severity at
assessment dayi andn is number of assessment dates.
Differences between CP models and AUDPC mod-
els in different experiments were compared by using
linear regression analyses of position and parallelism.
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For regression analyses, adjustedR2 values (% vari-
ance accounted for; Payne et al., 1993) were calculated.
The statistical package Genstat (Payne et al., 1993) was
used for all analyses.

Results

Disease epidemics

The development of stem canker in untreated plots
was different in different experiments (Table 3).
Stem canker occurred earlier and was more severe
at Boxworth in 1993/94 and Rothamsted in 1997/98
than that at Rothamsted in 1991/92 or Withington in
1992/93. Symptoms of stem disease were first seen at
Boxworth on 20 April 1993 (GS 3.7) and Rothamsted
on 16 April 1997 (GS 4.4); thereafter disease incidence
increased quickly to reach 90% on 28 June 1994 (GS
6.3) and 85.5% on 1 July 1998 (GS 6.4), respectively.
Stem canker severity scores were greater at Rothamsted
in 1997/98 than in other experiments at similar growth
stages.

The progress curves from two-weekly monitoring of
stem canker at Rothamsted in 1997/98 showed that inci-
dence of both basal stem cankers and upper stem lesions
in plots sprayed with fungicide was smaller (Figure 2a)
and disease severity was less (Figure 2b) than that in
untreated plots throughout the period from 20 May
to 15 July. In untreated plots, the incidence of upper

Table 3. Progress of stem canker epidemics on winter oilseed rape in field experiments in different seasons at different
sites; incidence and severity data from untreated plots

Season Site Date of disease Incidence (% % plants with different severity scores Mean severity
assessment plants affected) (0– 4 scale)1 2 3 4

1991/92 Rothamsted 4 June 38.0 36.5 1.5 0 0 0.39
6 July 82.0 28.0 6.0 36.0 12.0 1.96

1992/93 Withington 20 May 10.0 5.0 5.0 0 0 0.15
14 June 22.5 17.5 5.0 0 0 0.28
12 July 67.5 12.5 20.0 17.5 17.5 1.75

1993/94 Boxwortha 20 April 2.5 2.5 0 0 0 0.03
13 May 32.5 32.5 0 0 0 0.33
3 June 62.5 60.0 2.5 0 0 0.65
28 June 90.0 70.0 20.0 0 0 1.10

1997/98 Rothamsteda 16 April 6.5 6.5 0 0 0 0.07
14 May 52.5 45.0 7.0 0.5 0 0.61
4 June 76.5 57.0 14.5 4.0 1.0 1.02
1 July 85.5 38.0 15.0 13.5 19.0 1.85

aExperiments for which upper stem lesions and basal stem canker were assessed separately.

Figure 2. Changes with time in incidence (% plants affected)
(a) or severity (0–4 scale) (b) of basal stem cankers (2, �) and
upper stem lesions (©,N) in winter oilseed rape plots with (�,N)
or without (2, ©) fungicide treatment at Rothamsted in 1998.
Disease was assessed on 20 May (267 days after sowing), 4 June
(282 days after sowing), 17 June (295 days after sowing), 1 July
(309 days after sowing) and 15 July (323 days after sowing).

stem lesions rapidly increased between 17 June and
1 July, and the severity of upper stem lesions increased
between 4 June and 1 July. Incidence of basal stem
cankers in untreated plots increased by 10% from 20
May to 4 June, and later remained at 40–45% while
severity continued to increase. In the treated plots, both
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incidence and severity of basal stem cankers remained
low from 20 May to 15 July, and the incidence and
severity of upper stem lesions increased rapidly after
17 June.

In unsprayed plots (Figure 3a and b), only severity
score 1 was recorded at Rothamsted on 20 May 1998,
for both basal stem cankers and upper stem lesions,
and severity scores 2, 3 and 4 were not recorded until
4 June, 17 June and 1 July, respectively. The changes in
% plants with different severity scores differed between
basal stem cankers and upper stem lesions. The %
plants with severity score 1 for basal stem cankers
began to decrease gradually when % plants with sever-
ity scores 2, 3, 4 increased after 4 June. However, the
% plants with severity score 1 for upper stem lesions
decreased initially, but increased rapidly again after
17 June to reach 58% on 1 July. These data indicate
that basal stem canker lesions with severity score 1 on
20 May became more severe so that they had severity
scores of 2, 3 or 4 in June or July, and that not many new
basal stem canker lesions (score 1) appeared in June or
July. However, many new upper stem lesions (score 1)

Figure 3. Changes with time in % plants with different severity scores for basal stem cankers (a, c) or upper stem lesions (b, d) [severity 1
(2), severity 2 (©), severity 3 (N), severity 4(�)] in winter oilseed rape plots with (a, b) or without (c, d) fungicide treatment at Rothamsted
in 1998. Disease was assessed on 20 May (267 days after sowing), 4 June (282 days after sowing), 17 June (295 days after sowing), 1
July (309 days after sowing) and 15 July (323 days after sowing).

continued to appear after 17 June. In plots treated with
fungicide (Figure 3c and d), no plant with a severity
score of 4 had been recorded by 15 July. Basal stem
cankers with severity scores of 2 and 3 were recorded
on 17 June and 1 July, respectively, then developed
slowly. Upper stem lesions with severity scores of 2 and
3 were recorded on 15 July, at incidences of 8% and
4%, respectively. The incidence of basal stem cankers
with severity score 1 remained at 12–16% during the
period 20 May to 15 July, but that of upper stem lesions
increased rapidly after 17 June to reach 53% by 15 July.

Relationships between yield and stem canker at
different assessment dates

Coefficients of correlation between crop yield and inci-
dence or severity of stem canker at different assessment
dates (Table 4) showed that yield was inversely related
to the stem canker incidence or severity from the middle
of May (GS 4.8) to early July (GS 6.5), but not in April
(GS 3.7). At Boxworth in 1993/94 and Rothamsted in
1997/98, correlation coefficient values were similar on
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Table 4. Coefficients of correlation(r) between yield (t ha−1) of winter oilseed rape and incidence or severity of stem canker
at different growth stages in different seasons at different sitesa

Season Site Date of disease assessment Incidence (% plants affected) Mean severity (0– 4 scale)

(Growth stage) r p df r p df

1991/92 Rothamstedb 6 July (6.5) −0.40 0.011 38 −0.41 0.010 37

1992/93 Withington 20 May (4.9) −0.47 0.006 31 −0.46 0.008 31
14 June (6.3) −0.39 0.02 34 −0.36 0.033 34
12 July (6.4) −0.73 <0.001 38 −0.76 <0.001 38

1993/94 Boxworth 20 April (3.7) −0.08 0.67 30 −0.08 0.67 30
13 May (4.8/5.5) −0.67 <0.001 37 −0.67 <0.001 37
3 June (6.2) −0.54 <0.001 40 −0.54 <0.001 40
28 June (6.3) −0.72 <0.001 42 −0.68 <0.001 42

1997/98 Rothamstedb 14 May (5.5) −0.49 0.001 38 −0.49 0.001 38
4 June (5.9/6.2) −0.47 0.002 38 −0.53 <0.001 38
1 July (6.4) −0.50 0.001 38 −0.50 0.001 38

aStem canker data include both basal stem cankers and upper stem lesions.
bStem canker incidence data was insufficient to calculate correlation coefficients for samples on 4 June 1992 and 16 April 1998
at Rothamsted.

assessment dates in May, June and July (GS 4.8–6.4),
but at Withington in 1992/93 correlation coefficient val-
ues for incidence and severity were greater on 12 July
(GS 6.4) than in May or June.

Models of relationships between
yield and stem canker

CP models, MP models and AUDPC models relat-
ing yield (t ha−1) to stem canker incidence or sever-
ity were constructed by simple or multiple linear
regression (Table 5). For the data for Rothamsted in
1997/98, all models were first calculated separately for
the two cultivars Capitol and Lipton and then com-
pared. The results demonstrated no significant dif-
ference between these models for the two cultivars,
and therefore CP, AUDPC and MP models were con-
structed by using combined data for the two cultivars.
The linear regressions were statistically significant
(p < 0.05) for all models. The CP models for the
experiment at Rothamsted in 1991/92 accounted for
<15% of the variance. The CP, AUDPC and MP models
for the experiments at Withington in 1992/93 and Box-
worth in 1993/94 all generally accounted for 45–55%
of the variance. The CP, AUDPC and MP models for the
experiment at Rothamsted in 1997/98 all accounted for
22–27% of the variance. Analyses of model collinearity
indicated that there were strong correlations between
variables used in MP models. This produced some pos-
itive values for slopes in MP models, which are very

difficult to interpret biologically, even though the val-
ues of negative slopes in MP models did not really
represent the contribution of the variables to yield
loss. These results demonstrated that CP models and
AUDPC models were generally better than MP models.

CP and AUDPC models relating % yield
loss to stem canker

Since yield in t ha−1 is influenced by many factors
specific to the crop other than disease, % yield loss
was estimated relative to the mean yield of plots with
no disease present. CP models and AUDPC mod-
els relating % yield loss to stem canker incidence
or severity in different experiments were constructed
using linear regression (Figures 4–7). The differences
between experiments for these models were compared
using analyses of position and parallelism. The results
showed that CP models for stem canker incidence at
Rothamsted in 1991/92 were significantly different to
those for the other experiments, but that there were no
differences between models for the other three exper-
iments. Thus a CP model for incidence was based
on combined data sets from Withington in 1992/93,
Boxworth in 1993/94 and Rothamsted in 1997/98:

L = −1.90+ 0.27X

(R2 = 37.7%, p < 0.001, df = 122), (2)

whereL = % yield loss,X = stem canker inci-
dence at GS 6.3 or 6.4. The fit of the general yield
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Figure 4. CP models relating % yield loss (L) of winter oilseed rape to incidence (% plants affected) (X) of stem canker at Rothamsted
on 6 July 1992 (a:L = −3.74+ 0.12X, R2 = 13.5%,p = 0.011), Withington on 12 July 1993 (b:L = −2.07+ 0.29X, R2 = 52.1%,
p < 0.001), Boxworth on 28 June 1994 (c:L = −0.36+ 0.24X, R2 = 50.3%,p < 0.001) and Rothamsted on 1 July 1998 (d:L =
−6.07+0.34X,R2 = 22.6%,p = 0.001) (thick lines), and model based on combined data from three experiments (L = −1.90+0.27X,
R2 = 37.7%,p < 0.001) (thin lines).

loss relationship (Equation (2)) from the three exper-
iments was compared to the fitted yield loss rela-
tionship for each experiment. This analysis indicated
that there were no significant differences between the
line produced by the combined model and the lines
produced by regression of observed yield loss mea-
surements on stem canker incidence at Withington in
1992/93 (Figure 4b), Boxworth in 1993/94 (Figure 4c)
or Rothamsted in 1997/98 (Figure 4d). However, the
slope of the regression line for the combined model was
significantly different from that produced by regression
of observed yield loss measurements on stem canker
incidence in July in the experiment at Rothamsted in
1991/92 (Figure 4a).

The comparison of CP models for severity showed
that not only did the model for Rothamsted in
1991/92 (Figure 5a) differ significantly to those for
Withington in 1992/93 (Figure 5b), Boxworth in
1993/94 (Figure 5c) and Rothamsted in 1997/98
(Figure 5d), but also there was a significant difference
between the models for the experiments at Withington
in 1992/93 and Boxworth in 1993/94. Therefore a CP
model for stem canker severity using combined data

sets from Withington in 1992/93, Boxworth in 1993/94
and Rothamsted in 1997/98 was not constructed.

Since comparison of AUDPC models showed no dif-
ferences between Withington in 1992/93, Boxworth in
1993/94 and Rothamsted in 1997/98 in models for both
incidence and severity, AUDPC models for incidence
and severity were derived from the combined data sets
for these three experiments:

L = −0.76+ 0.0075X

(R2 = 35.3%, p < 0.001, df = 110), (3)

L = 0.26+ 0.53S

(R2 = 37.2%, p < 0.001, df = 110), (4)

where L = % yield loss,X and S = AUDPC
of incidence and severity from GS 4.8/5.5 to 6.4,
respectively. The combined AUDPC models using data
for the three experiments are illustrated in Figures 6
and 7. The fit of the predicted relationships for inci-
dence and severity (Equations (3) and (4)) from com-
bined data sets for the three experiments was also
compared to the fitted yield loss relationships for each
experiment. The results showed that there were no
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Figure 5. CP models relating % yield loss (L) of winter oilseed rape to severity (0– 4 scale) (S) of stem canker at Rothamsted on 6 July
1992 (a:L = −2.01+4.86S,R2 = 14.4%,p = 0.010), Withington on 12 July 1993 (b:L = −0.54+10.29S,R2 = 56.4%,p < 0.001),
Boxworth on 28 June 1994 (c:L = 0.57+ 19.51S, R2 = 45.0%,p < 0.001) and Rothamsted on 1 July 1998 (d:L = 1.58+ 12.91S,
R2 = 23.0%,p = 0.001).

significant differences between the lines derived from
the combined data for the three experiments and the
lines derived from data for each individual experiment
(Figures 6 and 7).

Relationships between % yield loss and
% plants with different severity scores

The relationships between % yield loss and % plants
with different severity scores were analysed by linear
regression. The values of slopes of regression lines are
shown in Table 6. The results demonstrated that the
greatest yield losses were generally associated with the
largest severity scores for plants assessed at the same
crop growth stages. However, there were some differ-
ences between experiments. For example, the results
suggested that before harvest only severity scores of 3
or 4 at GS 6.5 (6 July in 1991/92; 12 July in 1992/93)
and score 4 at GS 6.4 (1 July) in 1997/98 affected
yield, but that severity scores of 1 or 2 at GS 6.3
(28 June) in 1993/94 and score 2 at GS 6.4 (12 July) in
1992/93 also affected yield. Nevertheless, yield losses
were also associated with severity scores of 1 and 2 in
May (GS 4.9–5.5) and June (GS 5.9–6.3), when assess-
ments were made in 1992/93, 1993/94 and 1997/98.

Thus, the results suggested that the earlier that lesions
with a particular severity score were recorded on plants,
the greater was the effect on yield, because lesions
with a small severity score in early spring continued to
become more severe.

Relationships between % yield loss and
incidence or severity for basal stem
cankers and upper stem lesions

The relationships between % yield loss and % plants
with basal stem cankers or upper stem lesions or
between % yield loss and mean severity score for basal
stem cankers or upper stem lesions at Boxworth in
1993/94 and Rothamsted in 1997/98 were also analysed
by linear regression. The values of slopes of regres-
sion lines are given in Table 7. The results showed
that yield losses were significantly related to inci-
dence or severity of both basal stem cankers and upper
stem lesions in both seasons in May, June and July,
except for basal stem cankers at Boxworth on 13 May
1994. The different values of the slopes of the regres-
sion lines suggested that effects of basal stem cankers
on yield were different from those of upper stem
lesions.
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Figure 6. AUDPC models relating % yield loss (L) of winter
oilseed rape to incidence (% plants affected) (X) of stem canker
at Withington from 20 May to 12 July in 1993 (a:L = −1.48+
0.011X, R2 = 38.5%, p < 0.001), Boxworth from 13 May
to 28 June in 1994 (b:L = −0.23+ 0.0068X, R2 = 51.3%,
p < 0.001) and Rothamsted from 14 May to 1 July in 1998
(c: L = −3.88+ 0.00859X, R2 = 25.8%, p < 0.001) (thick
lines), and model of combined data for three experiments(L =
−0.76+ 0.0075X, R2 = 35.3%,p < 0.001) (thin lines).

Table 6. Values of slopes(b) of linear regression lines estimating relationships between % yield loss and % plants with different stem
canker severity scores in field experiments in different seasons at different sites. Regressions of the formy = a + bx
Season Site Date of diseaseb for % plants with different severity scores(R2 (%),p)

assessment
1 2 3 4

1991/92 Rothamsted 6 July 0.11 (3.3, 0.14) −0.050(−, 0.69)b 0.22 (9.0, 0.033) 0.42 (10.2, 0.025)

1992/93 Withington 20 May 0.87 (12.7, 0.025) 0.97a (1.7, 0.23)
14 June 0.41 (13.1, 0.017) 0.40a (0.1, 0.32)
12 July 0.083 (−, 0.61)b 0.70 (36.6,<0.001) 0.89 (31.1,<0.001) 0.48 (38.2,<0.001)

1993/94 Boxworth 13 May 0.30 (33.8,<0.001)
3 June 0.24 (40.5,<0.001) 1.01 (7.3, 0.046)
28 June 0.25 (47.3,<0.001) 0.61 (28.1,<0.001) 0.59a (1.1, 0.23)

1997/98 Rothamsted 14 May 0.47 (22.8, 0.001) 1.51 (8.0, 0.043) 10.34a (11.9, 0.017)
4 June 0.30 (9.4, 0.03) 1.37 (26.6,<0.001) 2.44 (9.3, 0.031) 9.80a (22.7, 0.001)
1 July 0.22 (1.9, 0.19) 0.69 (6.1, 0.067) 0.69 (5.7, 0.075) 0.71 (18.2, 0.004)

aFew plots had plants with this severity score on this date.
bR2 values were not estimated because residual variance exceeded variance of response variate.

Discussion

Correlation analyses indicate that yield losses from
stem canker were related best to disease incidence or
severity at GS 6.3 or 6.4, which is the seed develop-
ment stage (Sylvester-Bradley, 1985) and a key stage

Figure 7. AUDPC models relating % yield loss (L) of winter
oilseed rape to severity (0– 4 scale) (S) of stem canker at With-
ington from 20 May to 12 July in 1993 (a:L = −0.94+ 0.54S,
R2 = 46.6%, p < 0.001), Boxworth from 13 May to 28 June
in 1994 (b:L = 0.38+ 0.65S, R2 = 49.2%, p < 0.001) and
Rothamsted from 14 May to 1 July in 1998 (c:L = 0.23+0.49S,
R2 = 27.1%, p < 0.001) (thick lines), and model using com-
bined data for three experiments(L = 0.26+0.53S,R2 = 37.2%,
p < 0.001) (thin lines).

for oilseed rape yield production; thus it was con-
cluded that GS 6.3–6.4 was the CP for relating stem
canker to yield loss. In previous work on stem canker
yield loss models (Table 1), there have been no anal-
yses of the relationships between yield loss and stem
canker at different growth stages to determine the CP
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Table 7. Values of slopes (b) of linear regression lines estimating relationships between % yield loss and % plants with basal stem
cankers or upper stem lesions, or mean severity score for basal stem cankers or upper stem lesions in field experiments at Boxworth in
1993/94 and Rothamsted in 1997/98. Regressions of the formy = a + bx
Season Site Date of

disease
assessment

b for % plants affected(R2 (%),p) b for mean severity(R2 (%),p)

Basal stem cankers Upper stem lesions Basal stem cankers Upper stem lesions

1993/94 Boxworth 13 May 0.83 (6.7, 0.07) 0.37 (42.3,<0.001) 83.30 (6.7, 0.07) 37.16 (42.3,<0.001)
3 June 0.63 (39.6,<0.001) 0.21 (29.9,<0.001) 49.48 (36.3,<0.001) 20.72 (29.9,<0.001)
28 June 0.23 (33.0,<0.001) 0.25 (56.4,<0.001) 17.78 (33.4,<0.001) 23.66 (57.5,<0.001)

1997/98 Rothamsted 14 May 0.43 (21.0, 0.002) 0.91 (16.2, 0.006) 36.50 (21.0, 0.002) 91.10 (16.2, 0.006)
4 June 0.38 (23.9,<0.001) 0.40 (24.0,<0.001) 29.62 (27.4,<0.001) 36.45 (26.5,<0.001)
1 July 0.25 (12.6, 0.014) 0.34 (19.7, 0.002) 11.69 (15.8, 0.006) 14.74 (20.4, 0.002)

in epidemic development (McGee and Emmett, 1977;
Rempel et al., 1991; Church and Fitt, 1995; Sansford et
al., 1996; Pierre et al., 1982; Hall et al., 1993). Gener-
ally disease incidence or disease severity near harvest
was used as the explanatory variable or predictor, but
the models were based on disease assessment at dif-
ferent growth stages and used different methods of
assessment. Therefore, it is not surprising that these
models differed from season to season and site to site.

CP models for stem canker incidence or severity
for Rothamsted in 1991/92 were significantly different
from those for the other three experiments. The main
reason for this was probably that the CP selected for
these models (GS 6.5) was later than those for other
experiments (GS 6.3–6.4). It is difficult to clearly
assess stem canker symptoms at GS 6.5 because most
plants have senesced by then andL. maculansrapidly
colonises the senescent tissues. Further research on the
CP for relating stem canker to yield loss could anal-
yse more experimental data sets, or use other statistical
methods such as path analysis and principal component
analysis to clarify which growth stage is the CP.

Comparison of CP, AUDPC and MP models for three
experiments at Withington in 1992/93, Boxworth in
1993/94 and Rothamsted in 1997/98 suggested that
precision of yield loss prediction by CP models and
AUDPC models was better than that of MP models.
In practice the CP model is the most convenient for
users to apply because disease data at only one growth
stage is required. However, with CP models it is impor-
tant to use the correct growth stage and some single
point data do not accurately represent effects of dis-
ease epidemics on yield during the whole season. Fur-
thermore, the CP model for Rothamsted in 1991/92
differed from those for other three experiments, sug-
gesting the general CP model based on combined data

set cannot be applied to all sites and situations. The
results of analyses also showed the AUDPC model for
incidence based on the combined data from three exper-
iments was no better than the CP model for incidence
based on same combined data set. The reason may have
been its assumption that, for assessing the relationship
between stem canker and yield loss, the weighting of
points at different growth stages was same. If stem
canker occurring at different growth stages caused dif-
ferent amounts of yield loss, yield loss prediction by
AUDPC models would have been less accurate because
they did not distinguish between early and late disease
that produced the same AUDPC (James, 1974). The-
oretically, the limitations of CP and AUDPC models
can be overcome by MP model because MP data can
be incorporated as different variables, and parameters
for each variable can represent the contribution of the
variables to yield loss. Unfortunately results of analy-
ses for the three experiments showed that collinearity
existed between stem canker variables; thus parameters
for each variable in the MP models did not represent its
contribution to yield loss. Similar problems have been
observed in MP models for some other diseases, such
as late blight of potato, wheat stem rust, barley leaf
rust and barley powdery mildew (James et al., 1972;
Burleigh et al., 1972; Lim and Gaunt, 1986).

Analyses showed that the predictive precision of
models for stem canker severity was generally very
similar to that for models for stem canker incidence
because there was a good relationship between stem
canker incidence and severity. For example,R2 values
for the AUDPC models for the combined data sets for
three experiments for stem canker incidence and sever-
ity were 35.3% and 37.2%, respectively. Generally
models based on incidence data are better for practical
yield loss prediction because it is simpler and easier to
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obtain incidence data from crops and there is less error
associated with incidence data than the more subjec-
tively assessed severity data. The models described in
this paper were all derived from the experiments where
stem canker was the only important disease, although
light leaf spot or other oilseed rape diseases commonly
occur together with stem canker on crops and also affect
yield of oilseed rape. Therefore, it is necessary to inves-
tigate interactions between effects of stem canker and
light leaf spot or other diseases on yield and to con-
struct combined yield loss model for multiple disease
situations.

The results of analyses of relationships between
% yield loss and % plants with different stem canker
severity scores indicated that early stem canker lesions
in May and June, even when the disease score was
slight, affected yield more than later stem canker
because lesions with a small severity score in early
spring became more severe later. Further analysis
showed that incidences of both basal stem canker and
upper stem lesions were related to yield loss of oilseed
rape. However, the timing of the first appearance of
lesions and the severity of basal stem cankers and upper
stem lesions differed between seasons and sites. These
results suggested that it is important for farmers to con-
trol early stem canker, and that both basal stem cankers
and upper stem lesions need to be controlled. The opti-
mum period for control of stem canker with fungi-
cides was reported to be from November to February
(Sansford et al.,1996; Gladders et al., 1998). This opti-
mum period may be related to the epidemiology of stem
canker (Fitt et al.,1997). In autumn, fungicide sprays
may be needed to control the leaf spot phase of stem
canker and prevent the spread of the pathogen from
leaves into stem bases, and in late winter or early spring
a further spray can control the phoma leaf spots on later
leaves to prevent upper stem lesions. Ultimately it is
necessary to estimate risks that early, severe basal stem
cankers or upper stem lesions will develop to guide
decision making for stem canker control during the
period from autumn to early spring.
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