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Abstract In winter oilseed rape experiments at
Rothamsted in 2000/01 to 2002/03 growing seasons,
the severity of phoma stem canker epidemics in
summer depended on the timing of phoma leaf spot
epidemics in the previous autumn, and hence on the
timing of Leptosphaeria maculans ascospore release.
The first major release of L. maculans ascospores
was earlier in 2000 (26 September) and 2001
(18 September) than in 2002 (21 October). Conse-
quently, the autumn phoma leaf spot epidemic was
also earlier in 2000 and 2001 than in 2002. The
resulting stem canker epidemics were severe by
harvest (July) in 2001 and 2002 but not in 2003. No
correlation was found between the severity or dura-
tion of phoma leaf spotting (lesion days or lesion °C-
days) and the subsequent severity of phoma stem
canker epidemics. Rates of leaf production and loss
were similar in the three growing seasons. Out of
ca. 25 leaves produced on plants during each season,
leaf numbers 10-14 generally remained on plants for
the longest. Treatment with flusilazole + carbendazim
in autumn decreased the severity of phoma leaf
spotting for several weeks after treatment, decreased
the severity of stem canker the following summer and
increased yield significantly in 2001 and 2002 but
not in 2003. The most effective timings for
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flusilazole + carbendazim application were when
leaves 7—11 were present on most plants and at least
10% of plants were affected by phoma leaf spot. Two
half-dose applications of fungicide reduced phoma
stem canker and increased yield more than a single
full dose application when phoma leaf spot epidemics
were early (<800 °C-days after sowing).
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Introduction

Phoma stem canker (blackleg), caused by Leptosphae-
ria maculans, is a damaging disease of oilseed rape
(Brassica napus, rapeseed, canola) worldwide (West
et al. 2001; Fitt et al. 2006). In Europe, it is the most
serious disease of winter oilseed rape, causing esti-
mated annual losses up to € 118M despite autumn
fungicide treatment of 65-85% of crops in the UK
(harvest years 2000-2002) and up to € 154M in France
(Fitt et al. 2006; www.cropmonitor.co.uk). However,
the severity of epidemics varies greatly between
seasons, regions and individual farm crops (West
et al. 1999). These variations result from interactions
between weather factors, crop growth and pathogen
development. In the UK, the crucial weather factor
affecting phoma stem canker epidemics is rainfall in
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August/September, which greatly affects the time when
the epidemic cycle starts (Gladders and Symonds 1995;
Toscano-Underwood et al. 2003). However, there is
little information about how interactions between crop
growth and pathogen development affect severity of
stem canker epidemics.

In Europe, phoma stem canker is a monocyclic
disease, with one epidemic cycle per season (Glad-
ders and Musa 1980; Hammond et al. 1985). During
autumn and early winter, air-borne ascospores cause
leaf lesions (phoma leaf spot) on early leaves. The
pathogen then grows down petioles to the crown of
the plant and causes cankers at the stem base in
spring and summer. It is generally only the stem base
canker phase associated with L. maculans that causes
yield loss in western Europe as phoma leaf spots on
later leaves result in less damaging upper stem
lesions associated with the less damaging related
species L. biglobosa (West et al. 1999, 2001; Fitt
et al. 2006). Ascospores are first released in autumn
after rain and phoma leaf spots appear 14-25 days
later (West et al. 2002). Ascospores are able to infect
at temperatures ranging from 5 to 24°C, with leaf
wetness durations of between 8 and 72 h (Biddulph
et al. 1999; Toscano-Underwood et al. 2001). The
probability that a phoma leaf lesion will cause a stem
canker increases with increasing time between infec-
tion and leaf abscission (Hammond and Lewis 1986).

Temperature affects the rate of pathogen growth
along the petiole as well as the rates of leaf
development and abscission (Hammond and Lewis
1987). The differential effect of temperature on the
rates of pathogen progress and leaf senescence
determines whether leaf abscission occurs before
the pathogen reaches the stem. Occurrence of phoma
leaf spot early in the autumn often results in the most
severe stem base cankers (Sun et al. 2000) and in
glasshouse experiments leaf spots on leaves after leaf
5 did not produce severe stem cankers (Marcroft et al.
2005), although this pattern may be different in farm
crops under natural weather conditions. The thermal
time (°C-days) between first leaf spots (autumn) and
first cankers (spring), was constant over seasons for a
given cultivar but differed between cultivars (Sun
et al. 2001). However, correlations between severity
of phoma leaf spot in autumn and severity of stem
canker in summer vary greatly (Sun et al. 2000).
Hammond and Lewis (1986) used field experiments
to relate the duration of phoma leaf spot lesions,
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stages of plant development and ambient temperature
to subsequent development of stem canker, but the
relationships described were complex and it is not
clear whether they can be usefully applied to current
cultivars on a crop scale.

The need for fungicide application during the
phoma leaf spot phase of the epidemic to decrease
subsequent severity of stem canker and maximise
yield response is recognised in the UK (Gladders
et al. 1998; West et al. 1999). It has been established
that, in Europe, autumn fungicide sprays control stem
canker more effectively than spring sprays (Brazau-
skiene and Petraitiene 2004; Kruse and Verreet
2005). Penaud (1995) has suggested that adequate
protection of French oilseed rape crops requires at
least three autumn fungicide applications, but this is
uneconomic. It is likely that fewer applications would
suffice, but there is much debate about the optimum
timing of fungicide applications in relation to plant
and pathogen development (West et al. 2002).
Optimal timing may also depend on the product,
since different products vary in their efficiency as
protectant or eradicant fungicides (Gladders et al.
1998). This paper reports a series of field experiments
to investigate plant and pathogen development in
relation to fungicide timing.

Materials and methods

The winter oilseed rape experiments at Rothamsted in
the 2000/01, 2001/02 and 2002/03 growing seasons
were all randomised block experiments with three
replicates and 20 m X 3 m plots. In 2000/01 and 2001/
02, the untreated plot was duplicated in each block. In
all experiments, winter oilseed rape (cv. Apex rated 5
for resistance to L. maculans and 5 for resistance to
P. brassicae in the UK on a 1 (susceptible) to 9
(resistant) scale, www.hgca.com) was sown at 80 or
90 seeds m~ 2 (after cereals) and there were three
flusilazole + carbendazim (applied as Punch C at
081 ha_l; 300 g a.i. ha_l) treatment timings in
autumn: F1 in October/early November when the
incidence of plants with phoma leaf spot was about
10%, and F2 and F3 at ca. monthly intervals
thereafter (Table 1). Some treatments were combi-
nations of spray timings, for example two half-dose
rate applications. One treatment (routine [R])
involved four or five full-rate applications at monthly
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Table 1 Dates of sowing, harvest and fungicide application, and leaf numbers present on 30 untreated, marked plants of winter
oilseed rape (cv. Apex) on date of flusilazole + carbendazim treatment, in experiments at Rothamsted in 2000/01, 2001/02 and
2002/03

Treatment code 2000/01 2001/02 2002/03°
Large plants Small plants
Sowing date 23 August 14 August 20 August
Approx. date of emergence 4 September 24 August 1 September 17 September

Date of fungicide treatment F1?* 9 October (47 DAS)f 22 October (68 DAS) 4 November (76 DAS)

F2* 6 November (75 DAS) 19 November (97 DAS) 18 December (120 DAS)
F3? 14 December (113 DAS) 8 January (147 DAS) 16 January (149 DAS)
R® (routine) F1 +F2 + F3 + F1 + F2 + F3 + Fl + F2 + F3 +
30 January + 26 February 5 March 14 February
T¢ 3 April 5 April 18 March
Leaf numbers present on F1* 2-6 3-9 4-11 2-4

date of treatment? F22 4-10 6-12 817 4-10

F3* 7-15 9-15 10-20 7-13

Harvest date 23 July (334 DAS) 18 July (338 DAS) 14 July (328 DAS)

* Fl, F2 and F3 all refer to applications of flusilazole + carbendazim, applied as Punch C at 0.8 1 ha™'. F1, F2 and F3 were also
applied as all combinations of two half-dose rates (i.e. F1 & F2, F1 & F3 and F2 & F3)

R refers to series of 4 or 5 flusilazole + carbendazim applications, each applied as Punch C at 0.8 1 ha™!
© T refers to tebuconazole, applied as Folicur at 1.0 1 ha™'

4" Leaf numbers present and living on >50% of 30 untreated, marked plants at time of treatment. Leaves were numbered sequentially
from 1 (first true leaf). Leaves were assessed as born when large enough to be numbered with indelible pen on the underside (approx.
3 cm long). Leaves were assessed as dead when approx. <10% tissue remained green

¢ In 2002/03, dry weather resulted in two phases of emergence with plants of different sizes; 30 large and 30 small plants were
marked and assessed on this original site. However, the fungicide experiment was moved to a new site on the same field and

destructive samples were taken from the new experiment

" DAS; days after sowing

intervals to maximise control of diseases. Basal
treatments included seed treatment (beta-cyfluth-
rin + imidacloprid + thiram), fertiliser (600-
700 kg ha~' Sulphur Gold [30% N, 7.6% S] split
between two or three application dates), pre-emer-
gence (Katamaran, 2 1 ha™') and post-emergence
(Laser, 0.75 1 ha~"' or Kerb, 1.7 kg ha™") herbicides,
autumn molluscicides (Genesis, 5 kg hafl; Judge,
5 kg ha~!, 2000 only) and insecticides (Hallmark,
50 ml ha™', post-emergence in autumn 2000 and
2002; flowering in spring 2003).

Before the F1 timing, 25 plants were destructively
sampled each week along a transect across the
experimental area. After the F1 timing, ten plants/
plot were sampled monthly throughout the season.
Plants were assessed for the presence of diseases on
the day they were sampled, unless light leaf spot
(Pyrenopeziza brassicae) was thought to be present,
when the plants were placed in polyethylene bags and

incubated for 3-5 days at 10-15°C to induce
P. brassicae sporulation before assessment to
improve accuracy of the diagnosis (Fitt et al. 1998).
To control light leaf spot on pods, tebuconazole (T)
was applied as Folicur at 1.0 1 ha~' each spring to all
plots, except those containing marked plants in 2000/
01 and 2002/02. Plots were desiccated with diquat
(3 1 ha™') in early July, combine harvested in mid to
late July and yields (t ha~') determined.

In addition to these destructive samples, five plants
at 2 m intervals along each long side of each of three
untreated plots (i.e. 10 plants/plot; one plot/block)
were marked at the beginning of the season and
individual leaves monitored at ca. weekly intervals as
they were produced (born), developed phoma leaf
spot and subsequently lost (died). Leaves were
assessed as born when large enough to be numbered
on the underside (approximately 3 cm long) and dead
when <10% tissue remained green. Leaves were
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numbered in sequence on the underside with a
permanent pen, and at each assessment the number
of phoma leaf spot lesions was recorded for each leaf.
Leaf 1 was the first true leaf after emergence. Once
branching began, only leaves on the main stem were
monitored. In 2002/03, a dry period after sowing
caused emergence to occur in two distinct phases,
resulting in a mixture of early-emerging, large plants
and late-emerging, small plants. The fungicide
experiment from which destructive samples were
taken was therefore moved to another part of the
same field where emergence was more uniform.
However, 30 large and 30 small plants from the
original experimental site were marked and moni-
tored as seasons with two phases of emergence are
not uncommon in the UK (five large and five small
plants arranged alternately at 1 m intervals down each
side of three plots). In each season, marked plants
were also assessed for phoma stem canker at 1—
3 week intervals from stem extension to harvest using
a 0—4 scale (Zhou et al. 1999); 0, no disease; 1, <50%
of the stem circumference girdled by lesions; 2, 51—
75% of the stem girdled by lesions; 3, >75% of the
stem girdled by lesions; 4, plant dead.

In the summers of 2002 and 2003 [GS (growth
stage, Sylvester-Bradley and Makepeace, 1985) 5, 5 to
6, 0], the diameter of marked plant stem bases was
measured using Mitutoyo Digimatic callipers. In each
season, the number of pods/plant on marked plants
was estimated at harvest. A Burkard spore sampler
(Burkard Manufacturing Co., Rickmansworth, UK;
Lacey and West 2006) was located approximately
1 km from the experiment and surrounded by trays
containing stems collected from the previous season’s
untreated plots (Huang et al. 2005). The sampler was
operated each season to monitor timing of L. maculans
ascospore release. Some ascospores collected were
those of L. biglobosa, which are visually indistin-
guishable from those of L. maculans; L. maculans
spores are generally released earlier and are most
significant in the development of basal phoma stem
canker epidemics (Fitt et al. 2006).

Air temperature (°C) was measured by an on-site
weather station. For each leaf with number k£ = 1, 2,
3..., 26 (26 was the maximum number of leaves
affected observed in any season), the presence or
absence of that leaf on each of the 30 marked plants
was recorded. Then the life of leaf 1-26 denoted by
D, D,, ..., Dys was estimated as:
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1 &
Di=— Dy
my, J:Zl J

The mean maximum number of lesions which
developed on leaf k = 1,2, ..., 26 (L;) was estimated
as:

1 &
Li=—> Ly
my ; J

The mean lesion °C-days (thermal time, assuming a
base temperature of 0°C) on leaf number
k=1,2, .., 26 was estimated as:

me Ly ds

LD; = mi DD LDy
k=1 =1 =t

where m; = number of plants sampled with leaf
number k present (maximum 30 plants); Dy; = number
of days from birth to death of leaf number k on plant
Ji Lij = maximum number of lesions which developed
on leaf number k of plant j; di;; = number of days
that lesion s was present on leaf number k of plant
Ji LDyjs; = mean temperature at day i when lesion s
was present on leaf number k of plant j; and
At =1 day.

Correlation analysis was used on data from
marked plants in each of the three seasons to
investigate relationships between different measures
of phoma leaf spotting and final stem canker severity
and also between number of pods/plant and stem
diameter. Analysis of variance was applied to data
from marked plants to compare final stem canker
severity, between different seasons and between
small and large plants in 2002/03. Analysis of
variance was also used to compare the effect of
different fungicide treatments on the incidence and
severity of disease and yield. All data analyses were
done using the statistical software package GenStat 5
(Payne et al. 1993).

Results
Development of marked plants

Differences between seasons in the rates of leaf birth
and death with time affected the number of leaves/
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plant (Fig. 1). In the first 70 days after sowing (DAS),
the rate of leaf production was similar in 2000/01,
2001/02 and for large plants in 2002/03, with an
average of one new leaf produced every 7 days
(Fig. 1a). Thereafter, the rate of leaf production was
greatest on large plants in 2002/03 and lowest in
2001/02. The rate of leaf production on small plants
was lower than on large plants in 2002/03 or in 2001/
02 and 2002/03. Up to ca. 200 DAS, the rate of leaf
loss was similar in 2000/01, 2001/02 and on large
plants in 2002/03, but was slower on small plants in
2002/03. In 2001/02 and 2002/03, when leaf assess-
ments were continued into spring, a rapid increase in
leaf loss was observed ca. 200 DAS and from ca. 235
DAS leaf production on the main stem ceased.

Up to the time when leaf 10 (GS 1,10) was present
on the majority of plants (70 DAS in 2000/01, 2001/
02 and on large plants in 2002/03; 120 DAS on small
plants in 2002/03), leaf production was rapid, and leaf
loss was negligible (Fig. 1a). Therefore, the mean
number of leaves/plant also increased rapidly
(Fig. 1b). From this time until ca. 160 DAS, leaf

40

(a)

20

Leaf number

(b)

Number of attached leaves
3

[} 50 100 150 200 250

Days after sowing

Fig. 1 Leaf development on winter oilseed rape experiments
at Rothamsted in 2000/01, 2001/02 and 2002/03. (a) Oldest
(HA@®) and youngest (A O) leaf number present in 2000/01
(M), 2001/02 (AA) and 2002/03 (@O (large plants (—),
small plants (- - - -)). (b) Number of attached leaves (youngest
leaf number — oldest leaf number + 1) in 2000/01 (H), 2001/02
(A) and 2002/03 (@ (large plants (—), small plants (- - - -)).
Data are means for 30 untreated, marked plants assessed
approximately weekly

loss occurred at a similar rate to leaf production and
the number of leaves/plant remained relatively con-
stant at ca. 6.5 in 2001/02 and on small plants in
2002/03, 7.5 in 2000/01 and 11.5 on large plants in
2002/03. Although leaf production on small plants in
2002/03 was initially slow, by 90 DAS the mean
number of leaves/plant was similar to that in 2000/01
and 2001/02 because leaf loss was less. The leaf
production and mean number of leaves/plant in-
creased rapidly between 180 and 220 DAS, when
stem extension occurred, in 2001/02 but not in 2002/
03. The period of rapid leaf loss after 220 DAS
coincided with flowering and pod development. In
2000/01, leaf assessments stopped before stem
extension, at the beginning of February, because of
frost damage.

As leaf number increased in each season, leaves
stayed on the plant for progressively longer periods
initially but then for progressively shorter periods
towards the end of the season (Table 2). Leaf number
12 (present for 106 days), 14 (for 120 days) and 10
(101 days) were present for the longest times in 2001/
02, 2002/03 (large plants) and 2002/03 (small plants),
respectively.

In all seasons GS 3,5 (flower buds visible above
leaves) was reached ca. 225 DAS (late March/early
April). Thereafter, the rate of plant development was
similar in 2000/01 and 2001/02, but with pod and
seed development occurring approximately 10 days
earlier in 2002/03. The growing season (DAS to
harvest) was shorter in 2002/03 than 2000/01 or
2001/02 (Table 1). The average number of pods/plant
at harvest was 180 (2000/01), 170 (2001/02), 415
(2002/03 large plants) and 150 (2002/03 small
plants). The average diameter of stem bases was
1.9 cm in 2001/02 and 2.6 for large plants and 1.4 cm
for small plants, respectively, in 2002/03. The
number of pods/plant (V) and stem diameter (D)
were highly correlated for large (N = 25.1 D — 230.0,
R* =0.72) and small (N = 17.0 D — 88.2, R* = 0.64)
plants in 2002/03, suggesting that average stem
diameter in 2000/01 was similar to that in 2001/02
since pods/plant were not significantly different.

Epidemic development on marked plants
In the autumn of the 2002/03 season, the first major

L. maculans ascospore release (taken as when
>20 spores m > were collected by the Burkard spore
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sampler, which provides an indication of the date
when spore concentrations first increased above
background concentrations) occurred on 21 October
2002, ca. 30 days later than in the previous seasons
(26 September in 2000 and 18 September in 2001)
(Fig. 2). At the time of the first major ascospore
release, leaf numbers 1-5 were present on >50% of
marked plants in 2000/01 and 2001/02, while in
2002/03, leaves 1-10 or 1-4 were present on >50% of
large or small marked plants, respectively. In each
season, ascospore release continued until at least the
end of January with no periods of more than 10 days

4000 - (a)

3000 4

2000 4

1000 t
1

3000 - (b)

2000

1000 - “

Leaf number

300 4

200

Leptosphaeria maculans ascospores m-3

100 4

300 4

200

100

1 51 101 151 201 251
Days after sowing

Fig. 2 Daily concentration of Leptosphaeria maculans as-
cospores collected by a Burkard spore sampler surrounded by
oilseed rape stems from the previous season’s untreated plots
and situated approximately 1 km from the field experiment
(—); times of assessment of 30 untreated, marked plants ()
and length of time between assessments when leaf numbers up
to 30 were present on >15 out of 30 untreated, marked plants
(—) from up to 260 DAS, in relation to time of flusilaz-
ole + carbendazim applications ( | ), in 2000/01 (assessments
stopped 160 DAS because of frost damage) (a), 2001/02 (b)
and 2002/03 (two phases of emergence) on large plants (c¢) and
small plants (d). For clarity, different scales have been used on
some primary and secondary y-axes
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on which at least 20 spores m > were not collected.
However, the timing of the maximum ascospore
release differed between seasons, occurring 58, 85
and 102 DAS in 2000/01, 2001/02 and 2002/03,
respectively. The earlier first and maximum asco-
spore releases in 2000/01 were associated with an
early, severe phoma leaf spot epidemic, while the
later ascospore releases in 2002/03 were associated
with later development of the phoma leaf spot
epidemic (Fig. 3). The development of lesions on
marked plants (Fig. 3a) was similar to that on plants
sampled from plots (Fig. 3b). In 2001/02, the early
first ascospore release was associated with an early
phoma leaf spot epidemic (October), but the maxi-
mum % leaves with phoma leaf spot was less than in
the other two seasons. The number of lesions/leaf on
marked plants also differed between seasons, with
maxima of 2.8 (30 November), 0.5 (12 December),

Stem canker severity

40

% leaves with phoma leaf spot

20 4

0 50 100 150 200 250 300
Days after sowing

Fig. 3 Development of phoma leaf spot and stem canker on
marked (a) and destructively sampled (b) plants in untreated
winter oilseed rape (cv. Apex) experiments at Rothamsted in
2000/01, 2001/02 and 2002/03. (a) Shows % leaves affected by
phoma leaf spot (—) and stem canker score (0—4 scale) (- - - -)
on 30 marked plants in 2000/01 (H), 2001/02 (A), and 2002/03
(two phases of emergence) large plants (@) and small plants
(O). (b) Shows % leaves affected by phoma leaf spot (-—-)
and final stem canker score (0—4 scale) (- - - -) on 25 or 30
destructively sampled plants in 2000/01 (H), 2001/02 (A) and
2002/03 (@). In 2002/03, poor emergence meant that the
fungicide experiment was moved to a different site in the same
field, so marked and sampled plants were from different
untreated plots
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0.8 and 0.6 (31 January) in 2000/01, 2001/02 and on
large and small plants in 2002/03, respectively.

In 2000/01 and 2001/02, when the timing of leaf
development and the start of ascospore release were
similar, the relative contributions made by different
leaf numbers (layers) to the overall phoma leaf spot
epidemic (in lesion °C-days) were also similar
(Fig. 4a, b). In these two seasons, leaf numbers 3—
10 were most severely affected (Table 2). In 2002/03,
when large plants developed quickly and ascospore
release was late, early leaves (numbers 1-6) devel-
oped little disease with leaf number 12 the most
severely affected (Fig. 4c). On small plants in this
season, the rate of leaf development was slow and the
severity of phoma leaf spotting on different leaf
numbers was similar to those in 2000/01 and 2001/02
despite the later ascospore release (Fig. 4d). The
relative contribution of each leaf number to the
phoma leaf spot epidemics differed between seasons,

Fig. 4 Thermal time from
sowing to birth,
development of phoma leaf
spot, and death on leaf 15
numbers 1-20 of 30

untreated, marked plants, in

relation to time of 10
flusilazole + carbendazium
treatments, on winter
oilseed rape (cv. Apex)
experiments at Rothamsted
in 2000/01 (a), 2001/02 (b)

20 4

but later leaves tended to make a larger contribution
to the phoma leaf spot epidemic when the contribu-
tion was measured as number of lesion °C-days
(Table 2).

Development of phoma stem canker on marked
plants (Fig. 3a) and destructively sampled plants
(Fig. 3b) was similar in all three seasons. The early,
severe phoma leaf spot epidemic in 2000/01 was
associated with severe stem base canker at harvest.
The early, less severe phoma leaf spot epidemic in
2001/02 was also associated with severe stem canker.
The mean final stem canker score on marked plants
was 3.2 in 2000/01 and 2.7 in 2001/02, and the timing
and rate of canker development was similar in the
two seasons (Fig. 3a). Stem canker severity in 2002/
03, when the phoma leaf spot epidemic was later than
in the previous two seasons, was considerably less
than in 2000/01 or 2001/02 (Fig. 3). Stem canker
severity was not significantly different between large

and 2002/03 (two phases of
emergence) on large plants
(c) and small plants (d).
Vertical lines (}) indicate
timing of fungicide sprays 15 4
F1, F2 and F3. (e)

Individual graphs for each

20 4

Leaf number

leaf number in each season 10

having the components: (1)

lines are vertical when some

of the leaves were already

dead or missing at the first

assessment, (2) lines are 0

vertical when some of the 500 1000

leaves were still present

1900 °C-DAS. The area

shaded black corresponds to (e)
% plants with that leaf (leaf
number) multiplied by °C-
days that the leaves were
affected with phoma spots

% plants with
leaf born'

1500 2000 500 1000 1500 2000
BC-days after sowing

% plants with leaf
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and small plants in 2002/03. Analysis of the
relationship between different measures of phoma
leaf spotting (lesion days, lesion °C-days, and days
and °C-days with >1 lesion present per plant) and
stem canker severity on marked plants did not
demonstrate any significant correlation between
severity or duration of phoma leaf spot and severity
of stem base canker for any season in these exper-
iments.

Effect of timing of flusilazole + carbendazim
spray on phoma leaf spot and stem canker
epidemics

In 2000/01, treatment F1 (9 October) was associated
with a decrease in phoma leaf spotting at 2 and
5 weeks after application, but there was no difference
between treated and untreated plots by January
(Table 3). In 2001/02, plots receiving treatment F1
(22 October) had less phoma leaf spotting in
November, December and January than untreated
plots. In 2002/03, plots receiving treatment F1 (4
November) had less phoma leaf spotting from
November to January than the untreated plots but
there was no difference by February. In 2000/01,
plots receiving treatment F2 (6 November) had fewer
leaves affected by phoma leaf spot in the period
January to March than untreated plots. In 2001/02,
plots receiving treatment F2 (19 November) had
<50% the number of leaves affected by phoma leaf
spot in December and January than untreated plots,
but there was no difference by February. In 2002/03,
plots receiving treatment F2 (18 December) did not
differ from untreated plots in the % leaves affected.
In 2000/01, plots receiving treatment F3 (14 Decem-
ber) had significantly less phoma leaf spot in
February and March than untreated plots. In 2001/
02, plots receiving treatment F3 (8 January) did not
differ from untreated plots in phoma leaf spot
incidence. In 2002/03, plots receiving treatment F3
(16 January) did not differ from untreated plots in
February, but did in March. In each season, the two
half-rate applications, especially those including the
F3 timing, decreased severity of phoma leaf spot by
more than single full-rate applications from January
onwards. Routine fungicide applications greatly
decreased the % leaves with phoma leaf spotting in
all three seasons.

@ Springer

Flusilazole + carbendazim treatments generally
decreased the severity of stem canker in June in all
three seasons (Table 3). The two half-rate applica-
tions were sometimes more effective than single full-
rate applications, except in 2001/02, and the routine
applications decreased canker severity most. By July,
differences in the severity of stem canker between
fungicide and control plots were less, especially in
2003 when stem canker was not as severe as in other
seasons. Fungicide treatments increased yield
significantly in 2000/01 and 2001/02 but not in
2002/03 (Table 3). In 2000/01 and 2001/02, the yield
responses from autumn flusilazole + carbendazim
plus spring tebuconazole treatments were much
greater than from tebuconazole alone, and yields
were greatest in plots with routine fungicide appli-
cation.

Effect of fungicides on light leaf spot

By February or March in each season, light leaf spot
(Pyrenopeziza brassicae) affected 12—-15% leaf area
on untreated plants (data not shown). All autumn
flusilazole + carbendazim treatments decreased leaf
area affected by light leaf spot by more than 50%.
Tebuconazole was applied each spring to control
epidemics of light leaf spot on pods. Severe light leaf
spot epidemics did occur on pods in 2000/01 and
2001/02, and ca. 10% pod area was affected on
untreated plants. The spring tebuconazole treatment
decreased the % plants with light leaf spot on pods by
approximately 50%, whereas the autumn applications
of flusilazole + carbendazim had little effect.

Discussion

These experiments suggest that the timing of phoma
leaf spotting in autumn has a greater influence on the
severity of subsequent phoma stem canker epidemics
than either the severity or duration of phoma leaf spot
epidemics. Thus, severe stem canker epidemics
developed in 2000/01 and 2001/02 when leaf spots
appeared in October but not in 2002/03 when they
appeared in November. This conclusion is supported
by data from the 2003/04 growing season, in which
major L. maculans ascospore release and associated
leaf spotting did not occur until December (Pirie et al.
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Fig. 5 Scheme showing
optimal timings for autumn
fungicide applications to
control phoma stem canker
in winter oilseed rape (cv.
Apex), depending on the
timing of phoma leaf spot
epidemic and crop growth
stage (number of leaves
present). For farm crops
where the data necessary to
calculate °C-days are
lacking (i.e. no local
records), approximate
thresholds for times after
sowing are: 800 °C-

Spray half dose at
7-leaf stage. Spray
half dose at 15-leaf

How many leaves on
plants?

When is phoma leaf
spot threshold (10%
plants affected)
reached?

800-1300 >1300
oC-days ®C-days
after after
sowing sowing

No spray needed
for phoma stem
canker

How many leaves on
plants?

>15

No spray needed
for phoma stem
canker

Spray full dose at
7-leaf stage

stage if >10%
plants affected

days &~ 50-60 days;
1300 °C-days ~ 100-
135 days

Spray half dose
immediately. Spray
half dose at 15-leaf

stage if >10%
plants affected

Spray full dose
immediately

December (F3) sprays both gave yield responses and
in 2001/02 the optimal date for spraying was 22
October (F1). In both seasons, these sprays controlled
the disease on leaves 7-11 (Fig. 4a, b) at a time when
the incidence of phoma leaf spotting was increasing
rapidly (Fig. 2). By the time this application ceases to
be effective, new leaf infections are unlikely to
produce severe basal stem cankers (Sun et al. 2000).
By contrast, in 2000/01 the 9 October (F1) applica-
tion was too early to give optimal control of stem
canker because there was little leaf spotting at that
time (Fig. 3).

These experiments provide evidence that a series
of sprays of fluzilazole + carbendazin gives the best
control of stem canker and hence the greatest yield
response in seasons with early phoma leaf spot
epidemics (<800 °C-DAS). In both 2000/01 and
2001/02, the greatest yield responses resulted from
the routine treatment (Table 3), which included at
least four autumn/winter applications of flusilaz-
ole + carbendazim (Table 1). Similarly, West et al.
(2002) found that the decrease in the severity of
phoma stem canker epidemics was greatest when five
sprays of difenoconazole + carbendazim were
applied, with reduced control as the number of sprays
decreased. However, the additional yield increase
relative to programmes with only one or two sprays is
unlikely to be economic. Nevertheless, a split dose
two-spray application programme is optimal when
phoma leaf spot epidemics persist too long for all the
necessary leaf layers to be protected by a single

spray. Since the duration of a phoma leaf spot
epidemic cannot be predicted early in the season, two
half-dose fungicide applications are advisable when-
ever the threshold level of leaf spotting (>10% plants
affected) is reached earlier than 800 °C-DAS (Fig. 5).
In this study the duration of the phoma leaf spot
epidemic was longest in 2000/01 (Fig. 3). In this
season, the split October/December and November/
December spray programmes gave better control of
stem canker and greater yield responses than any of
the single applications of flusilazole + carbendazim
(Table 3). There was also a yield response to the two-
spray programmes in 2001/02, when the duration of
the phoma leaf spot epidemic was shorter (Fig. 3), but
this may have been due to the control of diseases
other than phoma stem canker, since the severity of
stem canker was not decreased further by a second
application (Table 3).

These results suggest that in growing seasons with
very late phoma leaf spot epidemics (starting
>1300 °C-DAS), the application of fungicides to
control stem canker is unnecessary (Fig. 5). Flusilaz-
ole + carbendazim applications gave little yield
increase when the phoma leaf spot epidemic was
late (2002/03) by contrast with the two seasons when
it was early (2000/01 and 2001/02) resulting in severe
stem canker in untreated plots (Table 3). A similar
pattern has been observed with difenoconazole + carb-
endazim (West et al. 2002). These results also suggest
that fungicide application before the appearance of
leaf spotting does not control phoma stem canker.
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The 4 November (F1) application in 2002/03, applied
before leaf spotting appeared, had no effect on yield,
whereas the later sprays had a small effect (Table 3).
This is in contrast to the control of light leaf spot in
winter oilseed rape, whereby effective control
requires autumn spraying before symptoms are
apparent, as the disease has a long symptomless
phase (Gilles et al. 2000).

Other diseases, particularly light leaf spot, and the
growth regulatory effects of fungicides are also
important considerations in optimising the timing of
fungicide application on UK winter oilseed rape
crops. In this study, a spring application of tebuco-
nazole to control light leaf spot on pods gave
substantial yield responses in two seasons. Spring
applications of tebuconazole also slow stem exten-
sion and hence reduce lodging, which had as great an
effect on yield as controlling phoma stem canker in
Germany (Kruse and Verreet 2005). Since the timing
of pathogen ascospore release from oilseed rape
debris to initiate phoma stem canker and light leaf
spot epidemics are both largely controlled by tem-
perature and rainfall (Gilles et al. 2000; Toscano-
Underwood et al. 2003), there is likely to be a
correlation between the timings of the two disease
epidemics. However, given that the optimal fungicide
timing in relation to development of these two
diseases is different, growers should prioritise the
control of the dominant disease in their area.
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