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Abstract

The epidemiology of Botrytis cinerea was studied in five annual strawberry crops using waiting-bed transplants,
a system widely adopted in the Netherlands. On dead leaves of transplants the incidence of B. cinerea varied from
26.7% to 52.6%, but the leaf area with potential sporulation was low (3.5-15.6%). During each crop cycle, the
availability of necrotic leaf substrate for spore production of B. cinerea was generally low and varied between
seasons and with the quality of transplants. B. cinerea sporulated on a maximum of 15.5 cm? of leaf area per plant,
measured as potential sporulation. The aerial concentration of B. cinerea conidia in untreated plots did not differ
from the concentration in plots where all dead leaves had been removed, nor from the concentration at 25-50 m
distance from the strawberry plots. B. cinerea incidence on flowers ranged from 5% to 96%, but no correlation was
found with the potential spore production on necrotic leaves. Grey mould at harvest varied from 1.4% to 11.3%
and was correlated with the average precipitation during the harvesting period but not with B. cinerea incidence
on flowers. Post-harvest grey mould ranged from 2.1% to 32.6% and was correlated with petal colonisation by
B. cinerea. The results suggest that in the annual cropping system with waiting-bed transplants, necrotic leaves are
not a significant source of B. cinerea inoculum, unlike in other strawberry production systems. Therefore, control
measures of grey mould in this annual system should focus on protection of flowers and young developing fruits,
and not on the reduction of inoculum production on leaf debris.

Introduction

Strawberry (Fragaria x ananassa Duch.) can be culti-
vated in the open field as a perennial or annual crop.
Annual crops are grown in spring, summer or autumn
(Galletta and Bringhurst, 1990). A particular annual
cropping system with waiting-bed transplants is used
in Northwest Europe, especially in the Netherlands. In
this system, transplants are produced during autumn
by planting fresh runners in August into waiting-
beds. The transplants are harvested in December and
subsequently stored at —2°C (Rosati, 1991). Such

cold-stored dormant transplants can be planted in the
production field from April till July. The risk of building
up soilborne diseases in the production field is also
reduced because of the shorter cropping period. More-
over, the choice of transplanting date allows the grower
a flexible planning of crops according to labour load,
risks of losses and expected prices.

Fruit rot caused by B. cinerea Pers. (Teleomorph:
Botryotinia fuckeliana (de Bary) Whetzel) (Hennebert,
1973), known as grey mould, is an important
world-wide disease in strawberry production systems.
According to Powelson (1960), Jarvis (1962a) and
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Jarvis and Borecka (1968) grey mould on fruits is
mostly due to infection from colonised senescent or
dead flower parts by B. cinerea. After the develop-
ment of fruit rot, mycelium of the fungus may invade
adjacent strawberry fruit during ripening. Braun and
Sutton (1987) demonstrated that the primary inoculum
of B. cinerea leading to flower infection and fruit
rot in perennial strawberry crops is produced mainly
on necrotic strawberry tissue inside the crop, present
during the flowering period. Several measures have
been proposed to control grey mould in perennial
and overwintering strawberry, based on suppression of
inoculum production on strawberry plant debris, such
as sanitation (Sutton et al., 1988), chemical control
(Powell, 1952; Jordan and Pappas, 1977) and biologi-
cal control (Sutton and Peng, 1993).

Quantitative epidemiology of B. cinerea in straw-
berry has been studied in the field and under controlled
conditions. In perennial crops, significant correlations
were found between flower infection or fruit rot at har-
vest and weather variables during or after the flow-
ering period (Jarvis, 1964; Wilcox and Seem, 1994;
Xu et al., 2000). Under controlled conditions, Bulger
et al. (1987) found an increase of flower infection by
B. cinerea with increasing wetness duration, and could
predict the incidence of grey mould as a function of
temperature and wetness duration during the flowering
period. Sosa-Alvarez et al. (1995) described the effect
of temperature and leaf wetness on B. cinerea sporula-
tion on dead strawberry leaves.

The epidemiology of grey mould has not yet been
studied in the annual cropping system using cold-stored
waiting-bed transplants. It may differ from overwinter-
ing crops because the oldest leaves of the transplants
are mostly removed before planting, so that crops start
with few necrotic leaves in spring. The dynamics of
necrotic tissue after transplanting and its role as sub-
strate for sporulation of B. cinerea may also differ from
other cropping systems, because the transplants in the
waiting-bed system are artificially maintained in dor-
mancy for 3—6 months at —2°C.

The objective of this study was to investigate the
relationships between the inoculum production of
B. cinerea on necrotic leaves, colonisation of flowers
by B. cinerea, and the development of grey mould in
the annual waiting-bed production system of straw-
berry under field conditions. Quantitative knowledge
of the relative importance of the different inoculum
sources will be helpful to identify the most appropri-
ate targets for control strategies in such a cropping
system.

Materials and methods
Field plots

The data for this study were mainly collected in
the untreated plots of five field experiments on the
control of grey mould of strawberry cv. Elsanta (Boff,
2001). The experiments were located on a sandy
soil near Wageningen, the Netherlands. Transplant-
ing dates were (1) 10 April 1997; (2) 27 June 1997;
(3) 06 May 1998; (4) 19 June 1998 and (5) 16 April
1999. There were five and four untreated replicate
plots in 1997 and 1998, respectively, which were ran-
domised with the other treatment plots within blocks.
In 1999, the experiment consisted of a single untreated
plot. All plots consisted of 78 plants in an area of
4.5 x 4.33 m, surrounded by at least 10 m grass buffer
to reduce inter-plot interference. Cold-stored dormant
transplants, kept at —2 °C until the day before plant-
ing, were transplanted in double rows with three plants
per metre row length. Spacing of rows between double
rows was 1 m and within double rows 0.5 m. Sprinkler
irrigation (1997) and a mist irrigation system (1998,
1999) were used to ensure water supply for plant devel-
opment in dry periods from transplanting till beginning
of flowering. From beginning of flowering until the first
harvest, strawberry plots were irrigated every second
night (5 min per 90 min, in total 40 min per night) to
stimulate epidemic development of B. cinerea.

Primary inoculum on transplants

Primary inoculum of B. cinerea was assessed on the
lots of transplants used in experiments 3 and 4. In
both experiments, a total of 50 stolons, senescent and
dead leaflets was taken from the cold-stored dormant
transplants. The sampled plant parts were washed thor-
oughly with tap water and put separately into plastic
trays (50 cm length x 30 cm width x 7 cm height) with
wet filter paper at the bottom and closed with a plastic
bag. After 14 days incubation at 18 °C in the dark, the
incidence of B. cinerea was assessed and the area with
pathogen sporulation was estimated for each leaflet
or stolon unit, using a stereomicroscope with ocular
micrometre at 10 x magnification.

Strawberry phenology and necrotic leaf area

The phenology of the strawberry crops was deter-
mined by periodical non-destructive measurements



from transplanting until harvest, on four (1997) or five
(1998) plants per plot, arbitrarily selected and labelled.
In the single untreated plot in 1999, 10 plants were
monitored. The numbers of flowers and fruits per plant
were counted on five to eight occasions of which the
dates are shown in Figure 1. The area of necrotic leaf
tissue was estimated by measuring the length and width
of each necrotic leaf part with a millimetre scale ruler
and calculating the area as a rectangle. Averages of
necrotic leaf area and number of flowers per plant per
replicate plot were considered in further data analysis
(Figure 1).

Assessment of B. cinerea

Conidial load in the air

The load of B. cinerea conidia in the air was monitored
using Rotorod samplers Mod. 20 (Sampling Technolo-
gies, Minneapolis, USA) with a non-retracting collec-
tor. Rotorods were positioned at 0.3 m height in the
centre of an untreated plot and 25, 50 and 50 m out-
side the strawberry plot in the grass buffer for the years
1997, 1998 and 1999, respectively. Spore samples were
collected on two, five, three and six different dates in the
experiments 2, 3, 4 and 5, respectively. Two to four runs
per sampling date with 15 min duration per run were
carried out between 8:00 and 13:30 h, the most likely
period for spore release of B. cinerea (Jarvis, 1980).
In experiments 3 and 4, the spore load was also assessed
in a plot in which all senescent and necrotic leaflets
had been removed twice per week from transplanting
till first harvest (sanitation plot). The spores of one
rod per run were stained with cotton blue (2 ml lactic
acid + 4 ml glycerol + 1.5 ml cotton blue at 1% + 2 ml
demineralised water) and conidia of B. cinerea were
counted on the 22 mm upper part of a rod using a micro-
scope at 200 x magnification, and the number of coni-
dia of B. cinerea per cubic metre of air was calculated
(Sampling Technologies, 1989).

Colonisation of necrotic leaves

Samples of 10—40 half or whole necrotic leaflets were
harvested per plot and incubated under moist condi-
tions to assess the potential sporulation of B. cinerea
as an estimate of the colonisation of the substrate by
the pathogen. In each sample, not more than one leaflet
per plant and not more than 5% of the total necrotic
leaf area was removed per plot. This limit was consid-
ered to be the maximum that could be removed without
significantly disturbing the availability of substrate for
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B. cinerea in the field. Six samples of necrotic leaflets
were collected per plot in experiment 1 (13, 22 and
30 May, 6 and 20 June and 9 July, 1997), four samples
in experiment 2 (22 and 29 July, 5 and 14 August,
1997), three in experiment 3 (7 May, 8 and 16 June,
1998) and three in experiment 4 (20 June, 21 July
and 4 August, 1998). No assessment of sporulation on
necrotic leaves was done in experiment 5. The leaflets
harvested from each plot were put into a plastic tray
(50 cm length x 30 cm width x 7 cm height) with wet
filter paper at the bottom and closed with a plastic
bag and incubated for 14 days at 18 °C in the dark.
The percentage area with sporulation of B. cinerea was
estimated for each leaflet, using a stereomicroscope at
10 x magnification. The area colonised by B. cinerea
per plant was estimated from the total necrotic area per
plant and the proportion of area sporulating after incu-
bation. In the correlation analyses interpolated values
of the leaf area were used when the assessment dates
were not exactly the same as the dates on which other
variables were assessed.

Flower colonisation

Samples of 20-30 flowers per plot were arbitrarily
collected, each from different plants, on two (exp. 1,
2 and 5) or three (exp. 3 and 4) sampling dates
(Table 2). Only flowers already opened for three to
four days with brown anthers and with petals still
attached were included in the sample. The flowers
were put into plastic boxes (22cm length x 14 cm
width x 5 cm height) with wet filter paper at the bot-
tom and incubated at 18°C for 14 days in the dark.
All flower parts, except peduncles, were examined
for the presence of sporulation of B. cinerea with a
stereomicroscope, at 10—100 x magnification. Flowers
were considered colonised by B. cinerea when at least
one conidiophore with conidia was present on any of
the flower parts. The incidence of B. cinerea sporu-
lation on flowers was calculated per sampling date
per plot.

In addition to the incidence of B. cinerea on flow-
ers, the petal area colonised by B. cinerea was esti-
mated from separate samples in the experiments 3, 4
and 5. Twenty to 25 senescent petals were arbitrarily
collected per sampling date per plot, each petal from
a different plant. The number of sampling dates was
three (11 and 20 June and 2 July, 1998), four (21 July,
2, 5 and 11 August, 1998) and five (24, 27, 28 and
31 May and 4 June, 1999) for the experiments 3, 4
and 5, respectively. No sampling of petals was done
in the experiments 1 and 2. The petals were placed on
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Figure 1. Total necrotic leaf area and area of necrotic leaf tissue with potential sporulation of Botrytis cinerea (Y1), and number of
flowers (Y2) per plant, in five annual waiting-bed crops of strawberry. No assessment of potential sporulation of B. cinerea was done in
experiment 5. Crops were transplanted on 10 April 1997, exp. 1 (A), 27 June 1997, exp. 2 (B), 6 May 1998, exp. 3 (C), 19 June 1998,
exp. 4 (D), and 16 April 1999, exp. 5 (E). Days at which spores were sampled with Rotorods are indicated.



water agar (1.5% of agar) in sterile plastic petri dishes
(14 cm diameter) and incubated for 14 days at 18 °C in
the dark. The percentage area with B. cinerea sporula-
tion was estimated for each petal using a stereomicro-
scope, at 20 x magnification.

Fruit rot

Grey mould was determined at harvest by counting the
number of diseased fruits with B. cinerea symptoms
(field fruit rot) and the total number of fruit harvested
per plot at each harvesting date. All ripe healthy fruit
and all fruit with B. cinerea symptoms were picked
twice per week. Healthy fruits were always picked sep-
arately from diseased fruits to avoid contamination dur-
ing harvesting. For post-harvest evaluations diseased
fruits with non-specific symptoms were placed in moist
chambers for 72h at 18 °C in the dark, to allow fur-
ther development of symptoms. Post-harvest fruit rot
was assessed using a sub-sample of ripe symptomless
fruit, consisting of 20 arbitrarily selected fruits per plot.
Fruits of each replicate were put into a plastic tray
(50 cm length x 30 cm width x 7 cm height) with wet
filter paper on the bottom. Each tray was closed within
a plastic bag and incubated at 4 °C during five days in
the dark and subsequently for three days at 18 °C. After
incubation, rotten fruits with B. cinerea sporulation on
any part of the fruit were counted as post-harvest grey
mould.

Microclimatic conditions

Relative humidity and temperature were monitored
with an electronic sensor (Pow 8-35 VDG, Rotronic
AG, Bassersdorf, Switzerland) positioned at 30cm
height within a strawberry plot inside the experimen-
tal area. Precipitation was measured by a rain gauge
(Casella, London, UK). Wetness of necrotic leaves was
measured in the canopy at 5 cm height, with leaf wet-
ness sensors developed by Kohl et al. (1995). Data
were recorded each half-hour by a data-logger (Delta-T
Devices Ltd, Cambridge, UK).

Data analysis

Statistical analysis was performed with the Genstat 5
version 4.1 package (Numerical Algorithm Group,
Inc., Oxford, UK). Correlation analysis among epi-
demiological and weather variables was conducted
by computing Spearman’s coefficient of correlation
(ry) (Snedecor and Cochran, 1989). This correlation
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coefficient was also computed between the observed
incidence of B. cinerea on flowers and the predicted
spore production of B. cinerea per strawberry plant
in the field over a five-day period before sampling of
flowers. Spore production per leaf area was predicted
with a descriptive model as a function of observed wet-
ness duration and average temperature during wetness
over the five-day period. The model equation used was
log(Y) = —7.03 + 2.22[3.02 + (0.0026l0g (W) T?) +
(—0.00011 log(W)T*)], where Y is the number
of B. cinerea conidia percm? of leaf tissue, W
is the duration of leaf wetness in days, and 7T is
the average temperature during the wetness period
(equation 7 of Sosa-Alvarez et al., 1995). The spore
production of B. cinerea per strawberry plant was
calculated as the product of predicted spore pro-
duction per leaf area and the observed necrotic
leaf area with potential sporulation per plant. Cor-
relation analysis was also done between observed
levels of grey mould in subsequent harvests dur-
ing a season and predicted values calculated with
a descriptive model with observed temperature and
wetness duration during the flowering period as
inputs. The model equation used was In(Y /(1 — Y))=
—3.526 4+ 0.0228WT — 0.1940W — 1.7 x 107°WT?,
where Y is the proportion of strawberry fruit infected
by B. cinerea, W is the duration of leaf wetness in
hours, and T is the average temperature during the
wetness periods (equation 5 of Bulger et al., 1987).

For each experiment separately, mean spore loads of
B. cinerea in the air monitored at different locations
were compared with the paired 7-test to detect signifi-
cant differences. In addition, a confidence interval was
calculated for the proportion of days with a higher aver-
age spore load of B. cinerea inside the untreated plots
as compared to outside the strawberry plots.

Results
Conidial load in the air during flowering

The average number of conidia per m® of air was always
below 25 (Table 1). In only one of the 39 runs the con-
centration of conidia was higher than 100 per m® of air.
A higher spore load of B. cinerea inside the untreated
strawberry plots as compared to outside the plots was
found on 10 of 16 days, a proportion of 0.63 (Table 1).
This proportion is not significantly different from the
expected value of 0.50, given its large 95% confidence
interval (0.35, 0.85). Differences between spore loads



620

Table 1. Estimated air load of conidia of B. cinerea as determined by Rotorod sampling during
flowering in plots with annual strawberries at Wageningen, the Netherlands

Experiment! Number of spores per m® Proportion of days

of air per run? with spore catch

Control Outside® Sanitation Control > Control >

Outside Sanitation

Exp. 2, 1997 19.5 10.4 — 0.50 —
Exp. 3, 1998 8.8 7.0 8.3 0.60 0.40
Exp. 4, 1998 23.8 4.7 7.4 0.67 0.33
Exp. 5, 1999 6.3 10.2 — 0.67 —
Pooled data 0.63*

The proportion of days on which more conidia were caught at one location as compared to another
is also presented. Control = inside untreated strawberry plots; Outside = outside strawberry plots;
Sanitation = inside strawberry plots where all dead leaves were removed.

'Rotorod sampling was not conducted in experiment 1.

*Means of 5, 12, 10 and 12 runs, in exps. 2, 3, 4 and 5, respectively; paired ¢-tests on log-transformed
numbers of spores per run did not show significant differences (P > 0.05) in mean air load of
conidia between the different sampling locations for any experiment.

3Rotorods were located at 25 m (1997) or 50 m (1998, 1999) from strawberry plots.

495%-confidence interval is 0.35-0.85.

inside and outside the strawberry plots were generally
less than 10 conidia per m* of air. No significant dif-
ferences between spore loads inside untreated plots,
inside sanitation plots and outside the strawberry plots
were found in any of the experiments. Daily average
and daily peak values of the spore load in the air inside
untreated plots as estimated from Rotorod samples,
were notcorrelated with the potential spore productions
of B. cinerea on necrotic leaves, calculated with equa-
tion 7 of Sosa-Alvarez et al. (1995) as explained in the
materials and methods section.

Substrate availability and inoculum
production of B. cinerea

The incidence of B. cinerea on cold-stored transplants
was 26.7% (exp. 3) and 52.6% (exp. 4) on dead leaves,
and 29% (exp. 3) and 32.2% (exp. 4) on stolons. The
incidence of B. cinerea on senescent leaves was 30.3%
(exp. 3) and 75% (exp. 4). The area with potential
sporulation of B. cinerea on dead leaves was 3.5%
and 15.6% for experiments 3 and 4, respectively. The
dynamics of necrotic strawberry leaf tissue showed
similarity among experiments 1, 2 and 5 and among
experiments 3 and 4 (Figure 1). In experiments 1,
2 (1997) and 5 (1999) the amount of necrotic leaf
tissue increased steadily after transplanting but was
below 25cm? per plant until the beginning of flow-
ering, then increased further during flowering. This

trend was not observed in experiments 3 and 4 (1998)
in which more necrotic leaf tissue was found during
the first three—four weeks after transplanting, whereas
the presence of necrotic tissue was lower at flower-
ing. The necrotic leaf area with potential sporulation
of B. cinerea followed the same dynamics as the total
area of necrotic leaf tissue in experiments 2 and 3
but not in experiments 1 and 4. The largest area with
potential sporulation of B. cinerea per plant (15.5 cm?)
was found in experiment 3, 14 days after transplant-
ing. In relation to strawberry phenology, the area with
potential sporulation of B. cinerea reached its maxi-
mum when the first flower appeared in experiments
1 and 3, at the middle of flowering in experiment 2,
and at transplanting time in experiment 4. Among the
dates of flower sampling, the total necrotic leaf area
per plant varied from 16.5 to 137.9 cm?, and the leaf
area per plant with potential sporulation of B. cinerea
ranged from 0.7 to 15.4cm? (interpolated values,
Table 2).

Flower colonisation

The incidence of B. cinerea on flowers varied in the
five experiments from 5.1% (exp. 1, sample 1, 1997) to
96% (exp. 2, sample 2, 1998) (Table 2). The incidence
of B. cinerea on flowers increased during the season
in all experiments except in experiment 4. No signif-
icant correlation was found between the incidence of
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Table 2. Incidence of flower colonisation by B. cinerea, camulative precipitation over the five days preceding
sampling of flowers, total area of necrotic leaf tissue, area of necrotic leaf tissue with potential sporulation at
the date of flower sampling and predicted number of conidia' on necrotic tissue per plant calculated over a
period of five days before sampling of flowers of untreated strawberry plots, at Wageningen, the Netherlands

Experiment/ Incidence of Cumulative Necrotic leaf tissue Predicted number
sampling date Botrytis on precipitation, per plant (cm?) of conidia of
flowers (%) —5-0 days Total  With potential B. cinerea
(mm) sporulation of per plant
B. cinerea
Exp. 1/sample 1 5.1 89.5 86.3 1.9 25792
11 June 1997
Exp. 1/sample 2 14.9 92.0 108.0 1.7 629
17 June 1997
Exp. 2/sample 1 76.2 11.0 123.6 4.1 162
29 July 1997
Exp. 2/sample 2 96.0 8.0 1379 145 11
4 August 1997
Exp. 3/sample 1 63.7 127.5 492 165 4192
8 June 1998
Exp. 3/sample 2 70.0 40.5 30.1 8.7 231
15 June 1998
Exp. 3/sample 3 81.3 92.0 26.1 4.9 23656
2 July 1998
Exp. 4/sample 1 83.7 4.5 48.0 3.7 2
21 July 1998
Exp. 4/sample 2 75.0 46.5 16.5 0.8 490
5 August 1998
Exp. 4/sample 3 60.1 109.0 19.2 0.7 88131
11 August 1998
Exp. S5/sample 1 60.2 35.5 88.0 — —
6 June 1999
Exp. 5/sample 2 65.2 24.5 97.1 — —
9 June 1999

!Calculated with equation 7 of Sosa-Alvarez et al. (1995).

B. cinerea on flowers and the total area of necrotic
leaf tissue (r, = 0.04, df = 10, P > 0.05), the area
of necrotic leaf tissue with potential sporulation of
B. cinerea (r, = 0.43,df = 8, P > 0.05), or the per-
centage area with potential sporulation of B. cinerea on
necrotic tissue (r, = 0.45,df = 8, P > 0.05), at the
time of sampling of flowers. The sum of precipitation
(rain 4+ irrigation) over a period of five days before sam-
pling of flowers was highly variable among sampling
dates, ranging from 4.5 to 127.5 mm (Table 2). How-
ever, the incidence of B. cinerea on flowers was not pos-
itively correlated with this or other climatic variables,
such as cumulative precipitation (r, = —0.57 to —0.08,
df = 10) or daily leaf wetness duration (r;, = —0.58
to —0.85, df = 10), during 2, 3, 4, 5, 7, 10 or 14 days
before sampling of flowers. There was no positive cor-
relation between the predicted levels of spore produc-
tion of B. cinerea on necrotic leaves and the incidence
of B. cinerea on flowers, calculated either over seven

days (r;, = —0.50, df = 8) or five days (r, = —0.72,
df = 8) before sampling of flowers (Table 2).

Grey mould

Fruit rot at harvest ranged from 1.4% (exp. 2) up to
11.3% (exp. 4), and post-harvest grey mould ranged
from 2.1% to 32.6% (Table 3, average values per
experiment). Post-harvest fruit rot was typically greater
than fruit rot at harvest and no correlation was found
between these two variables (r, = 0.0, P > 0.05).
Fruit rot at harvest was significantly correlated with
daily average precipitation during the harvest period
(rs = 0.9, P < 0.05), but post-harvest fruit rot was
not (r, = 0.1, P > 0.05). The incidence of B. cinerea
on flowers was better correlated with post-harvest grey
mould (r; = 0.6, P > 0.05) than with grey mould
at harvest (r, = —0.1, P > 0.05), but neither of the
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Table 3. Grey mould at harvest (HarvRot), post-harvest grey mould (PostRot), % area with potential sporulation of B. cinerea on
necrotic leaves (LPS), Botrytis incidence on flowers (FBI), % area with potential sporulation of B. cinerea on petals (Petal), average
daily precipitation during flowering and average daily precipitation during harvesting of strawberry untreated plots of five experiments at

Wageningen, the Netherlands

Experiment HarvRot PostRot LPS FBI Petal Average daily precipitation
(%' (%) (%)? (%)’ (%! Flowering Harvest
Period (mm) Period (mm)

Exp. 1, 1997 9.5 13.1 9.4 9.9 — 14 May-23 June 9.6 16 June-17 July 5.5
Exp. 2, 1997 14 26.9 5.6 86.1 — 16 July-5 August 2.0 11 August-25 August 3.0
Exp. 3, 1998 10.1 10.4 22.4 71.7 20.3 31 May-9 July 14.6 2 July-3 August 6.2
Exp. 4, 1998 11.3 32.6 9.5 72.9 294 8 July—13 August 9.9 13 August—7 September 11.3
Exp. 5, 1999 11.2 2.1 — 62.7 5.8 16 May-17 June 12.5 18 June-12 July 5.6

! Average of 10 (exp. 1), 5 (exp. 2), 10 (exp. 3), 8 (exp. 4) and 5 (exp. 5) samples.
2 Average of 6 (exp. 1), 4 (exp. 2), 3 (exp. 3) and 3 (exp. 4) samples.

3 Average of 2 (exp. 1), 2 (exp. 2), 3 (exp. 3), 3 (exp. 4) and 2 (exp. 5) samples.

* Average of 3 (exp. 3), 4 (exp. 4) and 5 (exp. 5) samples.

correlations were significant. The area with sporulation
of B. cinerea on petals, assessed in three experiments,
was significantly correlated with post-harvest fruit rot
(ry = 1.0, P < 0.05), but not with fruit rot at harvest
(Table 3). A significant correlation between the per-
centage of fruit rot observed in subsequent harvests in
the field and the level of fruit rot predicted with the
model of Bulger et al. (1987) was found in one exper-
iment (exp. 3, r;, = 0.71, P < 0.05), but never for
post-harvest fruit rot.

Discussion

Inoculum production on necrotic leaves
inside the crop

Necrotic leaf tissue inside the crop is the major source
of conidial inoculum for flower infection by B. cinerea
in perennial strawberry crops (Jordan, 1978; Braun
and Sutton, 1987). In our study, the area of necrotic
strawberry leaves increased from beginning of flow-
ering till after the peak of flowering in experiments
1, 2 and 5 or from transplanting until beginning of
flowering in experiments 3 and 4. These differences
were probably due to differences in the quality of
transplants and growing conditions after transplanting.
In experiments 3 and 4, planting of weak transplants
resulted in a relatively large amount of necrotic leaf
area soon after transplanting, but these leaves quickly
decomposed and almost disappeared by flowering time.
Leaves that senesced and died in the five annual straw-
berry crops were mostly those produced during autumn

of the previous year, when the plants were growing in
the waiting-beds. This generation of leaves is similar
to the one reported by Braun and Sutton (1988) as the
major source of conidia of B. cinerea during flowering
in perennial strawberry crops. However, the amount of
necrotic leaf residue produced in the annual strawberry
crops in our experiments was much less than in peren-
nial strawberry production systems. The maximum we
found was a necrotic leaf area of ¢. 150 cm? per plant,
which is equivalent to a dry weight of c. 2 g per plant.
In perennial crops, dry weights were found to vary
between 10 and 25 g (Sutton et al., 1988).

The trend in the area with potential sporulation of
B. cinerea differed from the trend in the total necrotic
leaf area, except in experiment 2. Sutton et al. (1988)
also did not find a relationship between the amount of
dead leaf tissue in the crop and the potential sporula-
tion of B. cinerea on the tissue. Sporulation on necrotic
leaves in the field was rarely observed during our study
(Boff, 2001), despite the conducive environmental
conditions created by regular irrigation (Sosa-Alvarez
et al., 1995). Other factors besides temperature and
wetness duration may affect sporulation of B. cinerea,
such as the quality of leaf substrate. Sporulation of
B. cinerea was observed more frequently on necrotic
tissue of young leaves than on fully expanded necrotic
leaves in the field (data not presented).

Despite the considerable incidence of B. cinerea on
senescent and necrotic leaves of transplants (25-75%),
the relatively low amount of necrotic leaf substrate for
spore production and the low levels of actual and poten-
tial spore production observed, suggest that necrotic
leaves were not a major inoculum source of B. cinerea



in the annual strawberry crops we studied. This conclu-
sion is supported by the absence of significant differ-
ences in air load of conidia inside and outside the crops,
and between crops with and without necrotic leaves
(Table 1). In this respect the epidemiology of B. cinerea
in the annual waiting-bed strawberry production sys-
tem differs from the epidemiology as described for
perennial and overwintering strawberry crops.

Colonisation of flowers by B. cinerea

The incidence of B. cinerea on sampled flowers was
high in almost all experiments. In 10 of 12 samples the
incidence of B. cinerea was greater than 60%. Accord-
ing to Braun and Sutton (1987, 1988) the inoculum
for flower colonisation by B. cinerea in spring origi-
nates mainly from necrotic leaves inside the crop. We
did not find significant correlations between the inci-
dence of B. cinerea on flowers and total necrotic leaf
area present during flowering, the leaf area with poten-
tial sporulation of B. cinerea, or predicted amount of
sporulation based on colonised leaf area and weather
conditions (Sosa-Alvarez et al., 1995). An explana-
tion for the absence of positive correlations is that the
amount of conidia produced locally on necrotic leaves
in the untreated plots was too low to enhance markedly
the inoculum pressure as compared to its background
level. The finding that removal of all necrotic leaf tis-
sue from strawberry plots did not affect the incidence
of B. cinerea on flowers (Boff, 2001), confirms this
explanation. Conidia of B. cinerea are a common com-
ponent of the air spores, and the background air load
in our experimental area was not higher than reported
elsewhere (Jarvis, 1962b). Given the wide host range of
this fungus, the inoculum probably came from a variety
of sources outside the strawberry plots, and was suffi-
cient to result in an average incidence of B. cinerea on
60% of the flowers.

Grey Mould

None of our experiments demonstrated a correlation
between grey mould at harvest and the potential pro-
duction of conidia on necrotic leaves inside the crop or
incidence of B. cinerea on flowers. Post-harvest fruit
rot was significantly correlated with the level of petal
colonisation by B. cinerea. This is probably due to
latent infections of young fruit originating from flower
parts (Powelson, 1960; Jarvis, 1962a; Bulger et al.,
1987). Fruit rot at harvest was significantly correlated
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with the daily average precipitation during the harvest
period. Jarvis (1964) also found a high correlation
between fruit rot and pre-harvest rainfall, and suggested
that the transition of latent mycelium in the fruit to an
aggressive phase is hastened by increased water con-
tent which can be facilitated by rain. Similarly, Wilcox
and Seem (1994) found that the rainfall during the
green fruit stage plus pre-harvest period was one of
the most important variables for predicting grey mould
incidence at harvest.

When we applied Bulger’s models (Bulger et al.,
1987) to predict fruit rot at harvest and post-harvest as
a function of leaf wetness and temperature during flow-
ering, we obtained a significant correlation between
predicted and observed levels in only one case of fruit
rot at harvest, in experiment 3. These results can be
partly attributed to the absence of conducive conditions
for expression of harvest fruit rot. An additional expla-
nation for the lack of correlation of Bulger’s models
with observed levels of post-harvest fruit rot, is that the
predictions by Bulger’s models assume a constant and
sufficient presence of inoculum, whereas in our exper-
iments the inoculum load fluctuated daily.

In conclusion, our observations suggest that plant
debris inside annual strawberry crops using waiting-
bed transplants is a not a major source of inoculum
for flower infection. This is confirmed by observa-
tions that removal of all necrotic tissue did not affect
the incidence of B. cinerea on flowers, the incidence
of grey mould at harvest, or the incidence of post-
harvest grey mould as compared to a control treatment
(Boff, 2001). The level of grey mould on fruit in the
field depends more on conducive conditions for dis-
ease during fruit development and ripening than on the
incidence of B. cinerea on flowers or inoculum pro-
duction on necrotic leaves. However, when conditions
for symptom expression are suitable, the level of grey
mould is determined by the level of flower colonisation
by B. cinerea, as was demonstrated by the correlation
between post-harvest grey mould and petal colonisa-
tion. Control strategies for grey mould, in annual straw-
berry cropping systems using waiting-bed transplants
should therefore aim to protect the flowers from coloni-
sation by inoculum of B. cinerea.
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