Eur J Plant Pathol (2016) 144:773-783
DOI 10.1007/s10658-015-0748-y

@ CrossMark

Development of grape downy mildew (Plasmopara viticola)
under northern viticulture conditions: influence of fall disease

incidence

Odile Carisse

Accepted: 31 August 2015 /Published online: 15 October 2015
© Koninklijke Nederlandse Planteziektenkundige Vereniging 2015

Abstract In Eastern Canada, several of the grape (Vitis
spp.) cultivars susceptible to downy mildew
(Plasmopara viticola) are hybrids (e.g. ‘Chancellor’
and ‘Vidal’) that are protected with soil or geotextile
fabric during the winter months. This practice, although
useful for protecting vines from winter injuries, provides
shelter for P. viticola oospores during adverse winter
conditions. It is thus expected that a large proportion of
P. viticola oospores will overwinter. The objective of
this study was to investigate the relationship between
fall downy mildew incidence and disease development
in the following spring. This relationship was
established using data collected from 2008 to 2011 in
plantings with the cultivars ‘Chancellor’, ‘Vidal’, and
‘Seyval Blanc’ in plots with fall mildew incidence of
0%1t02.5%,>2.5%to 5 %,>5 % to 10 %, and >10 %
to 20 %. Downy mildew severity was assessed weekly
from bud break until harvest, and the proportion of leaf
area diseased at 25 % bloom and at harvest, the area
under the disease progress curve, the time to 50 %
maximum disease, the rate of disease progress, and the
yield were estimated. Regardless of the cultivar and
year, fall mildew incidence had a significant effect on
mildew progress. Higher fall mildew incidence was
associated with earlier development of symptoms and
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higher severity of mildew at bloom in the following
spring. This information could be used to determine
the most appropriate strategy to manage downy mildew
during the following spring. However, more research is
needed to determine how management strategies should
be adapted to the various levels of risk.
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Introduction

Wine is a leading product for agro-tourism in
Eastern Canada, where small vineyards are located
along various wine routes. Growing grapes (Vitis
spp.) in a cold climate is challenging, because the
grape varieties grown must produce mature grapes
within the frost-free period, make good wine, and
survive the winter conditions, particularly temper-
atures below —30 °C. Hence, cultivars such as
‘Chancellor’, ‘Vidal’, or ‘Seyval Blanc’ must be
protected during the winter months because they
are injured at temperatures below —25 °C (Jolivet
and Dubois 2000). There are two main methods of
winter protection: the vines can be covered either
with geotextiles fabric or with soil from between
the rows. In both cases, the objective is to keep
the temperature around the vines above —15 °C
(Jolivet and Dubois 2000).

Downy mildew is one of the most important grape
diseases worldwide. It is caused by Plasmopara
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viticola, which was first observed in 1834 in the north-
eastern USA, its centre of origin (Gessler et al. 2011).
Because of the importance of this crop and of this
disease, many scientific and technical reports are avail-
able on P, viticola ecology and downy mildew epidemi-
ology and management (Gessler et al. 2011). In their
review, Gessler et al. (2011) mention that since 1910,
more than 3000 reports had been published on grape
downy mildew.

Grape downy mildew is a polycyclic disease
with two distinct phases, namely the primary in-
fections caused by oospores and the secondary
infections caused by sporangia. The life cycle of
P. viticola and the epidemiology of grape downy
mildew are well known and documented (Gessler
et al. 2011). In brief, P. viticola overwinters as
oospores within infected leaves on the soil surface
or within the surface layer of the soil. Oospore
production in the fall is favored by dry conditions
and occurs under a wide range of temperatures
during leaf senescence (Rouzet and Jacquin
2003). Depending on cultivar susceptibility and
mildew severity during the growing season, up to
50,000 oospores can be produced per square meter
of vineyard floor (Rossi et al. 2008b; Rossi et al.
2009). These oospores mature during the late win-
ter and early spring, and mature oospores germi-
nate during the spring, causing the primary infec-
tions. Oospore maturation occurs in two distinct
phases: first, oospores mature morphologically,
resulting in the thinning of their outer membrane,
and then they mature physiologically, a phase that
corresponds to a reorganization of the nucleic ma-
terial and lipid reserves (Vercesi et al. 1999). In
the spring, the germination of mature oospores is
favored by the rupture of their outer wall, which
might be caused by a minor frost. The temperature
influences the time at which primary infections
begin. The germination of oospores starts when
the soil temperature reaches 12 °C and the soil is
wet; an accumulation of 160° days (base tempera-
ture of 8 °C) is necessary to break oospore dor-
mancy (Rouzet and Jacquin 2003). Once dormancy
has been broken, germination is influenced by
temperature, rain, and humidity (Caffi et al.
2009; Hill 2000; Rossi et al. 2008a, 2008b). Oo-
spore germination is favored by temperatures
above 11 °C (Park et al. 1997) and inhibited by
temperatures above 30 °C (Blouin 2007). In
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Eastern Canada, the favorable period for oospore
germination corresponds to May to June. However,
the germination of oospores may occur over a
period of 2 to 3 months (Gobbin et al. 2003,
2005). Under favorable conditions, up to 50 zoo-
spores per oospore could be produced and rain-
splashed to new shoots or bunches located near
the ground (Rossi and Caffi 2012; Viret and Sieg-
fried 1996). Vines that require winter protection
are usually trained so that fruiting buds are located
at a maximum of 30 to 40 cm from the ground
(Low Head system), making them highly vulnera-
ble to infection by splashed zoospores.

The first symptoms of downy mildew infection
typically appear at the time of emergence of inflo-
rescences. However, on winter-protected vines and
under severe disease pressure, symptoms on newly
emerging shoots may appear soon after soil remov-
al in the spring, which coincides with the bud
break period (Fig. 1). Zoospores that fall on sus-
ceptible tissues encyst in healthy tissues (Kiefer
et al. 2002) and infect the vines, provided that
the tissue wetness, temperature, and ontogenic re-
sistance conditions are favorable (Kennelly et al.
2005; Lalancette et al. 1987; Riemann et al. 2002).
The incubation period varies from 4 to 9 days
depending on air temperature, relative humidity,
and vine susceptibility (Kennelly et al. 2007;
Orlandini et al. 2008; Rosa et al. 1995). Lesions
first appear as oil spots and progress to become
reddish brown. Sporangia are produced on the
underside of leaf lesions, on infected tendrils, and
on berries. These sporangia will act as secondary
inoculum.

Most damage is caused by infections of inflo-
rescences, which result in flower rot, and by in-
fections of bunches before the nouaison growth
stage. Later infections are less likely to cause
direct losses because the berries are less suscepti-
ble once the veraison stage has been reached
(Kennelly et al. 2005). Consequently, from a yield
standpoint, early infections are much more damag-
ing than are late infections (after nouaison) (Galet
1977; Jermini et al. 2010). Downy mildew affects
the quantity and quality of the berries produced. In
addition, late infections reduce vine vigor
(Davidou and Crachereau 2011; Dubos 2002). This
latter consequence is especially important for
northern viticulture, because the vines must be
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Fig. 1 Downy mildew symptoms caused by Plasmopara viticola on newly emerged shoot (a) and on clusters located near the ground (b)

vigorous enough in the fall to survive during the
winter months.

Because of the polycyclic nature of the disease
and the importance of oospores as initial inoculum,
the management of grape downy mildew generally
relies on fungicide applications early in the season
to control primary infections and to avoid infec-
tions of inflorescences, flowers, and young berries.
Considering that the most important weather factor
affecting oospore survival is temperature (Galet
1977), one can hypothesize that the methods of
protecting vines for the winter favor the winter
survival of oospores. If that is the case, the
amount of mildew on leaves in the fall should
influence the onset and severity of mildew in the
following season. However, the nature of this re-
lationship is unknown. The objective of this study
was to examine the influence of downy mildew
incidence in the fall on disease onset, disecase
progress, and yield reduction in the following sea-
son on vines that are protected for the winter.

Materials and methods
Vineyard description

The experiments were conducted at the Agriculture
and Agri-Food Canada experimental farm located
in Frelighsburg, Quebec, Canada (lat. 45°03'12" N,
long. 72°51'42" W). The experiments were con-
ducted from 2008 to 2011 in vineyards planted in
2003. A first set of data was collected in an
experimental vineyard planted with Chancellor, a

cultivar highly susceptible to downy mildew. A
total of 16 subplots, each measuring 12 x 12 m,
were arranged in a Latin square with each subplot
6 m away from another one and were used to test
the influence of fall downy mildew incidence on
disease development in the following season. In
the fall of 2008, 2009, and 2010, all the subplots
were assessed during the last week of September
for leaf downy mildew incidence. At each assess-
ment, the 15 youngest leaves on two shoots from
eight vines per subplot were examined for the
presence or absence of downy mildew. Downy
mildew incidence was defined as the percentage
of mildewed leaves. The subplots were then
grouped based on downy mildew incidence into
four groups corresponding to incidences of 0 %
to 2.5 %, >2.5 % to 5 %, >5 % to 10 %, and
>10 % to 20 % diseased leaves. From each inci-
dence group, three subplots were selected. Hence,
of the 16 subplots, 12 were used each year (four
mildew incidences x three replicates). Because
downy mildew incidence increased over the years,
the subplots with more than 25 % downy mildew
incidence were managed in the following season to
keep downy mildew incidence within the selected
incidence categories. The second set of data was
collected in control plots of downy mildew man-
agement trials performed in replicated experimental
plots measuring 12 x 12 m and planted with
Vidal, a susceptible cultivar, and Seyval Blanc, a
moderately susceptible cultivar. In the fall of 2008,
2009, and 2010, all the experimental plots were
assessed for leaf downy mildew incidence as de-
scribed above. Each year, three plots with fall
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downy mildew incidence within each of the previ-
ously described categories were selected.

For winter protection, the lower parts of the
plants were covered, in the fall after leaf drop,
with 40 to 60 cm of soil, which was removed in
the following spring. During the 3 years of the
study, insecticides were applied when required,
mainly to control flea beetle (Altica chalybea).
Fungicides were applied to control both powdery
mildew (Erysiphe necator) and Botrytis bunch rot
(Botrytis cinerea). Other cultural practices were
done in accordance with the standard practices
used in the other parts of the vineyard (Ontario
Ministry of Agriculture, Food and Rural Affairs
2008).

Data collection

Grape downy mildew was assessed weekly from
bud break (mid-May) until harvest (late September
to early October) by looking at two shoots on the
same eight vines, selected randomly at the first
sampling. At each sampling, the total number of
leaves and the percent leaf arca discased were
recorded. The percent leaf area disecased was esti-
mated using a scale that was divided into eight
classes corresponding to 0 %, >0 % to 1 %, >1 %
to 5 %, >5 % to 10 %, >10 % to 20 %, >20 % to
40 %, >40 % to 80 %, and >80 % to 100 % leaf
area diseased. The yield was estimated based on
the total weight in kilograms of marketable clus-
ters per vine.

Data analysis A first set of variables was derived
directly from the data collected, namely the percent leaf
area diseased at 25 % bloom (PLADy;00m) and at harvest
(PLADyavest), the yield at harvest, and the area under
the disease progress curve standardized for the epidemic
duration (AUDPCygy), using the following equation:

n—1

PLAD; + PLAD;
AUDPC = Z < i l+l> X (ti1—t)
7

2

where 7 is the number of assessments, and PLAD; is the
percent leaf area diseased at time ¢

Another set of parameters was derived from
fitting a growth model to the percent leaf area
disecased data expressed as a proportion of maxi-
mum cumulative percent leaf area diseased
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(PCPLAD), so that the data ranged from 0 to 1.
Based on the observed patterns of PCPLAD prog-
ress, the sigmoid model (Eq. 2) was fitted to the
data as follows:

PCPLAD = ;
(’(Ho))
14+e\" 7

where x is the time in days of the year, X, is the time at
which the PCPLAD is one half of the maximum, and b
is the slope of the linear portion of the sigmoid curve.

Curve fitting was done separately for each cultivar
and each year. Non-linear regression analyses were con-
ducted using the SAS software program (PROC NLIN;
version 9.3; SAS Institute Inc., Cary, NC, USA). Data
were analyzed separately for each year and each cultivar
by analysis of variance followed by a Tukey’s test for
means comparisons. Analysis of variance and mean
comparison tests were conducted using the SAS soft-
ware program (version 9.3, PROC ANOVA).

Results

Over the 3 years of the experiment, more mildew
developed in the plots planted with the cultivar
Chancellor, followed by the plots with the cultivar
Vidal and then by those with the cultivar Seyval
Blanc (Figs. 2, 3, and 4). Regardless of the culti-
var, mildew severity was highest during the 2010
season, followed by 2011 and then 2009 (Figs. 2,
3, and 4). In general, the first mildew symptoms
were observed during the first week of June and
mildew severity increased until about 40 days be-
fore harvest, after which point downy mildew se-
verity decreased until harvest.

For the cultivar Chancellor, regardless of the
sampling year, no mildew was observed at 25 %
bloom when the previous fall leaf mildew inci-
dence had been below 5 % diseased leaves
(Table 1). In plots with a previous fall incidence
of >5 % to 10 %, PLADyoom Was significantly
different (P < 0.001) from that of plots with pre-
vious fall incidence of 0 % to 2.5 % in all years
except 2009 (Table 1). In the plots with a previous
fall mildew incidence of >10 % to 20 %,
PLADyj0om Was significantly different (P < 0.001)
from that of plots with lower fall mildew inci-
dences (Table 1). It was observed that PLADypavest
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Fig. 2 Temporal progress of grape downy mildew caused by
Plasmopara viticola in plots planted in 2003 with the cultivar
Chancellor. Percent leaf area diseased was monitored weekly in
plots with different levels of fall mildew incidence. Symbols
represent the mean values over 24 vines (three replications X eight
vines) and their standard error

AUDPCyy, and rate of disease progress (b) in-
creased as previous fall mildew incidence in-
creased (Table 1). In plots with previous fall inci-
dence >10 % to 20 % mildewed leaves per vine,
the time at which the cumulative proportion of leaf
area diseased (PCPLAD) was one half of the max-
imum (xo) was delayed by 20.2, 21.9, and 21.2 d
in comparison with plots with previous fall inci-
dence of 0 % to 2.5 % (Table 1). Significant yield
reductions (P < 0.001) were observed in the plots
with a previous fall mildew incidence of >10 % to
20 %, in the plots with a previous fall incidence
of >5 % to 10 % in 2010 and 2011, and in the
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Fig. 3 Temporal progress of grape downy mildew caused by
Plasmopara viticola in plots planted in 2003 with the cultivar
Vidal. Percent leaf area diseased was monitored weekly in plots
with different levels of fall mildew incidence. Symbols represent
the mean values over 24 vines (three replications X eight vines)
and their standard error

plots with a previous fall incidence of >2.5 % to
5 % in 2011 (Table 1).

For the cultivar Vidal, regardless of the sampling
year, no mildew was observed at 25 % bloom
(PLADp100m) When leaf mildew incidence in the previ-
ous fall had been below 5 % diseased leaves (Table 1).
In plots with a previous fall incidence of >5 % to 10 %,
PLADy,00m Was significantly different (P < 0.001) from
that observed in plots with previous fall incidence of
0 % to 2.5 % in all years except 2009 (Table 2). In the
plots with a previous fall mildew incidence of >10 % to
20 %, PLADy;0m Was significantly different (P <0.001)
from that observed in plots with lower fall mildew
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Fig. 4 Temporal progress of grape downy mildew caused by
Plasmopara viticola in plots planted in 2003 with the cultivar
Seyval Blanc. Percent leaf area diseased was monitored weekly
in plots with different levels of fall mildew incidence. Symbols
represent the mean values over 24 vines (three replications x eight
vines) and their standard error

incidences (Table 2). It was observed that PLADy,arvest
AUDPCgg, and rate of disease progress (b) increased as
fall mildew incidence increased (Table 2). In plots with
previous fall incidence >10 % to 20 % mildewed leaves
per vine, the time at which the cumulative proportion of
leaf area diseased (PCPLAD) was one half of the max-
imum (xo) was delayed by 21.1, 22.7, and 21.8 d in
comparison with plots previous fall incidence of 0 % to
2.5 % (Table 2). Significant yield reductions were ob-
served in the plots with a fall mildew incidence of more
than 5 % (Table 2).

For the cultivar Seyval Blanc, regardless of the
sampling year, no mildew was observed at 25 %
bloom when the previous fall leaf mildew
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incidence had been below 10 % diseased leaves
(Table 3). For all 3 years, in plots with a previous
fall incidence of >10 % to 20 %, PLADyjoom Was
significantly different (P < 0.001) from that of the
plots with a previous fall incidence of 0 % to
2.5 % (Table 3). For all 3 years, PLADparvest
AUDPCy, and rate of disease progress (b) in-
creased as previous fall mildew incidence in-
creased (Table 3). In plots with a previous fall
incidence >10 % to 20 % mildewed leaves per
vine, the time at which the cumulative proportion
of leaf area diseased (PCPLAD) was one half of
the maximum (xo) was delayed by 23.9, 12.1, and
13.6 d in comparison with plots a previous fall
incidence of 0 % to 2.5 % (Table 3). Significant
yield reductions were observed only in the plots
with a fall mildew incidence of >10 % to 20 % in
2010 (Table 3).

Discussion

In grape production for wine making, the selection
of cultivars is a critical decision. It will influence
the type of wine that can be produced, yield, pest
management, training systems, and, in northern
areas, the winter protection practices that are used.
In general, the management of diseases, including
downy mildew, is concentrated during the period
from bud break to nouaison and planned on a
year-by-year basis. However, winter protection
practices aiming to keep temperatures around the
lower parts of the vines above —15 °C may favor
the survival of P. viticola oospores, suggesting that
management strategies should be planned on a
multiyear basis. In other words, the efficacy of
downy mildew management in a given year might
have an influence on the risk of mildew in the
next year. In this study, the influence of fall
downy mildew expressed as the percent diseased
leaves at harvest on disease progress during the
next growing season was studied. Specifically, we
looked at the temporal progress of downy mildew
and mildew severity at bloom, the most critical
vine growth stage, by investigating the leaf mil-
dew severity at the beginning of bloom (25 %
bloom), the time until the epidemic reached
50 % of its maximum, and the rate of mildew
progress. For the highly susceptible cultivar
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Table 1 Variables used to describe downy mildew (Plasmopara
viticola) in vineyard plots with different previous fall mildew

Chancellor, and mildew severity was monitored during the 2009,
2010, and 2011 growing seasons

incidences. The vineyard plots were planted with the grape cultivar

Year Fall mildew incidence PLADyi00m” PLADparvest AUDPCg° xo! B° Yield"
2009¢ 0.0-2.5 % 0.00b 4.61d 1.46d 246.30a 4.10c 2.14a
2009 >2.5-5.0% 0.00b 10.09¢ 4.19¢ 240.30b 7.12bc 2.03a
2009 >5.0-10.0 % 0.57b 36.83a 9.97b 239.20c 9.28b 1.97a
2009 >10.0-20.0 % 4.36a 25.23b 20.49a 226.10d 14.41a 1.41b
2010 0.0-2.5 % 0.00b 12.34c 2.06d 240.70a 6.81c 1.78a
2010 >2.5-5.0 % 0.00b 13.542¢ 6.37¢ 225.10b 10.66b 1.72a
2010 >5.0-10.0 % 10.74a 15.65bc 16.84b 217.70¢ 12.49a 0.82b
2010 >10.0-20.0 % 14.65a 51.44a 38.56a 218.80c 13.32a 0.48¢c
2011 0.0-2.5 % 0.00c 10.25¢ 1.01d 232.90a 5.01c 2.33a
2011 >2.5-5.0 % 0.00c 15.95b 6.47¢c 221.90b 7.66b 1.89b
2011 >5.0-10.0 % 4.49b 8.59d 12.70b 213.90c 11.13a 1.43c¢
2011 >10.0-20.0 % 10.24a 23.17a 28.81a 211.70c 12.17a 0.61d

4 PLADyo0m represents the percent leaf area diseased at 25 % bloom

b PLADyarves Tepresents the percent leaf area diseased at harvest

¢ AUDPC represents the area under the disease progress curve standardized for the epidemic duration

9% represents the time at which the proportion of the maximum cumulative percent leaf area diseased is one half of the maximum

© b represents the rate of disease progress

"Yield expressed as the total weight in kilograms of marketable clusters per vine

€ For each year, values within a column with the same letter are not significantly different based on a Tukey’s test at the 0.05 level of

confidence

Chancellor, from 0.57 % to 10.47 % leaf arca
diseased was observed at the beginning of bloom
in the vine plots with a fall incidence of more than
5 %, and significant yield reductions were ob-
served in those plots. Similar effects of fall mil-
dew incidence were observed for the cultivars
Vidal and Seyval Blanc, indicating that regardless
of cultivar susceptibility, the incidence of downy
mildew in one year will have an influence on the
risk of disease in the next year.

For several years, there was a consensus in the
scientific literature on grape downy mildew that
disease is initiated by only a few primary infec-
tions occurring within a short period in the spring
and that disease progress and consequent yield
reductions are driven mostly by secondary infec-
tions (Gessler et al. 2011). However, recent work
by Gobbin et al. (2003, 2005) highlighted the
importance of oospore infection in downy mildew
epidemics. Without diminishing the importance of
secondary infections, their work clearly showed
the potential of oospores to germinate over

relatively long periods and hence the significance
of primary inoculum in grape downy mildew epi-
demics (Gobbin et al. 2003, 2005). Nevertheless,
several factors influence the severity of downy
mildew epidemics and potential yield losses. The
first factor is the combined oospore-induced pri-
mary infections period and polycyclic (sporangia-
induced secondary infections) nature of the dis-
ease, as well as the possible overlap of both inoc-
ulum types. The second factor is the weather con-
ditions, which influence each stage of pathogen
development (Rossi et al. 2009). The third factor
is the susceptibility of the grape variety and tem-
poral changes in organ susceptibility during the
growing season. In practice, therefore, the risk of
grape downy mildew is modulated by the synchro-
nicity of a sufficient amount of inoculum (primary
and secondary), favorable weather conditions, and
vine-organ susceptibility. The results of this study
suggest that when high numbers of leaves are
infected in the fall (>5 %), a higher amount of
primary inoculum (oospores) will be present in the
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Table 2 Variables used to describe downy mildew (Plasmopara
viticola) in vineyard plots with different previous fall mildew

Vidal, and mildew severity was monitored during the 2009, 2010,
and 2011 growing seasons

incidences. The vineyard plots were planted with the grape cultivar

Year Fall mildew incidence PLADyi00m" PLADparvest AUDPC4° xo B¢ Yield"
2009¢ 0.0-2.5 % 0.00b 3.96¢ 0.98d 246.19a 4.00c 1.67a
2009 >2.5-5.0 % 0.00b 7.99b 3.12¢ 240.64b 7.11bc 1.79a
2009 >5.0-10.0 % 0.34b 8.65b 6.01b 236.06¢ 9.11b 1.56ab
2009 >10.0-20.0 % 2.72a 13.72a 13.09a 225.10d 14.43a 1.29b
2010 0.0-2.5 % 0.00b 2.59d 1.27d 240.10a 7.08¢c 1.53a
2010 >2.5-5.0 % 0.00b 6.58¢ 4.64¢ 225.90b 10.39b 1.38a
2010 >5.0-10.0 % 6.63a 9.51b 11.04b 217.30c 12.56a 0.97b
2010 >10.0-20.0 % 6.64a 14.58a 25.12a 217.40¢ 13.59a 1.02b
2011 0.0-2.5 % 0.00c 1.84d 0.71d 232.90a 4.61c 1.72a
2011 >2.5-5.0 % 0.00c 5.14c 4.18c 221.80b 7.73b 1.97a
2011 >5.0-10.0 % 3.65b 7.99b 8.65b 213.50¢ 11.66a 0.92b
2011 >10.0-20.0 % 6.32a 10.71a 18.66a 211.10c 11.88a 0.86b

4 PLADyo0m represents the percent leaf area diseased at 25 % bloom

b PLADyarves Tepresents the percent leaf area diseased at harvest

¢ AUDPC represents the area under the disease progress curve standardized for the epidemic duration

9% represents the time at which the proportion of the maximum cumulative percent leaf area diseased is one half of the maximum

© b represents the rate of disease progress

"Yield expressed as thwe total weight in kilograms of marketable clusters per vine

€ For each year, values within a column with the same letter are not significantly different based on a Tukey’s test at the 0.05 level of

confidence

following spring, favoring the synchronicity be-
tween the presence of inoculum and the suscepti-
bility of inflorescences. Downy mildew epidemics
were advanced on average by 22, 22, and 16 d for
the highly susceptible cultivar Chancellor, the
moderately susceptible cultivar Vidal, and the
slightly susceptible cultivar Seyval Blanc, respec-
tively. For polycyclic diseases such as grape
downy mildew this period of time is critical as it
allows for more infection cycles and consequently
faster secondary inoculum build-up. In addition, in
the context of northern viticulture, where in the
spring the vines are cut back to about 30 to 40 cm
from the ground soon after the winter protection is
removed, the earlier appearance of leaf symptoms
and the reduced number of healthy inflorescences
per vine might be explained by oospore infection
of leaves and inflorescences that are near the
ground and hence are exposed to zoospore infec-
tions. Nevertheless, considering that downy mil-
dew develops first on leaves, which serve as inoc-
ulum reservoirs for inflorescence and cluster
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infections, and that zoospores are produced contin-
uously, early infections are synonymous with
higher yield losses (Savary et al. 2009).

For several polycyclic diseases with both prima-
ry and secondary inoculum, it is often assumed
that primary inoculum is always present in suffi-
cient amounts to initiate epidemics. This was the
case for apple scab caused by Venturia inaequalis;
for that disease, it was shown that the amount of
disease in the fall has a significant influence on
scab development in the next season and that
epidemics are delayed when inoculum potential is
low (MacHardy et al. 1993; Reardon et al. 2005).
Consequently, treatments aimed at reducing
overwintering inoculum mean that less fungicide
is needed to control apple scab during the next
growing season (Carisse and Rolland 2004; Sutton
et al. 2000). The amount of initial inoculum could
be predicted based on fall disease incidence and
winter weather conditions (Reardon et al. 2005) or
monitored using spore samplers (Charest et al.
2002). Another approach is to assume that there
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Table 3 Variables used to describe downy mildew (Plasmopara
viticola) in vineyard plots with different previous fall mildew

Seyval Blanc, and mildew severity was monitored during the
2009, 2010, and 2011 growing seasons”

incidences. The vineyard plots were planted with the grape cultivar

Year Fall mildew incidence PLADyi00m” PLADparvest AUDPCg° xo! B¢ Yield"
2009¢ 0.0-2.5 % 0.00b 2.96¢ 0.70d 248.54a 3.88d 1.99a
2009 >2.5-5.0% 0.00b 8.79b 2.46¢ 242 .45b 6.39¢ 1.74a
2009 >5.0-10.0 % 0.00b 12.09ab 4.07b 237.10c 8.65b 1.83a
2009 >10.0-20.0 % 1.01a 15.89a 9.30a 224.69d 16.64a 1.94a
2010 0.0-2.5 % 0.00b 7.36¢ 0.97d 233.10a 7.37bc 1.79a
2010 >2.5-5.0 % 0.00b 9.49b 2.69¢ 229.20b 10.79b 1.75a
2010 >5.0-10.0 % 0.00b 10.25b 5.71b 228.30b 9.42b 1.86a
2010 >10.0-20.0 % 3.33a 30.79a 11.27a 221.00¢ 13.60a 1.38b
2011 0.0-2.5 % 0.00b 6.33¢ 041d 227.40a 5.62¢ 1.97a
2011 >2.5-5.0 % 0.00b 10.09b 1.58¢ 223.90b 7.99b 1.83a
2011 >5.0-10.0 % 0.00b 7.25¢ 391b 223.00b 7.57b 1.99a
2011 >10.0-20.0 % 2.36a 14.45a 7.53a 213.80c 12.69a 1.63a

4 PLADyo0m represents the percent leaf area diseased at 25 % bloom

b PLADyarves Tepresents the percent leaf area diseased at harvest

¢ AUDPC represents the area under the disease progress curve standardized for the epidemic duration

9% represents the time at which the proportion of the maximum cumulative percent leaf area diseased is one half of the maximum

© b represents the rate of disease progress

"Yield expressed as thwe total weight in kilograms of marketable clusters per vine

€ For each year, values within a column with the same letter are not significantly different based on a Tukey’s test at the 0.05 level of

confidence

is a relationship between disease incidence and
severity in the fall and the amount of primary
inoculum in the following spring (MacHardy
et al. 1993; Reardon et al. 2005). When such a
relationship exists, assessing the disease level in
the fall is easier than measuring primary inoculum
in the following spring

This study was conducted in plots where the
vines were protected during the winter months,
and hence it is probable that most oospores sur-
vived the winter. The results of our study clearly
show that fall mildew incidence is related to mil-
dew progress and yield reduction during the fol-
lowing growing season. However, it is likely that
in vineyards without winter protection, there is a
similar relationship between fall disease incidence
and primary inoculum in the following spring,
although the environment probably has a greater
influence on oospore survival when the vines are
not protected. Consequently, the relationship be-
tween fall disease incidence or severity and downy

mildew behavior in the following spring must be
established before the results from this study can
be transposed to other regions and other vine-
production systems. Nevertheless, information on
fall downy mildew incidence is of great value for
decisions about downy mildew management. In
practice, if information on fall mildew incidence
is to be included in management decisions during
the following season, an appropriate sampling plan
must be developed so that the time and reliability
of sampling are optimal (Carisse et al. 2009).
Management decisions about grape downy mil-
dew, as with most important crop diseases, should
be based on long-term strategic decisions about mat-
ters such as cultivars, vineyard establishment condi-
tions (row orientation and spacing), and training
systems. Short-term or tactical decisions about grape
downy mildew management must be taken based on
in-field information such as weather-based forecasts
of the time of primary lesion emergence (Caffi et al.
2011) and the potential primary inoculum dose.
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