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Abstract

The current study validated a mechanistic model for Botrytis cinerea on
grapevine with data from 23 independent Botrytis bunch rot (BBR) epi-
demics (combinations of vineyards × year) that occurred between 1997
and 2018 in Italy, France, and Spain. The model was operated for each
vineyard by using weather data and vine growth stages to anticipate, at
any day of the vine-growing season, the disease severity (DS) at harvest
(severe, DS $ 15%; intermediate, 5 < DS < 15%; and mild, DS # 5%).
To determine the ability of the model to account for latent infections,
postharvest incubation assays were also conducted using mature ber-
ries without symptoms or signs of BBR. The model correctly classi-
fied the severity of 15 of 23 epidemics (65% of epidemics) when the

classification was based on field assessments of BBR severity; when
the model was operated to include BBR severity after incubation as-
says, its ability to correctly predict BBR severity increased from 65%
to >87%. This result showed that the model correctly accounts for la-
tent infections, which is important because latent infections can sub-
stantially increase DS. The model was sensitive and specific, with the
false-positive and false-negative proportion of model predictions
equal to 0.24 and 0, respectively. Therefore, the model may be consid-
ered a reliable tool for decision-making for BBR control in vineyards.
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Botrytis bunch rot (BBR), caused by the fungus Botrytis cinerea
Pers. (teleomorph Botryotinia fuckeliana (de Bary) Whetzel), is a se-
rious disease in vineyards (Elmer and Michailides 2007; Williamson
et al. 2007). The fungus affects all vine organs, especially clusters,
and thereby reduces both the quantity and quality of the harvested
grape berries. Crop losses result from damage to inflorescences be-
fore flowering, to flowers during flowering, to young berries at fruit
set, and to berries during ripening; the latter damage is referred to as
bunch rot. Quality is reduced because rotted berries have an altered
chemical composition that causes undesirable flavors in wine (Steel
et al. 2013).
Botrytis cinerea develops and actively grows as a necrotrophic

pathogen and as a saprophyte on different substrates (Elmer and
Michailides 2007). The pathogen overwinters on herb debris, bunch
and leaf trash, and rotted berries, and large numbers of conidia can be
produced on these overwintering sites under a wide range of environ-
mental conditions (Ciliberti et al. 2015a, 2016). The multiple infec-
tion pathways occur in two periods: between flowering to young
cluster development, and after veraison (Elmer and Michailides
2007). During the first period, conidia infect inflorescences and
young berries through three pathways. In pathway I, conidia infect
the styles and ovules; in pathway IIa, conidia infect the stamens or
petals; and in pathway IIb, conidia infect fruit via fruit pedicels
(Elmer and Michailides 2007). These infections can cause either
blossom blight or latent infections of berries. During the flowering
stage, in pathway III, conidia infect and saprophytically colonize
bunch trash (the dead stamens, aborted flowers, aborted berries, ca-
lyptras, and tendrils) retained within the developing bunches (Elmer
and Michailides 2007). In the early season, infection severity

increases with hours of wetness at temperatures near 20°C (Ciliberti
et al. 2015a,b, 2016; Latorre and Rioja 2002; Nair and Allen 1993).
During the second period, latent infections may become visible as
rotted berries and may contribute to final disease severity (DS) but
the contribution of latent infections to final disease remains unclear
(Keller et al. 2003; McClellan and Hewitt 1973). In addition, the my-
celium colonizing the bunch trash can produce conidia under favor-
able conditions and, in pathway IV, the conidial accumulation within
the developing bunch results in a source of inoculum for new infec-
tions of the ripening berries (Elmer and Michailides 2007). In path-
way Va, wind-dispersed conidia infect ripening berries (Elmer and
Michailides 2007) and, in pathway Vb, the aerial mycelium produced
on adjacent infected berries infects ripening berries through berry-to-
berry contact (González-Domı́nguez et al. 2015). From veraison to
ripening, the risk of infection is highest at temperatures between 15
and 25°C and also increases with hours of wetness or high relative
humidity (Broome et al. 1995; Ciliberti et al. 2015b; Latorre and
Rioja 2002; Nair and Allen 1993; Nair et al. 1988). The appearance
of symptoms is also promoted by the increasing susceptibility of ber-
ries approaching maturity (Deytieux-Belleau et al. 2009; Hill et al.
1981; Kretschmer et al. 2007; Mundy and Beresford 2007).
In spite of the complexity of the life cycle of the pathogen, the

management of the disease is commonly based on a routine calen-
dar application of fungicides at four specific grape growth stages
(GS): (i) end of flowering (GS69) (Lorenz et al. 1995), (ii) pre-
bunch closure (GS77), (iii) veraison (GS83), and (iv) before har-
vest (before GS89). This schedule may result in unnecessary
sprays because the applications are preventive and do not take into
account the real risk of BBR infections (González-Domı́nguez
et al. 2019a). To predict the disease risk and help growers in
deciding whether a fungicide application is needed, González-
Domı́nguez et al. (2015) developed a mechanistic model accord-
ing to the principles of “systems analysis” (Leffelaar and Ferrari
1989). The model was previously evaluated with data collected
from 21 vineyards in Italy and France between 2009 and 2014;
according to a discriminant function analysis (DFA), the model
correctly classified 81% of the epidemics (González-Domı́nguez
et al. 2015).
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The validation conducted by González-Domı́nguez et al. (2015),
however, used the same dataset that was used to develop the model.
It follows that additional validation is needed using an independent
dataset (Rossi et al. 2010). Moreover, the model developed by
González-Domı́nguez et al. (2015) indirectly estimates latent infec-
tions considering the risk of infections in the early season but the pre-
vious validation was conducted by using only BBR severities at
cluster maturity in the vineyard and the ability of the model to ac-
count for those infections that are still latent at harvest was not
assessed. In the present study, the model was further validated with
data from 23 independent BBR epidemics that occurred between
1997 and 2018 in Italy, France, and Spain. Latent infections of ma-
ture berries were also assessed to determine the ability of the model
to account for latent infections.

Materials and Methods
Vineyards. Data were collected between 1997 and 2018 from

plots not treated for BBR in eight experimental vineyards: three in
Italy, three in France, and two in Spain. In total, 23 epidemics (com-
binations of vineyard and year) were considered (Table 1). Vineyards
were cropped with grape varieties susceptible to B. cinerea (Table 1)
and were managed as usual for the viticultural area, with the excep-
tion that no fungicides were used to control B. cinerea. Weather data
were collected using standard electronic weather stations placed
along the vineyard borders (with sensors at 1.5 m above the ground).
Temperature (°C), relative humidity (%), wetness duration (hours),
and rainfall (millimeters) were measured hourly.
Field assessments. GS of vines were assessed twice each week

from inflorescences clearly visible (GS53) until harvest (GS > 89)
according to Lorenz et al. (1995). At full ripening (GS89), BBR dis-
ease incidence (DI) and DS were visually assessed on a minimum of
100 random bunches per plot (on at least 20 vines/plot) in at least four
replicate plots per vineyard. DI was calculated as the percentage of
bunches with BBR, and DS was calculated as the percentage of the
bunch surface affected by BBR (Hill et al. 2010).

Incubation assays. In 10 of the 23 epidemics that did not show
any BBR symptoms in the field (Table 2), incubation assays were
conducted to assess the presence of latent infections in ripening ber-
ries. In each epidemic, 100 berries (with their pedicel) that did not
show any symptoms or sign of rot were randomly collected just be-
fore harvest (GS89). Berries were transported to the laboratory in a
cooler and were rinsed under tap water for 3 min, disinfested with
two-thirds distilled water and one-third 5% sodium hypochlorite to
remove epiphytic microflora, and finally rinsed again with sterile wa-
ter. Berries were placed in a metallic box (20 × 15 cm, with a wet fil-
ter paper on the bottom) over a metallic grid net so that berries did not
touch each other or the filter paper. Each of four replicate boxes con-
tained 25 berries. The boxes were sealed in plastic bags to maintain a
saturated atmosphere and were incubated at 25°C with a 12-h photo-
period for 7 days. DI was then assessed as the percentage of berries
showing typical rotting and B. cinerea sporulation; the percentage of
the surface of each berry affected by BBR was also evaluated. The
average severity was then calculated as sum of DS in single (affected)
berries divided by the total number of berries (healthy + affected),
and a value of DS after incubation assays was assigned based on
the standard area diagram of Hill et al. (2010).
Model structure and running. The model was described by

González-Domı́nguez et al. (2015). In brief, the model begins to
operate when grape inflorescences are clearly visible (GS53) and
ends at harvest (GS90), with a time step of 1 day. The model assumes
that inoculum sources are present in the vineyard and estimates the
relative abundance of conidia produced on inoculum sources on
any day of the grape-growing season as a function of the rate at which
the mycelium grows and saprophytically colonizes the source tissue
and produces conidia. The model then assumes that, on any day, ma-
ture conidia may disperse and settle on host plant surfaces. The
model considers two main infection periods. In the first infection
period (between GS53 [inflorescences clearly visible] and GS73
[berries groat-sized, bunches begin to hang]), the model calculates
a daily infection risk for infections by conidia on inflorescences and

Table 1. Characteristics of the vineyards and summary of the weather data recorded in the first and second infection periods of Botrytis cinerea considered by the
model of González-Domı́nguez et al. (2015) for Botrytis bunch rot (BBR)

First infection periodb Second infection periodc

Epidemic Locationa Year Cultivar T (�C)d Rain (mm) Wetness (h) T (�C) Rain (mm) Wetness (h)

LS-97 La Sauve (FR) 1997 Sauvignon 17.2 147.0 334 22.4 130.5 415
LA-02 Latresne (FR) 2002 Sauvignon 17.2 135.2 535 19.4 139.8 343
LA-03 Latresne (FR) 2003 Sauvignon 17.8 118.6 363 24.7 65.8 175
PA-07 Pauillac (FR) 2007 Merlot 17.1 163.4 393 19.8 128.6 347
PA-08 Pauillac (FR) 2008 Merlot 16.9 222.2 376 20.1 152.6 374
PA-10 Pauillac (FR) 2010 Merlot 16.2 251.4 336 19.6 152.8 273
PA-11 Pauillac (FR) 2011 Merlot 17.4 22.4 92 20.2 154.7 199
PA-13 Pauillac (FR) 2013 Merlot 15.8 162.5 532 18.6 101.5 663
PA-14 Pauillac (FR) 2014 Merlot 15.9 159.7 540 20.0 72.5 625
CA-15 Castell’Arquato (IT) 2015 Merlot 18.8 103.4 206 26.2 66.0 85
CO-15 Cormons (IT) 2015 Merlot 18.9 178.2 255 25.5 223.6 213
MA-15 Mandriole (IT) 2015 Trebbiano Romagnolo 19.9 109.7 338 24.7 50.9 295
PA-15 Pauillac (FR) 2015 Merlot 16.7 114.4 461 20.3 195.8 450
CA-16 Castell’Arquato (IT) 2016 Merlot 16.8 273.0 178 24.4 97.4 60
CO-16 Cormons (IT) 2016 Merlot 16.5 275.5 614 24.2 108.2 181
MA-16 Mandriole (IT) 2016 Trebbiano Romagnolo 17.1 184.2 446 23.5 53.3 475
LG-16 La Guardia (SP) 2016 Tempranillo 17.7 30.4 58 18.9 35.8 35
ZA-16 Zalla (SP) 2016 Hondarrabi Zuri 16.2 105.0 392 19.1 158.4 791
CA-17 Castell’Arquato (IT) 2017 Merlot 17.4 120.2 300 25.8 43.2 87
CO-17 Cormons (IT) 2017 Merlot 16.9 155.5 430 25.0 108.8 410
MA-17 Mandriole (IT) 2017 Trebbiano Romagnolo 17.9 81.4 115 24.1 70.0 170
ZA-17 Zalla (SP) 2017 Hondarrabi Zuri 15.4 192.6 813 18.2 177.8 940
CA-18 Castell’Arquato (IT) 2018 Merlot 18.7 153.8 485 24.9 77.8 412

a Country code: IT = Italy, FR = France, and SP = Spain.
b The first infection period extends from growth stage (GS) 53 (inflorescences clearly visible) to GS73 (berries groat-sized, bunches begin to hang).
c The second infection period extends from GS79 (majority of berries touching) to GS89 (berries are ripe for harvest).
d T = average of daily temperatures (°C).
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young clusters (pathways I and II) (Elmer andMichailides 2007). In
the second infection period (between GS79 [majority of berries
touching] and GS89 [berries are ripe for harvest]), the model calcu-
lates the daily infection risk on ripening clusters for infections
caused by conidia (pathway Va) (Elmer and Michailides 2007)
and for berry-to-berry infection by aerial mycelium (pathway
Vb) (González-Domı́nguez et al. 2015). Daily values of infection
risk are accumulated over the time of the corresponding infection pe-
riod, and accumulated values produce new variables (SEV1, SEV2,
and SEV3), which contribute to the total risk of infection. The model fi-
nally uses SEV1, SEV2, and SEV3 as independent variables in a DFA
to classify the epidemics in three groups based on DS at harvest: se-
vere, (DS$ 15%), intermediate (5 < DS < 15%), or mild (DS# 5%).
For each vineyard, the model was operated using the vineyard’s

weather data and vine GS to predict, on any day of the vine-
growing season, the epidemic group (severe, intermediate, or mild)
at harvest (González-Domı́nguez et al. 2015).
Data analysis. Observed BBR epidemics were classified into

three groups based on DS at harvest in the field and after incubation
assays as follows: severe, DS $ 15%; intermediate, 5 # DS < 15%;
and mild, DS < 5% (Table 2). These observed BBR severities (O)
were compared with those predicted by the model (P). A 2 × 2 con-
tingency table was then built, in which P and O were categorized as
either DS < 5% or DS$ 5% by using three different datasets: (i) the
23 epidemics classified based on the DS in the field and predicted by
the model (dataset 1), (ii) the 10 epidemics classified based on the DS
after incubation assays and predicted by the model (dataset 2), and
(iii) the 23 epidemics classified based on the DS after incubation as-
says or in the field and predicted by the model (dataset 3) (Table 2).
Predictions were classified as follows: (i) true positive, when the

epidemics predicted by the model and observed (in the field or in

the incubation assay) were both classified as intermediate or severe
(i.e., DS $ 5% [P+,O+]); (ii) true negative, when the predicted and
observed epidemics were both mild (i.e., DS < 5% [P−,O−]); (iii)
false positive, when the predicted epidemics were intermediate or se-
vere but the observed epidemics were mild (P+,O−); and (iv) false
negative, when the predicted epidemics were mild but the observed
epidemics were intermediate or severe (P−,O+). The true-positive
proportion (TPP or sensitivity), the true-negative proportion (TNP
or specificity), the false-positive proportion (FPP), and the false-
negative proportion (FNP) were then calculated (Madden 2006).
The overall accuracy of the predictions was calculated as the ratio be-
tween correct and total predictions. Bayesian analyses were run to
calculate the following posterior probabilities (Madden 2006; Yuen
and Hughes 2002): (i) the probability that the observed epidemic
was intermediate or severe when predicted to be intermediate or se-
vere, P(P+|O+); (ii) the probability that the observed epidemic was
mild when predicted to be mild, P(P−|O−); (iii) the probability that
the observed epidemic was mild when predicted to be intermediate
or severe (i.e., the model provided unjustified alarms), P(P+|O−);
and (iv) the probability that the observed epidemic was intermediate
or severe when predicted to be mild (i.e., the model does not predict
real infections), P(P−|O+). These posterior probabilities were com-
pared with the prior probabilities. Prior probabilities were calculated
as the proportion of intermediate or severe epidemics P(O+) or mild
epidemics P(O−) relative to the total number of epidemics observed
in the field.

Results
BBR severity observed in the field at maturity ranged from DS =

0 to 52.4% (Table 2). Of the 23 BBR epidemics, 16 were mild (with
average DS = 1.1 ± 0.5), 1 was intermediate (with DS = 11.6), and 6

Table 2. Incidence and severity of Botrytis bunch rot (BBR) in the field and after the incubation assay, and the classifications of the observed and the predicted
epidemics for three datasetsa

Observed

Field Incubation assay

Epidemic DI (%)b DS (%)c Dataset 1 DI (%)b DS (%)c Dataset 2 Dataset 3 Predicted groupd

LS-97 82.9 36.8 S … … … S S
LA-02 87.3 37.1 S … … … S S
LA-03 30.8 4.7 M … … … M M
PA-07 16.2 1.4 M … … … M S
PA-08 96.1 45.9 S … … … S S
PA-10 46.9 2.6 M … … … M M
PA-11 30.4 4.9 M … … … M M
PA-13 90.3 39.2 S … … … S S
PA-14 94.8 52.4 S … … … S S
CA-15 0.0 0.0 M 35.5 3.0 M M M
CO-15 0.0 0.0 M 77.5 9.0 I I S
MA-15 0.0 0.0 M 50.0 10.0 I I I
PA-15 81.6 26.8 S … … … S S
CA-16 0.0 0.0 M 14.0 3.0 M M M
CO-16 0.0 0.0 M 56.0 15.0 S S S
MA-16 0.0 0.0 M 7.0 5.0 I I I
LG-16 2.4 0.1 M … … … M M
ZA-16 55.6 4.1 M … … … M S
CA-17 0.0 0.0 M 14.0 1.0 M M M
CO-17 0.0 0.0 M 63.0 9.0 I I I
MA-17 0.0 0.0 M 36.0 2.0 M M M
ZA-17 82.5 11.6 I … … … I S
CA-18 0.0 0.0 M 59.0 1.1 M M S

a Dataset 1 considers the 23 epidemics that were classified based on disease severity (DS) assessed only in the field (i.e., without data on disease that developed in
the incubation assay), dataset 2 considers the 10 epidemics that were classified based on the DS assessed in the incubation assay (these epidemics had no bunch
rot in the field), and dataset 3 considers all 23 epidemics, which were classified based on the DS assessed only in the field (for 13 epidemics) or in the field and
also in the incubation assay (for 10 epidemics). Epidemic groups: S = severe (DS $ 15%), I = intermediate (5% # DS < 15%), and M = mild (DS < 5%).

b Disease incidence (DI) assessed as the percentage of bunches or berries affected by BBR in the field and in the incubation assay, respectively; the incubation
assay was conducted only for 10 epidemics.

c DS assessed as the percentage of the bunch surface affected by BBR in the field or in the incubation assay.
d Epidemic group predicted by the discriminant function analysis described by González-Domı́nguez et al. (2015).
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were severe (with average DS = 39.7 ± 3. 6) (Table 2). During the
first infection period (i.e., from GS53 [inflorescences clearly visible]
to GS73 [berries groat-sized, bunches begin to hang]), the average
temperature ranged from 15.8 to 19.9°C (Table 1), rain ranged from
22.4 to 275.5 mm, and wetness duration ranged from 58 to 614 h
(Table 1). In the second infection period (i.e., from GS79 [majority
of berries touching] to GS89 [berries are ripe for harvest]), average
temperatures were higher (from 18.2 to 26.2°C) than in the first in-
fection period, rain ranged from 35.8 and 223.6 mm, and wetness du-
ration ranged from 35 to 940 h (Table 1).
The daily model outputs for the 23 BBR epidemics are presented

in Figure 1 in terms of severity categories (mild, intermediate, or se-
vere). Eight of these epidemics (CA-16, CA-15, CA-17, MA-17, LG-
16, PA-10, LA-03, and PA-11) were predicted to be mild all season
long (Fig. 1). The other epidemics were predicted to be intermediate
starting from the second week of May (CA-18, CO-16, CO-17, MA-
16, MA-15, PA-07, PA-15, LA-02, PA-08, and PA-14) to mid-June
(ZA-17 and PA-13), which was between 27 and 2 days before GS69
(i.e., end of flowering; Fig. 1). Seven epidemics were then predicted
to be severe (CA-18, PA-07, ZA-16, PA-15, LA-02, and PA-13, PA-
14) after GS83 (i.e., veraison), between 15 and 44 days before GS89
(i.e., berries ripe for harvest) (Fig. 1). In epidemics CO-16 and ZA-17,
the change from intermediate to severe occurred at GS69, between 112
and 96 days before GS89; in CO-15 and LS-97, the classification
jumped from mild to severe (Fig. 1).

When the classifications of BBR epidemics based on field assess-
ments and model outputs were compared (dataset 1), 15 of the 23 ep-
idemics were correctly classified, so that overall accuracy was 0.65
(Table 3). In the eight misclassifications, observed epidemics were
mild but the model classified them as intermediate (three cases) or se-
vere (five cases) (Table 2), so that FPP was 0.50 (Table 3). The model
correctly classified mild or severe epidemics in 8 of 16 cases, so that
TNP was 0.50, and all of the observed epidemics were mild, so that
TPP was 1 and FPP was 0 (Table 3). Based on the Bayesian analysis,
the posterior probability that the model correctly predicted an inter-
mediate or severe epidemic, P(P+|O+), was 0.47; the posterior prob-
ability that the model correctly predicted a mild epidemic, P(P−|O−),
was 1.00 (Table 3).
For the 10 epidemics with no BBR at harvest but which in-

cluded incubation assays, BBR severity without consideration
of incubation assays was nil in the field (as indicated earlier)
and, therefore, was classified as mild; based on the model, these
epidemics were predicted to be mild in four cases and intermedi-
ate or severe in six cases (Table 2), so that overall accuracy was
0.40. If data from the incubation assays were included (dataset
2), DS ranged 1 to 15%, and the epidemics were classified as mild
in five cases and intermediate or severe in five cases (Table 2), so
that nine of these epidemics were correctly classified by the
model, and the overall accuracy of the model increased to 0.90
(Table 3). The only misclassified epidemic was predicted to be

Fig. 1. Classification of 23 Botrytis bunch rot (BBR) epidemics as (left to right) mild, intermediate, or severe based on the model of González-Domı́nguez et al. (2015), which was
operated daily between growth stage (GS) 53 (inflorescences clearly visible) (Lorenz et al. 1995) and GS89 (berries ripe for harvest). The code of the epidemics (e.g., LS-97) on the
left of each horizontal bar is also shaded based on the observed BBR disease severity (DS) assessed in the vineyard at harvest as lighter (green), intermediate (orange), and darker
(red) when DS < 5%, 5# DS < 15%, and DS$ 15%, respectively. Numbers inside bars indicate the critical growth stages for fungicide applications: 69 = end of flowering, 77 =
prebunch closure, and 83 = veraison.
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severe but was observed to be mild (DS = 1.1%) (i.e., the FPP =
0.20) (Table 3). In the Bayesian analysis of dataset 2, the posterior
probability of correctly predicting mild epidemics, P(P−|O−), was
1.00 and of correctly predicting intermediate or severe epidemics,
P(P+|O+), was 0.83.
When all 23 observed epidemics were classified based on DS

(these classifications included incubation assays for 10 epidemics
and field assessment at harvest for 13 epidemics) and compared with
model output (dataset 3), 20 of 23 epidemics were correctly classified
(i.e., overall accuracy was 0.87) (Table 3). The three epidemics that
were incorrectly classified were mild in the field (with DS = 0%) but
were classified as severe by the model; two of these epidemics (PA-
07 and ZA-16) were only assessed in the field, and only one included
an incubation assay (CA-18) (Table 2). The posterior probability of
correctly predicting intermediate or severe epidemics, P(P+|O+), was
0.80, and was higher for dataset 3 than for dataset 1 (which only in-
cluded field assessment) (P(P+|O+) = 0.47), while the posterior prob-
ability of correctly classifying mild epidemics remained P(P+|O−) =
1.00 (Table 3), indicating that the consideration of latent infections in
the assessment of BBR severity greatly improved the predictive abil-
ity of the model.

Discussion
As noted above, González-Domı́nguez et al. (2015) developed a

mechanistic model that predicts B. cinerea development in grape-
vines and predicts the severity of BBR at harvest as mild (DS <
5%), intermediate (5 # DS < 15%), or severe (DS $ 15%). As part
of the same study, González-Domı́nguez et al. (2015) cross-validated
the model using a dataset composed of 21 epidemics. Although the
cross-validation indicated an overall model accuracy of >80%, the
cross-validation used the same data set that was used to develop
the model. In the current study, the model was further validated by
using an independent dataset based on 23 epidemics (combinations
of vineyard and year) in Italy, France, and Spain. The model’s ability
to predict BBR epidemics as mild, intermediate, or severe was lower
when based on the independent dataset rather than on the dataset used
by González-Domı́nguez et al. (2015) (i.e., only 65% of the epi-
demics were correctly classified). Specifically, the model (without

consideration of latent infections as determined by incubation assays)
misclassified 50% of the mild epidemics (i.e., the epidemics with DS
< 5%); most of these observed epidemics lacked BBR symptoms at
harvest but were predicted to be intermediate or severe by the model.
This misclassification refers to false-positive predictions (Madden
2006), which may result in unjustified alarms and, therefore, in un-
justified fungicide sprays (Shtienberg 2007). Unjustified sprays
should be avoided in order to reduce fungicide costs and fungi-
cide effects on the environment (Epstein 2014) and public health
(Alavanja et al. 2004; Verger and Boobis 2013), and in order to
reduce the risk that resistance to fungicides develops in B. cinerea
populations (Fernández-Ortuño et al. 2016; Fillinger and Walker 2016;
Leroux 2007).
When the model considered BBR severity based on data

obtained both at harvest and after incubation assays, its ability to
correctly predict the epidemics as mild, intermediate, or severe in-
creased from 65 to >87%. In our incubation assays, grape berries
without visible symptoms or signs of B. cinerea at harvest were
kept at a favorable temperature and humidity so that latent infec-
tions could become visible; in other words, the consideration of
BBR severity after incubation assays for model validation meant
the consideration of those latent infections that did not result in
BBR symptoms at harvest under field conditions. That latent infec-
tions are important in B. cinerea epidemiology has been clearly
demonstrated (Keller et al. 2003; McClellan and Hewitt 1973; Nair
et al. 1995; Pezet and Pont 1984). McClellan and Hewitt (1973) and
Pezet and Pont (1984) were the first to report that berries develop la-
tent infections as early as at flowering, and that these infections re-
main latent (not visible) until berries ripen and, in some cases, are
still latent at harvest. Keller et al. (2003) and Nair et al. (1995) found
that the majority of rotted berries at harvest had become infected dur-
ing flowering. The conditions that cause latent infections to result in
the visible rotting of berries are not completely understood; several
factorsmay be important, such asmeteorological conditions and espe-
cially intense rainfall, vineyard and cultivar characteristics, or the
presence of wounds or cracks on the berry skin (Elmer and Michai-
lides 2007; Jarvis 1977; Mundy and Beresford 2007; Nair et al.
1988; Nelson 1951).

Table 3. Bayesian statistics of the classification of the 23 Botrytis bunch rot (BBR) epidemics as mild, intermediate, or severe based on field assessments of
disease severity (DS) in the field or in the incubation assay (observed) and on the model developed by González-Domı́nguez et al. (2015) (predicted)

Predicteda

Datasetb Observedc Yes (P1) No (P–) Accuracyd Likelihood ratio

Prior
probability

(P)e Posterior probability (P)f

1 Yes (O+) 7 (1.00)g 0 (0.00)h 0.65 LR(O+) 2.00 P(O+) 0.30 P(P+|O+) 0.47 P(P–|O+) 0.00
No (O–) 8 (0.50)i 8 (0.50)j … LR(O–) 0.00 P(O–) 0.70 P(P+|O–) 0.53 P(P–|O–) 1.00

2 Yes (O+) 5 (1.00) 0 (0.00) 0.90 LR(O+) 5.00 P(O+) 0.50 P(P+|O+) 0.83 P(P–|O+) 0.00
No (O–) 1 (0.20) 4 (0.80) … LR(O–) 0.00 P(O–) 0.50 P(P+|O–) 0.17 P(P–|O–) 1.00

3 Yes (O+) 12 (1.00) 0 (0.00) 0.87 LR(O+) 3.67 P(O+) 0.52 P(P+|O+) 0.80 P(P–|O+) 0.00
No (O–) 3 (0.27) 8 (0.73) … LR(O–) 0.00 P(O–) 0.48 P(P+|O–) 0.20 P(P–|O–) 1.00

a Membership predicted by the model developed by González-Domı́nguez et al. (2015). “No” are mild epidemics and “Yes” are intermediate or severe epidemics.
b Dataset 1 considers the 23 epidemics that were classified based on DS assessed only in the field (i.e., without data on disease that developed in the incubation
assay) dataset 2 considers the 10 epidemics that were classified based on the DS assessed in the incubation assay (these epidemics had no bunch rot in the field),
and dataset 3 considers all 23 epidemics, which were classified based on the DS assessed only in the field (for 13 epidemics) or in the field and also in the
incubation assay (for 10 epidemics).

c Observed membership is based on DS of BBR assessed in the field at maturity. “No” are mild epidemics with DS < 5% and “Yes” are intermediate or severe
epidemics with DS $ 5%.

d Accuracy: proportion of correct predictions calculated as (P+,O+ / P−,O−) / total cases.
e Prior probabilities for intermediate or severe (O+) and mild (O−) epidemics.
f Posterior probabilities: (i) the probability that the observed epidemic was intermediate or severe when predicted to be intermediate or severe, P(P+|O+); (ii) the
probability that the observed epidemic wasmild when predicted to bemild, P(P−|O−); (iii) the probability that the observed epidemic wasmild when predicted to
be intermediate or severe (i.e., the model provides unjustified alarms), P(P+|O−); and (iv) the probability that the observed epidemic was intermediate or severe
when predicted to be mild (i.e., the model does not predict real infections), P(P−|O+).

g Number of cases; the true-positive proportion (or sensitivity), when the predicted and observed epidemics were both classified as intermediate or severe (P+,O+),
is shown in parentheses.

h Number of cases; the false-negative proportion, when the predicted epidemics were mild, but the observed epidemics were intermediate or severe (P–,O+), is
shown in parentheses.

i Number of cases; the false-positive proportion, when the predicted epidemics were intermediate or severe, but the observed epidemics were mild (P+,O–), is
shown in parentheses.

j Number of cases; the true-negative proportion (or specificity), when both the predicted and observed epidemics were mild (P–,O–), is shown in parentheses.

Plant Disease /May 2020 1295



The improvement of the overall accuracy of themodel-based predic-
tion of BBR epidemics from 65% (based on field data only) to >87%
(based on field data and incubation assays) showed that the model is
able to account for latent infections and, therefore, to correctly repre-
sent the complexity of B. cinerea epidemiology in vineyards. Specif-
ically, the model correctly predicted 20 of 23 epidemics, with 3
epidemics being classified as mild based on observed data but as se-
vere based on the model. In two of these epidemics (PA-07 and ZA-
16), DSwas assessed in the field only (as 1.4 and 4.1%, respectively),
and it is possible that incubation assays, had they been conducted,
may have increased the total BBR severity to >5% (which would ac-
count for the severity in the field plus the severity after incubation as-
says). Therefore, the FPP of model predictions was very low and the
FNP was nil. Based on that, the model can be considered sensitive
and specific (Madden 2006), and may be considered a reliable tool
for supporting decision making for BBR control in vineyards.
One might argue that a model is not very useful if it advises the

need for disease control based on the risk of latent infections even
though these infections may remain latent through ripening and har-
vest (as was the case in 10 epidemics in this research). The control of
latent infections, however, is always useful for three reasons. First,
latent infections that establish between flowering and fruit set repre-
sent an important source of inoculum inside the cluster during ripen-
ing, when they initiate the rotting of berries (pathway I, IIa, and IIb of
Elmer and Michailides 2007) (Calvo‐Garrido et al. 2014); because
the reasons why latent infections initiate the rotting of berries during
ripening in some cases but not in others are unknown, controlling la-
tent infections is warranted. Second, the advantages of early-season
control of B. cinerea have been clearly demonstrated (González-
Domı́nguez et al. 2019a,b) and affect other infection pathways such
as pathways III (saprophytic colonization of bunch trash) and IV (spore
production on bunch trash) of Elmer and Michailides (2007) (Calvo-
Garrido et al. 2014; Fedele et al. in press), in addition to the latent infec-
tion pathways I, IIa, and IIb (Elmer and Michailides 2007). Third, latent
infections can alter the chemical properties of berry juices (Steel et al.
2013); in particular, they can increase the contents of glycerol and glu-
conic acid, which are used as indicators of the negative effects of BBR
on grape juice and wines (Nigro and Versari 2008).
In conclusion, the current study validated a mechanistic BBR

model recently developed by González-Domı́nguez et al. (2015).
Use of this model could improve BBR management in vineyards
by helping farmers schedule fungicides based on the predicted risk
of disease. During the season, the model could advise farmers as to
whether the current weather conditions are favorable for B. cinerea
infection and will lead to a final BBR severity > 5%, which is consid-
ered a threshold for bunch damage (González-Domı́nguez et al.
2015). By using the model, farmers would apply fungicides only
when the predicted final BBR severity exceeds the threshold; this
would prevent the needless application of fungicides. The model is
currently available for growers at vite.net, which is a decision support
system provided by Horta srl (www.horta-srl.it) for the sustainable
management of vineyards (Caffi et al. 2017; Rossi et al. 2012).
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