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ABSTRACT

Climate change will cause new challenges for sustainable crop production, as increasing
temperatures may accelerate the development of thermophilic insect pests and promote their
spread and overwintering capacities. Improved or new forecasting models to determine the
potential future temporal and spatial shift in the occurrence of the European grapevine moth,
Lobesia botrana (Denis and Schiffermiiller) and the European grape berry moth, Eupoecilia
ambiguella (Hiibner) (Lepidoptera: Tortricidae) could help to better assess these future risks in
Austrian wine-growing regions. Additionally, the timing of monitoring and control measures
for both these pest species could be optimised to limit crop damages. In this context, prediction
models for Lobesia botrana and FEupoecilia ambiguella were generated using long-term
monitoring data (1980 to 2022) from 60 selected monitoring sites in 4 federal states in Austria,
which had been collected using two different monitoring methods. Prediction models for the first
seasonal occurrence of the different developmental stages (egg, larvae and adult) of the first and
second flight/generation of both of the grape moth species were generated by applying stepwise
multiple linear regression (MLR) analysis. The validation results showed high prediction
accuracy for all six newly generated MLR models for L. botrana and for two out of six newly
generated MLR models for E. ambiguella (R* > 0.6; RMSE < 4.0; | BIAS | < 2.5). Depending
on the developmental stage and generation of L. botrana, the validation results displayed an
average prediction range of 0.89 days too early to 0.95 days too late. For E. ambiguella the
predictions were on average 2.85 days too early to 0.20 days too late. To further improve model
prediction accuracy, additional datasets should be included in the analysis, especially those from
years in which extreme weather events occurred.
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INTRODUCTION

Both the European grapevine moth, Lobesia botrana (Denis
and Schiffermiiller) and the European grape berry moth,
Eupoecilia ambiguella (Hibner) (Lepidoptera: Tortricidae)
are considered to be the most impactful Lepidoptera pest
of grapevines in Europe (Bovey, 1966; Bournier, 1976;
Desed et al., 1981). The second-generation larvae of both
species can cause feeding damage mainly to the berries, leading
to subsequent harmful secondary fungal infections (Hoppmann
& Holst, 1989; Fermaud & Menn, 1989) and infestation
damages of up to 70 % in Austria (Fischer-Colbrie, 1980).
In the case of Lobesia botrana, up to 90 % infestation
damages have been found in Portugal (Carlos et al., 2014).
Depending on the geographical region and the prevailing
climatic conditions, L. botrana can produce up to five
generations per year in Europe (Martin-Vertedor et al., 2010;
Iltis et al., 2022), while E. ambiguella produces only up to
three (Bournier, 1976; Schmidt et al., 2003). Recent reviews
about the bio-ecology of L. botrana and E. ambiguella are
provided by Benelli et al. (2023) and Ricciardi et al. (2024),
respectively.

It is expected that climate warming in Europe will lead to
an earlier first seasonal occurrence of L. botrana, shorter
developmental cycles and an increase in the number of
L. botrana generations per year (Martin-Vertedor et al., 2010;
Pavanetal.,2013;Reisetal.,2022; Castex etal.,2023). Thus, the
predicted future climate scenarios appear to be more favourable
for the occurrence of L. botrana (Pétremand et al., 2017), as
this thermophilic species appears to be better adapted to drier
conditions than E. ambiguella, and would therefore benefit
from climate warming (Bournier, 1976). However, humidity
could drop to a level that is insufficient for even L. botrana
and increased temperatures could reach the upper lethal
limit, which would result in an increase in mortality rate of
L. botrana, and reduce its reproductive success or its voltinism
(Svobodova et al., 2014; Moshtaghi Maleki et al, 2016;
Gutierrez et al., 2018; Iltis et al., 2020; Castex et al., 2023).
Additionally, heatwaves could negatively impact the larval
development of L. botrana in the future (Iltis ef al., 2021) and
the phenology of grapevine could also change with increasing
temperatures (Santos et al., 2020; Reis et al., 2022). On the one
hand, earlier development of the vines could lead to a higher
risk of infestation by L. botrana, especially shortly before
harvest (Castex et al., 2023); on the other hand, the nutritional
value of grapevines and their suitability as a host plant for
L. botrana could decrease with increasing temperatures
(Reineke & Thiéry, 2016). Moreover, an increased asynchrony
between the phenology of L. botrana and that of grapevines
could occur (Reis et al., 2022).

In Austria, L. botrana was present only in Burgenland in
the 1980s, and it spread swiftly until it occurred in a mixed
population with E. ambiguella (Hobaus, 1988), now usually
producing two generations per year. It should be noted,
however, that the occurrence of a third generation in Austria has
also been described several times since 1988 (Hobaus, 1988;
Polesny et al., 2000; Bauer et al., 2017).

For the control of both species in commercial vineyards,
mating disruption is predominantly carried out at present
(Toriatti et al., 2011; lkonline, 2023). In this context, regular
monitoring is conducted in Austria to determine the best time
for intervention measures. Monitoring will face new challenges,
as studies suggest that higher temperatures could decrease the
efficiency of the pheromone traps (El-Sayed ef al., 2021). The
timing of monitoring and control measures needs to be adapted
to the changes in seasonal pest occurrence and associated
changes in population dynamics due to global warming.
In order to optimise the timing of monitoring and control
measures, precise forecasting models will be required to predict
the expected earlier time of the first seasonal occurrence of
each developmental stage of each generation of the respective
grape moth species.

Several authors have described the use of temperature sum
models (i.e., degree-day models) (Boller, 1976; Cravedi &
Mazzoni, 1990; Carlos ef al., 2018) to predict the first seasonal
occurrence of grape moth adults; these are based on data of
adult trap catches and air temperature (with specified lower
and/or upper temperature threshold) as a single influencing
weather parameter. However, temperature sum models
have been shown to mismatch the actual first occurrence of
L. botrana and E. ambiguella in Austria (Blimel et al., 2020).

Several other prediction models that also take into account
other parameters and differ substantially in terms of type,
output, complexity and applicability have been proposed
for both grape moth species; for example, distributed delay
models (e.g., Di Silvestro et al., 1999), physiologically
based demographic models (e.g., Pasquali et al., 2022), age
structured Leslie models (e.g., Schmidt et al, 2001), age-
structured population models (e.g., Ainseba et al., 2011) and
semi-physical models (e.g., Aguirre-Zapata et al., 2023). These
models mainly predict the voltinism, spatial distribution and
flight peak of both grape moths, as well as other characteristics
related to their life. More complete reviews and comparisons
of existing predictive models for L. botrana are provided by
Lessio and Alma (2021) and Castex et al. (2020).

Using limited data, multiple linear regression (MLR) models
were generated in a previous study (Bliimel ef al., 2020) in
order to predict the seasonal first occurrence of the first flight
adults of L. botrana and E. ambiguella. These models displayed
improved prediction accuracy relative to two models based only
on temperature sums, which were commonly used in Austria
until then. Compared to the latter models, the MLR models
incorporated additional weather variables, which had a positive
effect on their prediction accuracy (Bliimel ef al., 2020).

In the present study, new prediction models based on MLR
analysis were calibrated and validated using comprehensive
long-term monitoring data and weather data from Austria
to predict the first seasonal occurrence of the second flight
adults, and the egg/larvac stages of the first and second
generation of L. botrana and E. ambiguella. Additionally, the
existing MLR models for predicting the first flight adults of
L. botrana/E. ambiguella (Bliimel et al., 2020) were adapted
and validated.
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MATERIALS AND METHODS

1. Monitoring data

For the MLR analysis, monitoring data of the 1st/2nd flight
adults and Ist/2nd generation eggs and larvae from both
grape moth species were used. The monitoring data derived
from four decades-worth (1980-2022) of consecutive
observations carried out by the Austrian forecasting services
at 60 monitoring sites in different wine-growing regions.
These monitoring sites were merged into 14 site clusters
according to their proximity to GeoSphere Austria (https://
www.geosphere.at) reference weather stations (Table 1).

For the adults of both of the grape moth species, the monitoring
data were obtained using one of two methods: i) pheromone
trap catches of males using commercially available devices
from different manufacturers (for about 10 years, natural rubber
dispensers from Pherobank® product No. 50118 for L. botrana,
comprising (E,Z)-7,9-dodecadienyl acetate and (E,Z)-7,9-
dodecadien-1-0l in 0.4 mg/lure; and Pherobank® product
No. 50088 for E. ambiguella comprising (Z)-9-dodecenyl
acetate, dodecyl acetate, hexadecyl acetate and octadecyl
acetate in 0.8mg/lure) (Pherobank, 2024), or ii) observations
using the branch cage method (Polesny ef al., 2000), in
which the egg and larval stages were monitored in order to
observe the occurrence and development of all generations

TABLE 1. L. botrana and E. ambiguella monitoring specifications.

No.

. Monitoring method
Coordinates

3 e F Wine-growing Reference fayeans
Site Monitoring sites reaions weather station of reference
cluster 9 weather stations Pheromone o cage
trap
St. Anna; Vulkanland Steiermark; 46°46/03.0'N
1 St.Stefan ob Stainz; West-Steiermark; Wagna-Leibnitz ‘ 1994 -2022 2002 - 2022
Deutschlandsberg; 15°33'10.0"E
Kitzeck: Glanz Sud-Steiermark
Donnerskirchen; Leithaberg 47°51'14.0"N
2 Eisenstadt 1980 - 1992
Rust am See (incl. Rust) 16°32'19.0"E
48°01'15.2"N
3 Gumpoldskirchen Thermenregion Gumpolds-kirchen 1984 -2018 2005 - 2022
16°09'54.4"E
St. Johann; 47°16'50.0"N
4 Vulkanland Steiermark Hartberg 1994 - 2022 2002 - 2021
Séchau 15°58'43.0"E
48°18'21.0"N
5 Vienna; Klosterneuburg Wien Stammersdorf 1980-2018 2002 - 2022
16°24'20.0"E
48°36'59.0"N
6 Dobermannsdorf Weinviertel Hohenau/March 1982 - 1994
16°54'16.0"E
Krems; Furth Gétiweig; Kremstal; 48°25'06.0"N
7 Unterloiben; Rossatz; Krems 1980 -2022 2005 -2020
Weissenkirchen Wachau 15°37°17.0"E
. - ! Traisental; 48°23'49.0"N
8 Ahrenberg; Grof3 \P:\/T|kersdorf, Stockerau 1990 — 2012
Rupperstha Wagram 16°11'33.0"E
Fels/Wagram; Gésing/
Wagram; Feuersbrunn; Strass/ Wagram; 48°28'21.0"N
9 Strassertal b. L.; Hadersdorf; Langenlois o, ., 1980 -2015 2002 -2015
Langenlois; Zébing; Schénberg Kamptal 15°41'50.0"E
am Kamp
. . 47°27'55.0"N
jo  Deutschkreviz; Neckenmark; Mittel-burgenland Lutzmannsburg 19942001 2002 - 2009
Horitschon 16°38'44.0"E
47°57'03.0"N
11 Ménchhof Neusiedlersee Neusied| 1991 - 2001
16°50'30.0"E
48°45'40.0"N
12 Retz Weinviertel Retz 1980 -2022 2002 -2018
15°56'30.0"E
Hollabrunn; Obergrabern;
Braunsdorf; Hohenwarth- 48°36'12.0"N
13 Mihlbach a. Manhartsberg; Weinviertel Schéngrabern ; , 1985 -2000 2014-2018
Pfaffstetten/Maissau; 16°03'42.0"E
Heldenberg
48°34'15.0"N
14 Wolkersdorf; Mistelbach Weinviertel Mistelbach 1980 -2017 2002 -2017
16°36'36.0"E
OENO One | By IVES 3 2025 | volume 59-3


https://ives-openscience.eu/
https://www.geosphere.at
https://www.geosphere.at

Kerstin Kolkmann et al.

under real-time field conditions (Polesny et al, 2000).
Monitoring was carried out for both grape moth species in the
different observation years at different intervals (branch cage/
pheromone trap control every 1-3 days) and over different
observation periods (observing either both flights/generations
from mid-April/beginning of May to end of July/beginning of
August, or observing only the 2nd flight/generation from end
of June/beginning of July to end of July/beginning of August),
depending on the practical requirements and possibilities of
the warning service operators.

In spring, monitoring usually starts with the observation of
the Ist flight adults, which emerge from overwintering pupae

(Castex et al., 2018). As the 2nd generation is considered to
be the most economically important, monitoring of 2nd flight
adults was carried out more frequently (at more sites and in
more years) than that of 1st flight adults. Fifty-seven percent
and 26 % of the monitoring data of the 1st flight adults for
L. botrana and E. ambiguella, respectively, and 58 % and
53 % of the 2nd flight adults were collected using the branch
cage method (Table 2). From the available monitoring data,
only the earliest recorded first occurrence per cluster, grape
moth species, flight, generation, developmental stage and
year of observation was used for the MLR analysis.

TABLE 2. Number of monitoring datasets usable for the MLR analysis.

L. botrana - Number of datasets of all site-clusters

Tst flight 1st generation 2nd flight 2nd generation
Monitoring method Adults Eggs Larvae Adults Eggs Larvae Total sum
(19802022)  (2002:2019)  (2002-2019)  (1980-2022)  (2002-2022) (20022022
Branch cage 44 43 43 85 79 80 374
Pheromone trap 33 62 - - 95
Total sum 77 43 43 147 79 80 469
E. ambiguella - Number of datasets of all site-clusters
1st flight 1st generation 2nd flight 2nd generation
Monitoring method Adults Eggs Larvae Adults Eggs Larvae Total sum
(1980-2022) (2002-2022)  (2002-2022) (1980-2022)  (2002-2021) (2002-2021)
Branch cage 22 22 22 62 51 51 230
Pheromone trap 63 56 - - 119
Total 85 22 22 118 51 51 349

2. Meteorological data

The daily meteorological data for the 14 reference weather
stations, which were closest to the monitoring site clusters
(Table 1) were provided by GeoSphere Austria. The distances
between the monitoring sites and respective reference
weather stations were as follows: 17 monitoring sites were
< 5 km away, 26 sites > 5 to < 10 km, 8 sites > 10 to <
15 km, 4 sites > 15 to <20 km, and 5 sites > 20 km. Any data
gaps (due to, for example, a malfunction of the measuring
devices or the relocation of a weather station) were filled
with additional data from six alternative weather stations
near the monitoring site in question or with SPARTACUS
- Spatiotemporal Reanalysis Dataset for Climate in Austria
(GeoSphere Austria, 2022) grid datasets. Nine weather
parameters obtained daily from the weather stations were
processed for the analysis (Table 3). Air temperature was
corrected for elevation when the sea level difference between
the respective reference weather station and the monitoring
site exceeded 100 m (a decrease of 0.6 °C for every 100 m
increase of sea level).

3. Existing prediction models

In order to identify existing prediction models for both of the
grape moth species, an extensive systematic literature search

(ELS) (EFSA, 2010) of the electronic database Ovid was
carried out using search terms in the categories taxonomy,
development, weather parameters, host plants and prediction
models. In order to find models appropriate for testing with
monitoring data from Austria, the retrieved publications
were classified according to several criteria, such as model
type, latitude/region at which the model was developed, the
origin of weather data for the calculation of the model, model
input parameters (e.g., weather variables and biological
parameters), model settings (e.g., calculation period) and
model output parameters (e.g., prediction goal of calculation
and unit of calculation result).

Four potentially suitable prediction models were selected for
model improvement and model generation. The preliminary
MLR models for predicting the first seasonal occurrence
of 1st flight adults of L. botrana and E. ambiguella
(Blimel et al., 2020) were validated using additional
monitoring data. They were then adapted and further
improved using additional input parameters (e.g., calculation
period, lower and upper temperature thresholds) provided
by the two temperature sum models (Gallardo et al., 2009;
Carlos et al, 2018) and the physiologically based
demographic model (Gutierrez et al., 2012).
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TABLE 3. Weather variables considered in the MLR model development.

Weather parameters

Tested weather variables

Description Abbreviation Unit
Mean daily maximum air temperature Tmax °C
Daily maximum air - - -
femperature (°C) Sum of days \N”ITh a maximum air ’remperatu’r,eogreoier than the Tmax > “threshold”  No. days
upper temperature threshold” °C
Daily minimum air . - . . o
e Q) Mean daily minimum air temperature Tmin C
Mean daily mean air temperature Tmean °C
Daily mean air temperature Sum of days wnhI a me’?in air temperature I?S ttml'\d{ gcreoter than / T;n:anh< |{i"2 . days
Q) equal to a “lower temperature thresho thresho
Sum of daily mean air temperature greokiro’rhan adapted lower Thase “threshold” °C
temperature thresholds” °C
Sum of daily precipitation Precipsum mm
Daily precipitation (mm)
Sum of days with precipitation Precip Y/N No. days
Daily sunshine duration (h) Sum of daily sunshine duration Sun-h h
Daily globaln:g)dlohon i/ Sum of daily global radiation Rad MJ/m?
Daily vapour pressure (hPa) Mean daily vapour pressure VapP hPa
Daily wind speed (m/s) Mean daily wind speed Wind m/s
Daily relative humidity (%) Mean daily relative humidity RH %

4. Multiple linear regression analysis

The two pre-existing MLR models for predicting 1st flight
adults of L. botranal/E. ambiguella were adapted with
additional monitoring data, and ten new MLR models were
generated separately for each of the two grape moth species
in order to predict day of year (DOY) for the first seasonal
occurrence of Ist generation eggs/larvae, 2nd flight adults
and 2nd generation eggs/larvae.

The adapted and new prediction models were developed
applying stepwise multiple linear regression (MLR) analysis
(IBM® SPSS® Statistics — Version 26) to predict the first
seasonal occurrence of each developmental stage of the 1st
and 2nd flight/generation for both grape moth species. The
general formula for the MLR analysis is shown in equation:

Yi =bg+b01X; 1+ b2 Xio+ ... +0p X4

where y, is the dependent variable, b is a statistical constant
(y-intercept of the linear regression line), X, | are independent
variables and b, is the regression coefficient value of the
independent variables.

The equations were generated using the DOY of the
observed first occurrence of L. botrana/E. ambiguella adults/
eggs/larvae (dependent variable) and processed weather
variables (independent variables) (Table 3). The temperature
variables were based on the reported lower (T1) and upper
temperature (Tu) thresholds. The adapted threshold values
of the variable Tbase “threshold” were determined by
performing a sensitivity analysis comprising + 0.5 °C steps
from the reported lower temperature threshold values (TI:
adults = 7 °C, 10 °C and 11 °C; eggs = 8 °C and 14 °C;
larvae = 6 °C and 12 °C; Tu: adults, egg and larvae = 30 °C
and 32 °C) (Russ, 1966; Gabel, 1981; Touzeau, 1981;

Briere & Pracros, 1998; Cravedi & Mazzoni,
Moshtaghi Maleki et al., 2016).

1990;

In addition, a number of different monthly (n = 2-11) and
weekly (n = 7-36) calculation periods were defined for each
developmental stage per flight/generation. For this purpose,
the development duration of the adult/egg/larval stage of
both flights/generations, the earliest and latest date of the
observed first occurrence, as well as the calculation periods
implemented in the existing prediction models were taken
into account.

A preliminary selection of relevant calculation periods was
carried out using the coefficient of determination (R?). The
R? was calculated between the different weather variables
of different calculation periods and the DOY of observed
first seasonal occurrence. The six calculation periods with
the highest R? were included in the MLR analysis. In the
next step the monthly/weekly sums (Tmax > “threshold”,
Tmean < / > “threshold®, Tbase “threshold®, Precipsum,
Precip Y/N, Sun-h, Rad) and mean values (Tmax, Tmin,
Tmean, VapP, Wind, RH) were calculated for each weather
variable examined and then once again summed/averaged
for the determined calculation periods. All available datasets
from the branch cage method were usable and were included
in the model calibration and validation. Monitoring data
from pheromone trap catches were used for the subsequent
model calculations, when

1) a 0O-catch observation took place before the initial first
occurrence,

2) the transition from Ist to 2nd flight was clearly
recognisable (e.g., no adult catches for at least a week
around the 3rd quartile in June), and

3) catches were continuously recorded during the complete
observation period.
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The generation of the final MLR models (» = 12) consisted
of 1) a calibration comprising the utilisation and adjustment
of available input data to ensure that the model output
corresponded as much as possible to the observed data, and
ii) a validation in which the calibrated MLR model was
tested using statistical indicators and additional datasets that
had not already been included in the calibration. Individual
model equations were calibrated and gradually optimised for
the different flights/generations and development stages of
each of the two grape moth species. Initially, the monitoring
data of the cluster with the most usable datasets and the
corresponding processed weather data were used for the
model calibration. Subsequently, different calculation periods
were tested to optimise the calibrated model equations and,
in order to cover regional and annual differences in the
generated model as comprehensively as possible, datasets
from other clusters were gradually included in the calibration.

The prediction quality of the generated MLR models
was classified as high for both flights/generations, with a
maximum deviation between the observed and calculated
first occurrence of adults of + 2 days and of + 4 days for the
egg and larvae stages. The deviation ranges took into account
the monitoring intervals, the application times of the control
measures, the developmental biology (e.g., earlier appearance
of male than female moths = protandry), development
duration of the individual stages (e.g., Gabel, 1981), as well
as the differences in development duration due to different
grapevine varieties (Thiéry et al., 2014).

All the datasets from 2022 and at least five unused,
independent datasets from previous years per cluster from
the model calibration were used to validate the generated
model equations. When necessary, the datasets of a cluster
were divided between validation and calibration in order
to achieve the required amount of data for the final model
validation. The calibrated models were validated using the
coefficient of determination (R?), the standard deviation
(SD), the root-mean-square error (RMSE) and the mean bias
(BIAS).

RESULTS

The analysis of the long-term monitoring data during the 1980-
2022 observation period showed a tendency for an earlier first
seasonal occurrence of the different developmental stages of
both flights/generations of L. botrana and E. ambiguella at
the monitoring sites. Regarding the first seasonal occurrence
of L. botrana, the adults of the Ist and 2nd flights were 5
and 8 days earlier, respectively, the 1st and 2nd generation
eggs 6 and 7 days earlier, respectively and the larvae 7 days
earlier (Figures 1 a-b). For the first seasonal occurrence of
E. ambiguella, the adults of the 1st and 2nd flights were 16
and 9 days earlier, respectively, the 1st and 2nd generation
eggs 8 and 2 days earlier, respectively, and the larvae 13 and
2 days earlier, respectively (Figures 1 c-d).

1. Adapted and newly generated MLR models

For each flight/generation and developmental stage of
L. botranal/E. ambiguella separate MLR models were
generated. Theinitially generated equations were continuously
improved until models with low deviations between
predicted and observed first occurrence in the calibration and
validation dataset were achieved. In addition, the generated
equations had to achieve at least statistical indicator values
with a satisfactory prediction accuracy (very high prediction
accuracy: R* > 0.7, RMSE < 3.0, | BIAS | < 1.0; high
prediction accuracy: R? > 0.6, RMSE < 4.0, | BIAS | < 2.5;
satisfactory prediction accuracy: R* > 0.5, RMSE < 4.5,
| BIAS | <3.0) (Table S1).

The two adapted and the ten newly generated MLR models
for L. botranalE. ambiguella applied different calculation
periods depending on the flight/generation and developmental
stage. For the 1st and 2nd flight/generation adults/eggs/larvae
of the two grape moth species, different site clusters provided
data for the calibration and validation of the generated MLR
models (Table S2).

The adapted MLR models for predicting the first seasonal
occurrence of 1st flight adults, together with newly generated
MLR models for the 2nd flight adults and the remaining
developmental stages of 1st and 2nd generation, are described
in detail for each grape moth species in the following sections.

1.1 Lobesia botrana

For the prediction of the first seasonal occurrence of the adult/
egg/larvae stage of 1st and 2nd flight/generation of L. botrana,
the stepwise multiple linear regression analysis resulted in
models that included individual input variables for each
developmental stage per flight/generation (Table 4). Almost
all the independent variables (= weather variables) were
statistically significant (P < 0.05) predictors of the dependent
variable (= DOY of first seasonal occurrence of L. botrana
Ist/2nd flight/generation adults/eggs/larvae) (Table 4). Only
the input variables “sum of daily global radiation” (P = 0.310)
of L. botrana 1st generation eggs, the “sum of days with
precipitation” (P = 0.223) and “sum of daily global radiation”
(P =10.961) of 1st generation larvae and the “mean daily wind
speed” (P = 0.070) of 2nd generation larvae displayed no
significant effect on the respective DOY of the first seasonal
occurrence. The variance inflation factor (VIF) displayed
low linear connection between the input variables of each
generated MLR model (Table 4). A high linear connection
or multicollinearity between the input weather variables
would have occurred, if the VIF had exceeded a value of 4
(O’Brien, 2007).

The final MLR equations and their applied monthly or weekly
calculation periods for predicting the first seasonal occurrence
of L. botrana 1st/2nd flight/generation adults/eggs/larvae are
presented in Table 5.

The prediction accuracies of the six validated L. botrana MLR
models, based on the evaluation of the statistical indicators
described above, were very high for 1st flight adults, 1st
generation larvae and 2nd generation larvae, and high for
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a First seasonal occurrence of L. botrana
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FIGURE 1. Temporal shift of the observed first seasonal occurrence of the 1st (a) and 2nd (b) flight/generation of
L. botrana and the 1st (c) and 2nd (d) flight/generation of E. ambiguella from 1980 to 2022 (& all site clusters; for
eggs/larvae only from 2002 onwards, when the branch cage method was first used).
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Ist generation eggs, 2nd flight adults and 2nd generation eggs
(Figure 2 a-f, Table S1). As can be seen from the BIAS values
indicated in Supplementary Table 1, the average deviation
range extended from 0.89 days too early to 0.95 days too late.

1.2 Eupoecilia ambiguella

Six different MLR models for adult/egg/larvae stage
of Ist and 2nd flight/generation of E. ambiguella were
calibrated and validated. The final calibrated MLR models
for E. ambiguella included individual weather variables
for each developmental stage per flight/generation. All
independent variables (= weather variables) displayed a
statistically significant (P < 0.05) linear relationship with the
dependent variable (= DOY of first seasonal occurrence of
E. ambiguella 1st/2nd flight/generation adults/eggs/larvae).
The variance inflation factor (VIF) displayed low linear
connection between the input variables of each generated
MLR model (Table 6).

The final MLR equations and their applied monthly or
weekly calculation periods for predicting the first seasonal
occurrence of E. ambiguella 1st/2nd flight/generation adults/
eggs/larvae are presented in Table 7.

The prediction accuracies of the six E. ambiguella MLR
models with the validation dataset were very high for
2nd flight adults, high for 1st flight adults and satisfactory for
2nd generation eggs and larvae (Figure 3 a-f; Table S3). As
can be seen from the BIAS values indicated in Table S3, the
average deviation range extended from 2.85 days too early
to 0.20 days too late. The MLR models predicting the first
seasonal occurrence of 1st generation egg and larvae could
not be validated due to the insufficient number of available
datasets (n =1).

2. Prediction accuracies of adapted and new
MLR models

The validation results of the adapted and new MLR models
for L. botrana showed better prediction accuracies than those
for E. ambiguella, as they were correct in 64 % to 100 %
of the predictions, compared to E. ambiguella, with 58 % to
82 % of the predictions within the optimal deviation range
(not exceeding + 2 days for adults and + 4 days for egg
and larvae stage). The adapted and new MLR models for
both grape moth species tended to predict the first seasonal
occurrence too early rather than too late (Table S4).

3. Prediction accuracies of existing MLR models

The validation of the existing, preliminary MLR models for
predicting the first seasonal occurrence of st flight adults of
both grape moth species (Bliimel et al., 2020) was carried
out with the same dataset as the adapted MLR models and
resulted in a lower prediction accuracy than the adapted
MLR models (Table S5).

DISCUSSION

The present study aimed to improve existing multiple linear
regression (MLR) models and to generate new ones for

precise, validated predictions of first seasonal occurrences of
L. botrana and E. ambiguella 1st/2nd flight/generation adults/
eggs/larvae. The existing MLR models for the prediction of
the first seasonal occurrence of L. botrana and E. ambiguella
Ist flight adults (Bliimel et al, 2020) were based on a
restricted part of the usable monitoring data from Austria and
adapted using additional monitoring data from other wine-
growing regions in Austria, as well as more input parameters
from two temperature sum models (Gallardo et al., 2009;
Carlos et al., 2018) and a physiologically based demographic
model (Gutierrez ef al., 2012). This improved the prediction
accuracies of the first seasonal occurrence of L. botrana and
E. ambiguella 1st flight adults by an average of 2.94 days
and 0.85 days, respectively. Initial versions of the new
MLR models that predict the first seasonal occurrence of
L. botrana 1st generation eggs/larvae and 2nd generation
larvae (Kolkmann ef al., 2024) were further improved after
testing the generated MLR models for multicollinearity while
applying a VIF <4 (O’Brien, 2007).

Overall, the newly calibrated and validated MLR models
for predicting the first seasonal occurrences of the different
L. botrana/E. ambiguella 1st and 2nd flight/generation
developmental stages resulted in very high to satisfactory
prediction accuracies with regard to the statistical indicators
applied in the validation and the calculated deviations between
predicted and observed day of year (DOY). The generated
MLR models often predicted the first seasonal occurrences of
the different developmental stages per flight/generation of both
grape moth species in the optimum deviation range between
predicted and observed first seasonal occurrence (adults <2 days
and eggs/larvae < 4 days deviation). The quality and quantity
of the usable monitoring data had a substantial impact on the
prediction accuracy of the generated MLR models of both
grape moth species. The two species differed in deviation range
between predicted and observed first seasonal occurrence,
which was in nearly all cases larger for the MLR models of
E. ambiguella than for L. botrana. The smaller deviations
for the L. botrana MLR models could be due to the higher
number of usable datasets from a larger variety of site clusters
and different wine-growing regions available for L. botrana
model calibration and validation compared to E. ambiguella.
The new MLR models for L. botrana adults/eggs/larvae were
calibrated with datasets from four to seven different clusters
from nine wine-growing regions, compared to datasets from
two to six different clusters from six wine-growing regions for
E. ambiguella. For the latter grape moth species, the datasets
from three wine-growing regions had to be excluded from the
final model calibration, as they resulted in a reduced prediction
accuracy due to the small number of usable datasets. A cluster
with few usable datasets and specific site conditions that differ
from the other clusters implemented in the calibration does not
sufficiently reflect the specific conditions in the calibration, and
it ultimately has a negative impact on the prediction accuracy of
the generated model. Meanwhile, a cluster that had few datasets
but similar site conditions to other clusters did not show any
such impact. Likewise, the quantity of monitoring datasets for
the 1st generation egg and larvae stages of E. ambiguella was
too small (n = 1) for the validation of the calibrated equations.

volume 59-3 | 2025

OENO One | By IVES


https://ives-openscience.eu/

TABLE 4. Results of stepwise multiple linear regression analysis predicting the day of year of first seasonal occurrence
of the different flights/generations and developmental stages of L. botrana.

gttt/ Doveopmentsl | Medd s s 4 4w
Intercept 136.663  2.899 - 47.139  <0.001
5 Thase 6.5 0.089 0.009  -0.801 9.755 <0.001  1.191
= oduls Precip Y/N 0.191 0.073 0.214 2.612 0.014 1.191
Note: RZ , = 0.813 (n = 34, P < 0.001).
Intercept 127.500 5913 - 21.564 < 0.001
Thase 14.5 0.190 0.039  0.801 -4.931 <0.001  1.352
o998 Rad 0017 0017  0.169 1038 0310 1352
'-g Note: R? , = 0.493 (n = 27, P < 0.001).
2 Intercept 168.993  11.498 - 14698  <0.001
5 Thase 6.5 0.150 0.024 0.804 -6.303 <0.001  1.122
- larvae Precip Y/N 0.357 0287  -0.199 -1.244 0.223 1.768
Rad 0.001 0.021 0.008 0.049 0.961 1.642
Note: RZGd‘v_= 0.536 (n =33, P<0.001).
N Intercept 225.602 4.199 - 53.722 < 0.001
._fg e Thase 8 0.069 0.005  0.864  -14.483  <0.001  1.082
© Precipsum 0.021 0.006 0.214 3.581 0.001 1.082
N Note: R2 , = 0.888 (n = 35, P < 0.001).
Intercept 228.995  6.396 - 35805  <0.001
Tmean > 14 1.118 0.258  -0.471 4327 <0001  1.305
o998 Thase 13 0.072 0.020  -0.401 -3.682 0.001 1.305
5 Note: R2,,, = 0.546 [n = 51, P<0.001).
5 Intercept 228.750  10.063 - 22731  <0.001
g Tmean > 14 0.902 0288 0315 3.132 0.003 1.445
& orvae Rad 0.029 0.012 0.219 2.341 0.023 1.245
Wind -1.903 1.028  0.155 -1.851 0.070 1.004
Thase 12 0.124 0.022 0616 5608 <0001 1722

Note: R2,, = 0.614 n = 56, P < 0.001).

Nomenclature: B = B-coefficient (unstandardised coefficient); SE = standard error of unstandardised coefficient: B = Beta-coefficient
(standardised coefficient]; t = tstatistic; P = significance; VIF = variance inflation factor; R2adj. = adjusted coefficient of determination;
n = sample size.

TABLE 5. Final MLR equations and applied calculation period for the prediction of the DOY of first seasonal
occurrence of 1st/2nd flight/generation adults/eggs/larvae of L. botrana.

MLR model for

L. botrana Equation Calculation period
1st flight adults DOY = 136.663 + (Tbase 6.5 x -0.089) + (Precip Y/N x 0.191) 1 March to 30 April*

1st gen. eggs DOY = 127.500 + (Tbase 14.5 x -0.190) + (Rad x 0.017) 6 May to 26 May**
1st gen. larvae DOY = 168.993 + (Tbase 6.5 x -0.150) + (Rad x 0.001) + (Precip Y/N x -0.357) 6 May to 26 May**
2nd flight adults DOY = 225.602 + (Tbase 8 x -0.069) + (Precipsum x 0.021) 1 March to 30 June*
2nd gen. eggs DOY = 228.995 + (Tmean > 14 x -1.118) + (Tbase 13 x -0.072) 1 June to 30 June*

DOY = 228.750 + (Tmean > 14 x -0.902) + (Rad x 0.029) + (Wind x -1.903) +

(Tbase 12 x 0.124) 1 June to 30 June*

2nd gen. larvae

*Monthly calculation period, * *weekly calculation period.
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FIGURE 2. linear regressions between observed and predicted day of year (DOY) to predict the first seasonal
occurrence of L. botrana 1st flight adults (a), 1st generation eggs (b) and larvae (c), 2nd flight adults (d), 2nd
generation eggs (e) and larvae (f), from 2002 to 2022 (o = calibration dataset and A = validation dataset). Deviations
above the 1:1 line indicate a too early forecast, and below the line a too late forecast.

volume 59-3 | 2025 10 OENO One | By IVES


https://ives-openscience.eu/

Observed DOY

Observed DOY

Observed DOY

150
oy=1.0009x - 0.0802; R? =0.82
145 Ay=071x+36555;R*=0.74
140
135
@
130 e
.*.
125 r s
A @ i
20 | L0k
115 “'
& 1st flight adults
110
110 115 120 125 130 135 140 145 150
Predicted DOY
150
oy =1.0006x - 0.0523; R*=0.59
145
140
135 Y
o
130 I 1
125 -
Bl |
120 @
o
15 e
1st generation eggs
110
110 115 120 125 130 135 140 145 150
Predicted DOY
150
oy=1x-0.0082; R2=10.84
145
©
o &
140
Q-
! AP®
35 o ®
)
130
125 @’
120
115
1st generation larvae
110
110 115 120 125 130 135 140 145 150
Predicted DOY

d 205

Observed DOY

Observed DOY

Observed DOY

200

oy =0.9806x + 3.4785; R2= 0.81
Ay =0,9946x + 0,7847; R> = 0.73

195

190

o
A

185
180
175
170

165

160

155

205
200
195
190
185
180
175
170
165
160
155

205
200
195
190
185
180
175
170
165
160
155

2nd flight adults

155 160 165 170 175 180 185 190 195 200 205
Predicted DOY

oy=1.0001x - 0.0112; R*?=0.68
Ay =04408x + 104.06; R? = 0.69

%)
AT
@ w”',.-"' A

CTN

2nd generation eggs

155 160 165 170 175 180 185 190 195 200 205
Predicted DOY

o0y=0999x +0.2284; R* =049 o
Ay=0.9741x + 7.769; R*= 0.54 ,©

. 2%
2

A
.
@

2nd generation larvae

155 160 165 170 175 180 185 190 195 200 205
Predicted DOY

FIGURE 3. Linear regressions between observed and predicted day of year (DOY) to predict the first seasonal
occurrence of E. ambiguella 1st flight adults (a), 1st generation eggs (b) and larvae (c), 2nd flight adults (d),
2nd generation eggs (e) and larvae (f), from 1990 to 2022 (o = calibration dataset and A = validation dataset).
Deviations above the 1:1 line indicate a too early forecast, and below the line a too late forecast.
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TABLE 6. Results of stepwise multiple linear regression analysis predicting the day of year of first seasonal occurrence
of the different flights/generations and developmental stages of E. ambiguella.

gl Devlopmemel Ml s 4 e o
Intercept 145.059 3.672 - 39.503 <0.001
f‘c__» Tmean -3.314 0.407 -0.866 -8.139 < 0.001 1.005
E eduls Precipsum 0.052 0.017 0.336 3.159 0.006 1.005
Note: R? ; = 0.797 (n =19, P = < 0.001).
Intercept 80.708 10.585 - 7.624 <0.001
Precip Y/N -1.587 0.569 -0.684 2.787 0.015 2.038
s °99° RH 0.881 0.199 1.085 4.422 0.001 2.038
= Note: R? , = 0.527 (n = 17, P = 0.002).
g’) Intercept 62.661 10.806 - 5.799 < 0.001
= RH 1043 0172 0817 6659 <0001 1046
forvee Tmean < 6 0.550 0.243 0.279 2.270 0.044 1.046
Note: R? ; = 0.813 (n = 14, P= < 0.001).
Intercept 197.183 7.399 - 26.651 < 0.001
= Tbase 8 -0.025 0.007 -0.404 -3.692 0.001 1.573
%) adults Precip Y/N 0.228 0.048 0.473 4.788 < 0.001 1.282
S Rad -0.006 0.002 -0.273 2.721 0.012 1.324
Note: R? ;. = 0.795 (n = 28, P= < 0.001).
Intercept 295.017 19.427 - 15.186 < 0.001
Tmin -1.092 0.274 -0.475 -3.983 0.001 1.039
eggs Tmean > 14 -6.479 1.357 -0.600 -4.776 < 0.001 1.153
’g Wind 2.619 0.874 -0.376 -2.996 0.006 1.148
% Note: R? . = 0.644 (n = 27, P= < 0.001).
13 Intercept 227.998 8.498 - 26.830 <0.001
A Thase 7.5 -0.080 0.023 -0.531 -3.489 0.002 1.049
forvee Wind 2.928 1.250 -0.357 2.342 0.028 1.049

Note: R2,, = 0.447 (n = 26, P = < 0.001).

Nomenclature: B = B-coefficient (unstandardised coefficient); SE = standard error of unstandardised coefficient: p = Beta-coefficient
(standardised coefficient); t = tstatistic; P = significance; VIF = variance inflation factor; R%adj. = adjusted coefficient of defermination;
n = sample size.

TABLE 7. Final MIR equations and applied calculation period for the prediction of the DOY of first seasonal
occurrence of 1st/2nd flight/generation adults/eggs/larvae of E. ambiguella.

MLR model for

E. ambiguella Equation Calculation period
1st flight adults DOY = 145.059 + (Tmean x -3.314) + (Precipsum x 0.052) 1 March to 30 April*
1st gen. eggs DOY = 80.708 + (RH x 0.881) + (Precip Y/N x -1.587) 15 April fo 28 April**
15t gen. larvae DOY = 62.661 + RH x 1.143) + (Tmean < 6 x 0.550) 1 April o 31 May*

2nd flight adults DOY = 197.183 + (Tbase 8 x -0.025) + (Precip Y/N x 0.228) + (Rad x -0.006) 1 January to 30 June*
2nd gen. eggs DOY = 295.017 + (Tmin x -1.092) + (Tmean > 14 x -6.479) + (Wind x -2.619) 1 June to 14 June**

2nd gen. larvae DOY = 227.998 + (Tbase 7.5 x -0.080) + (Wind x -2.928) 1 June to 30 June*

*Monthly calculation period, ** weekly calculation period.
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With regard to the applied monitoring methods, the branch
cage method (Polesny et al., 2000), which was used from
2002 onwards, provided real-time monitoring data for all
considered developmental stages of both flights/generations
of the two grape moth species. However, because the starting
pupae material was from naturally occurring specimens
collected in the field, it was sometimes not possible for
enough individuals from each grape moth species of each
flight/generation, developmental stage and monitoring
year to be collected; this resulted in partly missing data
and a reduced number of usable datasets. The monitoring
data obtained using pheromone traps - whose efficiency is
often affected by the prevailing environmental conditions
(Baumgdrtner et al., 2012) and which were exclusively
applied during the first two decades of the long-term
observations—only show the catches of male adults but do
not allow the precise date of first seasonal occurrence of adult
females to be determined (Hoppmann and Holst, 1990). This
is due to the protandry of the males occurring about two to
five days earlier than the females (Gabel and Mocko, 1984),
which leads to an erroneously premature reporting of the
first occurrence of the females as the relevant adult stage for
population development. In addition, the trap catches were
not recorded daily, but with a two- to three-day interval, as
the monitoring data were retrieved from routine observations
to advise winegrowers on control measures. During the
preparation of the monitoring data, these difficulties were
all considered. To ensure the usability of the pheromone
trap monitoring data for the subsequent MLR analysis and
model generation, it was necessary to meet three quality
requirements: i) a 0-catch observation before the initial first
occurrence to ensure that the first seasonal occurrence was
not missed in the case of a late control of the pheromone trap,
i) an unambiguous allocation of catches to either the 1st or
the 2nd flight adults, and iii) the continuous recording of all
catches during the complete observation period. As well as the
monitoring method and the application of the defined quality
criteria for the monitoring data, the observation periods
from which the datasets originated also had an influence
on the number of usable datasets for model generation. The
inclusion of datasets from the earlier monitoring decades
(1980 to 2000) decreased the quality of several generated
model equations, except for the MLR model predicting the
first seasonal occurrence of E. ambiguella 1st flight adults.
Therefore, the more recent datasets from the year 2000
onwards were mainly used for the final model generation,
thus taking into account the growing influence of global
warming in Austria since the beginning of the century
(GeoSphere Austria, 2024) and the predominant use of the
branch cage method for monitoring.

Besides the described impacts on the usability of the
monitoring data, the measured weather data from the
reference weather stations displayed some shortcomings
caused by gaps in the measurements. The availability
and accuracy of measured weather data could affect
the application and performance of forecasting models
(Heit et al., 2019). Therefore, the measured weather data in
this study was checked for plausibility, and the data gaps were

filled with data from the Spatiotemporal Reanalysis Dataset
for Climate in Austria (GeoSphere Austria, 2022). However,
as well as gaps in the weather data, differences between the
measured weather data from a weather station and the on-
site weather and microclimatic conditions (Baumgértner &
Baronio, 1988) could also lead to prediction outliers. In the
present study, the prevailing microclimate of the individual
observation sites did not always match the measured weather
data of the reference weather stations; this can be attributed
to large distances between the reference weather stations
and the corresponding observation sites, or to differences in
elevation and orographic conditions, which could probably
not be fully compensated for by the elevation corrections.

Although the generated MLR models were based on a large
number of weather parameters and monitoring datasets, it
was not possible to include other parameters in the modelling,
which could explain some of the prediction outliers. These
parameters were mainly biotic and comprised, for example,
host plants or natural enemies that affect the life cycle,
pest phenology and population dynamics of L. botrana
(Ainseba et al., 2011; Thiéry et al., 2014; Gilioli et al., 2016).
Host plants can have a major impact on the development
duration, degree of protandry, sex and size ratio and fecundity
of L. botrana depending on grape variety and berry stage (e.g.,
inflorescence or maturing fruit) (Torres-Vila et al., 2005;
Moreau et al., 2006; Thiéry et al., 2014; Gilioli et al., 2016;
Gutierrez et al., 2012; Gutierrez et al., 2018). Despite the
described uncertainties in the obtained prediction results, the
generated MLR models could be implemented in advisory
systems. Prediction models can only achieve a reasonable
level of accuracy (Damos & Savopoulou-Soultani, 2012;
Gutierrez et al., 2018), an empirical model can never
completely reproduce the life cycle of a pest and all its
complexity, such as delay processes with time-varying effects
of various parameters (Manetsch, 1976) and the unknown
impact of additional factors (Schmidt et al., 2003). Although
there are many unknown factors, it has already been proven
that several weather parameters can have an impact on the
life cycle of L. botrana and E. ambiguella, either alone or in
combination.

Temperature is one of the abiotic factors to have the most
influence on the development of both these grape moth
species (Bovey, 1966), affecting the developmental speed
of different developmental stages per generation and gender
depending on lower and upper temperature thresholds
(Gabel, 1981; Briere et al., 1999). In this study, the weather
parameter daily mean air temperature nearly always had
the greatest impact on the first seasonal occurrence of the
different developmental stages per generation of both grape
moth species. Thus, all generated MLR models consisted
of at least one weather variable processed from the weather
parameter daily mean air temperature, except for the MLR
model for 1st generation eggs of E. ambiguella, which
achieved satisfactory prediction accuracies without including
a temperature variable.

Weather parameter precipitation has been described as being
associated with both the dispersal ability of L. botrana
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(Rank et al., 2020; Zumbado-Ulate et al., 2023) and its
mortality rate (Schmidt et al., 2001). In this study, the data
provided by the daily precipitation measurements was
processed into two different precipitation variables. Six of
the twelve final MLR equations included one of the processed
daily precipitation variables.

Four MLR equations included the weather variable daily
global radiation. The effect of global radiation on the life
cycle of L. botrana and E. ambiguella has not yet been
sufficiently investigated, but the inclusion of this variable
improved the prediction accuracies of the generated MLR
models (the prediction made with the validation dataset
displayed an improvement in accuracy by 3.06 days and
0.83 days for L. botrana and E. ambiguella 1st flight adults,
respectively). Instead of global radiation, the effect of sun
exposure and photoperiod on the life cycle of L. botrana
were investigated. Sun exposure affects the timing of egg
hatching (Moosavi et al., 2018) and the photoperiod can
impact the diapause induction and larval development
(Dese0 et al., 1981; Pavan et al., 2013) of L. botrana.

Relative humidity can have an impact on the spatial
and geographical distribution of both L. botrana and
E. ambiguella, as the density of their populations is largely
affected by prevailing relative humidity levels (Bovey, 1966).
E. ambiguella is more sensitive to lower humidity levels than
L. botrana (Bovey, 1966), and its spread to dry wine-growing
regions in Southern Europe could therefore be restricted
(Bovey, 1966). As relative humidity and temperature can
have an effect on the egg stage until the hatching of larvae
(Gotz, 1941), the weather parameter daily relative humidity
was also included in the final MLR models that predicted first
seasonal occurrence of E. ambiguella 1st generation eggs and
larvae, which displayed satisfactory prediction accuracies
(R?>0.5, RMSE < 4.5, | BIAS | < 3.0).

High wind speed can affect the flight activity of adult moths
(Di Silvestro et al., 1999) and indirectly affect fertility rate by
delaying copulation (Schmidt et al., 2001). The inclusion of
the daily wind speed variable in the equations of three MLR
models improved the prediction accuracy of the calibration
dataset by 0.15 to 0.68 days.

Although the range of effects of each of the weather
parameters and the correlations between them have not
yet been sufficiently investigated (Schmidt ef al, 2001),
various correlations between weather parameters and their
joint effects on certain parts of the life cycle of L. botrana
and E. ambiguella have been identified. For example,
the survival rate of L. botrana and E. ambiguella was
found to be influenced by a combination of wind speed,
relative humidity and precipitation (Schmidt et al., 2001).
Furthermore, pupal diapause is known to be affected by both
temperature and photoperiod (Roditakis & Karandinos, 2001;
Baumgirtner et al., 2012; Castex et al., 2020), and a
combination of temperature, precipitation and wind speed
to impact the flight activity of E. ambiguella and L. botrana
(Russ, 1966; Di Silvestro et al., 1999). Various studies have
found a correlation between the flight activity of both of the

grape moth species and relative humidity in combination with
temperature and development rate (Bovey, 1966; Hoppmann
& Holst, 1990; Briere & Pracros, 1998; Schmidt et al., 2003;
Amo-Salas et al., 2011). Additionally, the geographical
and spatial distribution of L. botrana is influenced by the
combined effects of temperature, precipitation and elevation
(Rank et al., 2020; Zumbado-Ulate ef al., 2023). L. botrana
prefers hot and dry weather conditions, whereas E. ambiguella
prefers colder hilly sites and humid weather conditions
(Bournier, 1976; Kehrli et al., 2014; Comsa et al., 2022). The
geographical elevation of a site has a strong effect on the first
seasonal occurrence of both grape moth species, with sites
at lower elevations being favoured by L. botrana and those
at higher elevations by E. ambiguella (Comsa et al., 2022).

In Austria, L. botrana originally occurred mainly in wine-
growing regions of warm weather conditions and low
elevations (Hobaus, 1988). At present, mixed populations
of L. botrana and E. ambiguella occur in almost all wine-
growing regions of Austria with varying annual composition.
Therefore, a calibration and validation of joint MLR models
for both of the grape moth species was initially considered,
but eventually discarded when it became apparent how much
their population dynamics deviated depending on monitoring
site and year in Austria. This divergence could be explained
by the two species’ differing preferences in terms of biotic
(e.g., grape variety) and abiotic factors (e.g., climatic
conditions) (Comsa et al., 2022). Thus, separate prediction
models were generated for each of the two grape moth
species. The multiple linear regression analysis was selected
for the model generation in this study, because it allowed all
available input data to be included and processed, and the
relationship between one dependent variable and multiple
independent variables to be simultaneously assessed. MLR
models developed for other pests (e.g., Helicoverpa armigera,
aphids and thrips) have achieved reasonable results when
predicting the date of first seasonal occurrence (Aswathi &
Duraisamy, 2018; Balikai, ef al., 2019).

A prediction model based on only one variable (e.g.,
temperature sum model) does not consider other potentially
influencing variables, which could have a negative impact
on model performance (Russ, 1966; Gilioli ef al., 2016).
The inclusion of more than one relevant weather variable
in a mathematical model was found to improve prediction
accuracy relative to prediction models that only consider
one weather variable (Blimel et al, 2020; Balduque-
Gil et al., 2023). The consideration of two to several different
variables that influence the life cycle of L. botrana and
E. ambiguella can result in models with higher prediction
accuracies, a higher variety of output information (e.g.,
abundance, distribution and first occurrence) and different
scales of model implementation (regional or global)
(Ainseba et al., 2011; Amo-Salas et al, 2011; Damos &
Savopoulou-Soultani, 2012).

Due to the importance of using several different influencing
weather parameters to generate models that produce high
prediction accuracies, the present study included various
weather variables in the stepwise MLR analysis, which
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automatically filtered the most relevant weather variables
for predicting the first seasonal occurrence of 1st/2nd flight/
generation adults/eggs/larvae of L. botrana/E. ambiguella.
Furthermore, the test for multicollinearity ensured that
each weather variable included in the final MLR models
had an independent effect on the respective first seasonal
occurrence. The variables processed from the weather
parameter mean air temperature are those implemented most
in the final MLR models, followed by the variables processed
from the weather parameters daily precipitation, daily global
radiation, daily wind speed, daily relative humidity and daily
minimum air temperature. Each final calibrated and validated
MLR model consisted of different weather variables with
varying influence on the dependent variable (DOY of pest
observation).

For the different developmental stages of L. botrana and
E. ambiguella per flight/generation, individual MLR models
were generated using weather variables and calculation
periods specifically assigned to the various development
stages. Therefore, the problem of inconsistency in the
predictions of subsequent pest generations was avoided
in the generated MLR models; this problem can occur
when a model predicts complete population dynamics and
when subsequent forecasts depend on preceding forecasts
(Schmidt et al., 2003).

It should be noted that the developed MLR models presented
in this study are based on regional data that are specific to
Austrian vineyards. After additional testing or re-calibration,
they could also be applicable in other countries with similar
climate and site conditions to those prevailing in Austria and
the availability of the weather parameters applied in the MLR
models. In Austria, the generated MLR models could be used
to improve the current monitoring and advisory activities and
could be incorporated into real-time forecasting systems for
L. botrana and E. ambiguella.

The future monitoring and control of L. botrana and
E. ambiguella will involve new challenges due to climate
change, with for example, a possible shift of insect
pest populations northward and to higher elevations
(Svobodova et al, 2014; Pétremand et al, 2017,
Castex et al., 2018; Gutierrez et al., 2018). Besides the
application in pest forecasting, the validated MLR models
for L. botrana and E. ambiguella will be also implemented
in programmes that simulate future crop and land-use
potentials in Austria under various future climate scenarios.
The use of MLR models in the future risk assessment of the
first seasonal occurrence of both of the grape moth species
in Austria, could be more significant for L. botrana than for
E. ambiguella, as the former species is more favoured by
climate warming (Pétremand et al., 2017).

CONCLUSION

The generated multiple linear regression (MLR) models
for predicting the first seasonal occurrence of the different
developmental stages per flight/generation of L. botrana
and E. ambiguella displayed high to satisfactory prediction

accuracies. For L. botrana adults/eggs/larvae of the 1st and
2nd flight/generation, the validated MLR models resulted
in predictions that were on average 0.89 days too early to
0.95 days too late; meanwhile, for E. ambiguella they were
on average 2.85 days too early to 0.20 days too late. The
two adapted and ten newly generated MLR models could
help improve the planning of labour- and time-consuming
monitoring activities for a timely implementation of pest
control measurements, and could therefore be implemented
within the real-time forecasting systems of the Austrian
advisory services. In addition, for the future risk assessment
of L. botrana and E. ambiguella infestation in Austrian
vineyards, the validated equations will be implemented in
simulations of future crop land-use potentials and infestation
hotspots under local climate change scenarios. In the future,
MLR models will have to be adapted to the increasing number
of extreme weather events and the mostly unknown responses
of pests to them by incorporating additional monitoring data.

ACKNOWLEDGEMENTS

This study was conducted as part of the ACRP
(Austrian Climate and Energy Funds) Project RIMPEST
(KR20ACO0K 17957, 13th Call).

REFERENCES

Aguirre-Zapata, E., Alvarez, H., Kulichevsky, L. E., Di Sciascio,
F., & Amicarelli, A. N. (2023). Forecasting Lobesia botrana flight
activity: A new semi-physical model. Crop Protection, 173. https://
doi.org/10.1016/j.cropro.2023.106383

Ainseba, B., Picart, D., & Thiéry, D. (2011). An innovative
multistage, physiologically structured, population model to
understand the European grapevine moth dynamics. Journal of
Mathematical Analysis and Applications, 382, 34-46. https://doi.
org/10.1016/j.jmaa.2011.04.021

Amo-Salas, M., Ortega-Lopez, V., Harman, R., & Alonso-Gonzalez,
A. (2011). A new model for predicting the flight activity of Lobesia
botrana (Lepidoptera: Tortricidae). Crop Protection, 30, 1586-
1593. https://doi.org/10.1016/j.cropro.2011.09.003

Aswathi, V. S., & Duraisamy, M. R. (2018). Comparison of
Prediction Accuracy of Multiple Linear Regression, ARIMA
and ARIMAX Model for Pest Incidence of Cotton with Weather
Factors. Madras Agricultural Journal, 105(7-9), 313-316. https://
doi.org/10.29321/MAJ.2018.000151

Balduque-Gil, J., Lacueva-Pérez, F. J., Labata-Lezaun, G., Del-
Hoyo-Alonso R., lIlarri, S., Sanchez-Herndndez, E., Martin-
Ramos, P., & Barriuso-Vargas, J. J. (2023). Big Data and Machine
Learning to Improve European Grapevine Moth (Lobesia botrana)
Predictions. Plants, 12(3). https://doi.org/10.3390/plants12030633

Balikai, R. A., Venkatesh, H., & Sagar, D. (2019). Development of
models to predict insect pest populations. An eco-friendly tactic for
pest management. Journal of Farm Sciences, 32(1), 1-13.

Bauer, K., Regner, F., & Friedrich, B. (2017). Weinbau (11th ed.).
Cadmos Verlag.

OENO One | By IVES

2025 | volume 59-3


https://ives-openscience.eu/

Kerstin Kolkmann et al.

Baumgidrtner, J., & Baronio, P. (1988). Modello fenologica di volo
di Lobesia botrana Den. & Schiff. (Lep. Tortricidae) relative alla
situazione ambientale della Emilia-Romagna. Bolletino dell Istuto
di Entomologia “Guido Grandi” dell’Universita di Bologna, 43,
157-170.

Baumgidrtner, J., Gutierrez, A. P., Pesolillo, S., & Severini, M.
(2012). A model for the overwintering process of European
grapevine moth Lobesia botrana (Denis & Schiffermiiller)
(Lepidoptera, Tortricidae) populations. Journal of Entomological
and Acarological Research, 44(1), 8-16. https://doi.org/10.4081/
jear.2012.e2

Benelli, H., Lucchi, A., Anfora, G., Bagnoli, B., Botton, M.,
Campos-Herrera, R., Carlos, C., Daugherty, M. P., Gemeno, C.,
Harari, A. R., Hoffmann, C., loriatti, C., Lopez Plantey, R. J.,
Reineke, R., Ricciardi, R., Roditakis, E., Simmons, G. S., Tay, W.
T., Torres-Vila, L. M., Vontas, J., & Thiéry, D. (2023). European
grapevine moth, Lobesia botrana. Part 1: Biology and ecology.
Entomologia Generalis, 43(2), 261-280. https://doi.org/10.1127/
entomologia/2023/1837.

Bliimel, S., Eitzinger, J., Gruber, B., Gatterer, M., Altenburger, J.,
& Hausdorf, H. (2020). Influence of weather variables on the first
seasonal occurrence of the grape berry moths Eupoecilia ambiguella
(Lepidoptera: Tortricidae) and Lobesia botrana (Lepidoptera:
Tortricidae) in a case study region in Austria. Mitteilungen
Klosterneuburg, 70, 115-128.

Boller, E. (1976). Der Traubenwickler in der Ostschweiz 1ll. Die
Verbesserung des Warndienstes flir den einbindigen Traubenwickler
mit Hilfe von Temperatursummen-Berechnungen. Schweizerische
Zeitschrift fiir Obst- und Weinbau, 112(26), 648-656.

Bournier, A. (1976). Grape insects. Annual Review of
Entomology, 22(1), 355-376. https://doi.org/10.1146/annurev.
en.22.010177.002035

Bovey, P. (1966). Super-famille des Tortricoidea. In Balachowsky,
A. S. (Ed.), Entomologie Appliquée a I’Agriculture (Tome 11, pp.
456-893; 859-887). Paris: Masson et Cie.

Briere, J.-F., & Pracros, P. (1998). Comparison of Temperature-
Dependent Growth Models with the Development of Lobesia
botrana (Lepidoptera: Tortricidae). Population Ecology, 27(1), 94-
101. https://doi.org/10.1093/ee/27.1.94

Briere, J.-F., Pracros, P., Le Roux, A.-Y., & Pierre, J.-S. (1999). A
Novel Rate Model of Temperature-Dependent Development for
Arthropods. Environmental Entomology, 28(1), 22-29. https://doi.
org/10.1093/ee/28.1.22

Carlos, C., Gongalves, F., Oliveira, 1., & Torres, L. (2018). Is a biofix
necessary for predicting the flight phenology of Lobesia botrana in
Douro Demarcated Region vineyards? Crop Protection, 110, 57-64.
https://doi.org/10.1016/j.cropro.2017.12.006

Carlos, C., Gongalves, F., Sousa, S., Nobrega, M., Manso, J.,
Salvacdo, J., Costa, J., Gaspar, C., Domingos, J., Silva, L.,
Fernandes, D., Val, M. C., Franco, J. C., Aranha, J., Thistlewood,
H., & Torres L. (2014). Success of mating disruption against the
European grapevine moth, Lobesia botrana (Den. & Schiff): a whole
farm case-study in the Douro Wine Region. Integrated protection
and production in Viticulture IOBC-WPRS Bulletin, 105, 93-102.

Castex, V., Beniston, M., Calanca, P., Fleury, D., & Moreau, J.
(2018). Pest management under climate change: The importance of
understanding tritrophic relations. Science of the Total Environment,
616-617, 397-407. https://doi.org/10.1016/j.scitotenv.2017.11.027

Castex, V., Garcia De Cortazar-Atauri, I. G., Calanca, P., Beniston,
M., & Moreau, J. (2020). Assembling and testing a generic
phenological model to predict Lobesia botrana voltinism for impact
studies. Ecological Modelling, 420. https://doi.org/10.1016/j.
ecolmodel.2020.108946

Castex, V., Garcia De Cortazar-Atauri, 1., Beniston, M., Moreau, J.,
Semenov, M., Stoffel, M., & Calanca, P. (2023). Exploring future
changes in synchrony between grapevine (Vitis vinifera) and its
major insect pest, Lobesia botrana. OENO one, 57(1), 161-174.
https://doi.org/10.20870/0eno-one.2023.57.1.7250

Comsa, M., Tomoiaga, L. L., Muntean, M.-D., Ivan, M. M.,
Orian, S. M., Popescu, D. M., & Chedea, V. S. (2022). The Effects
of Climate Change on the Activity of the Lobesia botrana and
Eupoecilia ambiguella Moths on the Grapevine Cultivars from the
Tarnave Vineyard. Sustainability, 14(21). https://doi.org/10.3390/
sul42114554

Cravedi, P., & Mazzoni, E. (1990). Somme termiche per la
previsione degli sfarfallamenti di Lobesia botrana Den. & Schiff.
(Lepidoptera Tortricidae). Redia, 73, 17-40.

Damos, P., & Savopoulou-Soultani, M. (2012). Temperature-Driven
Models for Insect Development and Vital Thermal Requirements.
Psyche, https://doi.org/10.1155/2012/123405

Desed, K. V., Marani, F., Brunelli, A., & Bertaccini, A. (1981).
Observations on the Biology and Diseases of Lobesia botrana Den.
and Schiff. (Lepidoptera, Tortricidae) in Central-North Italy. Acta
Phytopathologica Academiae Scientiarum Hungaricae, 16(3-4),
405-431.

Di Silvestro, D., Zinni, R., & Tiso, R. (1999). A phenological model
for Lobesia botrana (Den. & Schiff): Field validation in Abruzzo.
Frustula entomologica, 22(35), 98-104.

EFSA (2010). Application of systematic review methodology to
food and feed safety assessments to support decision making. EFSA
Journal, 8(6). https://doi.org/10.2903/j.efsa.2010.1637

El-Sayed, A., Ganji, S., Gross, J., Giesen, N., Rid, M., Lo, P.L.,
Kokeny, A., & Unelius, C.R. (2021). Climate change risk to
pheromone application in pest management. The Science of Nature,
108, 47. https://doi.org/10.1007/s00114-021-01757-7

Fermaud, M., & Le Menn, R. (1989). Association of Botrytis cinerea
with grape berry moth larvae. Phytopathology, 79, 651-656. https://
doi.org/10.1094/PHYTO-79-651

Fischer-Colbrie, P. (1980). Aktuelle Schédlinge im Weinbau und
ihre zeitgemidfBen Bekdmpfungsmoglichkeiten. Der Pflanzenarzt,
33(4), 35-37.

Gabel, B. (1981). Uber den EinfluB der Temperatur auf die
Entwicklung und Vermehrung des Bekreuzten Traubenwicklers,
Lobesia botrana Den. et Schiff. (Lepid., Tortricidae). Anzeiger fiir
Schddlingskunde, Pflanzenschutz, Umweltschutz, 54, 83—87. https://
doi.org/10.1007/BF01989858

Gabel, B., & Mocko, V. (1984). Zeitliche Analyse der Befruchtung
bei der freilebenden Population des Bekreuzten Traubenwicklers,
Lobesia botrana Den. et Schiff. (Lep., Tortricidae). Zeitschrift fiir
Angewandte Entomologie, 98(4), 380-389.

Gallardo, A., Ocete, R., Lopez, M. A., Maistrello, L., Ortega, F.,
Semedo A., & Soria F. J. (2009). Forecasting the flight activity
of Lobesia botrana (Denis & Schiffermiiller) (Lepidoptera,
Tortricidae) in Southwestern Spain. Journal of Applied Entomology,
133, 626-632. https://doi.org/10.1111/j.1439-0418.2009.01417 x

GeoSphere Austria. (2022). SPARTACUS. GeoSphere Austria
- Federal Institute of Geology, Geophysics, Climatology and
Meteorology. https://www.zamg.ac.at/cms/de/forschung/klima/
klimatografien/spartacus

GeoSphere Austria. (2024). Lufitemperatur: Erwdrmung in Etappen.
GeoSphere Austria - Federal Institute of Geology, Geophysics,
Climatology and Meteorology. https://www.zamg.ac.at/cms/
de/klima/informationsportal-klimawandel/klimavergangenheit/
neoklima/lufttemperatur

volume 59-3 | 2025

OENO One | By IVES


https://ives-openscience.eu/

Gilioli, G., Pasquali, S., & Marchesini, E. (2016). A modelling
framework for pest population dynamics and management: An
application to the grape berry moth. Ecological Modelling, 320,
348-357. https://doi.org/10.1016/j.ecolmodel.2015.10.018

Gotz, B. (1941). Laboratoriumsuntersuchungen iiber den
Einflul von konstanten und variierenden Temperaturen, relativer
Luftfeuchtigkeit und Licht auf die Embryonalentwicklung von
Polychrosis botrana. Anzeiger fiir Schédlingskunde, 17(7), 73-83.

Gutierrez, A. P., Ponti, L., Cooper, M. L., Gilioli, G., Baumgértner,
J., & Duso, C. (2012). Prospective analysis of the invasive potential
of the European grapevine moth Lobesia botrana (Den. & Schiff.)
in California. Agricultural and Forest Entomology, 14, 225-238.
https://doi.org/10.1111/j.1461-9563.2011.00566.x

Gutierrez, A. P., Ponti, L., Gilioli, G., & Baumgérnter, J. (2018).
Climate warming effects on grape and grapevine moth (Lobesia
botrana) in the Palearctic region. Agricultural and Forest
Entomology, https://doi.org/10.1111/afe.12256

Heit, G.E., Sione, W.F., & Acefiolaza, P.G. (2019). Spatio-temporal
risk assessment models for Lobesia botrana in uncolonized
winegrowing areas. Journal of Plant Protection Research, 59(2),
265-272. https://doi.org/10.24425/jppr.2019.129291

Hobaus, E. (1988). Distribution of the grape berry moth species
Eupoecilia ambiguella Hb. and Lobesia botrana Schiff. in Austria.
Pflanzenschutzberichte, 49(1), 34-40.

Hoppmann, D., & Holst, H. (1989). Biometeorologische Grundlagen
fir ein Prognosemodell des Einbindigen und Bekreuzten
Traubenwicklers. Vitic. Enol. Sci., 44, 132-140.

Hoppmann, D., & Holst, H. (1990). Biometeorologische
Einflisse auf die Entwicklung des einbindigen und bekreuzten
Traubenwicklers. Landwirtschaftliches Jahrbuch, 67(Sonderheft),
259-266.

Iltis, C., Louapre, P., Vogelweith, F., Thiéry, D., & Moreau, J. (2021).
How to stand the heat? Post-stress nutrition and developmental
stage determine insect response to a heat wave. Journal of Insect
Physiology, 131. https://doi.org/10.1016/j.jinsphys.2021.104214

Iltis, C., Moreau, J., Hiibner, P., Thiéry, D., & Louapre, P. (2022).
Warming increases tolerance of an insect pest to fungicide exposure
through temperature-mediated hormesis. Journal of Pest Science,
95, 827-839. https://doi.org/10.1007/s10340-021-01398-9

Iltis, C., Moreau, J., Pecharova; K., Thiéry, D., & Louapre P. (2020).
Reproductive performance of the European grapevine moth Lobesia
botrana (Tortricidae) is adversely affected by warming scenario.
Journal of Pest Science, 93, 679-689. https://doi.org/10.1007/
$10340-020-01201-1

loriatti, C., Anfora, G., Tasin, M., De Cristofaro, A., Witzgall,
P., & Lucchi, A. (2011). Chemical Ecology and Management of
Lobesia botrana (Lepidoptera: Tortricidae). Journal of Economic
Entomology, 104(4), 1125-1137. https://doi.org/10.1603/EC10443

Kehrli, P, Pasquier, D., & Kuske, S. (2014). Bekreuzter
Traubenwickler. ELobesia botrana Den. & Schiff. Agroscope,
Amtra. https://api.agrometeo.ch/storage/uploads/eudemis-D_DEF.
pdf

Kolkmann, K., Blimel, S., & Eitzinger, J. (2024). New multiple
linear regression models for predicting the European grapevine
moth (Lobesia botrana) in Austria. [OBC-WPRS Bulletin, 171, 57-
61.

Lessio, F., & Alma, A. (2021). Models applied to grapevine pests:
A review. Insects, 12, 169. https://doi.org/10.3390/insects 12020169

Lkonline. (2023). [Insekten:
Weinbauverband.
traubenwickler+2400+2733831

Traubenwickler. Osterreichischer
https://noe.lko.at/insekten-

Manetsch, T.J. (1976). Time-Varying Distributed Delays and Their
Use in Aggregative Models of Large Systems. /[EEE transactions
on systems, man, and cybernetics, 6(8), 547-553. https://doi.
org/10.1109/TSMC.1976.4309549

Martin-Vertedor, D., Ferrero-Garcia, J.J., & Torres-Vila, L.M.
(2010). Global warming affects phenology and voltinism of Lobesia
botrana in Spain. Agricultural and Forest Entomology, 12, 169-
176. https://doi.org/10.1111/j.1461-9563.2009.00465.x

Moosavi, F. K., Cargnus, E.; Pavan, F., & Zandigiacomo, P. (2018).
Effects of grapevine bunch exposure to sunlight on berry surface
temperature and Lobesia botrana (Lepidoptera: Tortricidae) egg
laying, hatching and larval settlement. Agricultural and Forest
Entomology, 20, 420—432. https://doi.org/10.1111/afe.12274

Moreau, J., Benrey, B., & Thiéry, D. (2006). Grape variety affects
larval performance and also female reproductive performance
of the European grapevine moth Lobesia botrana (Lepidoptera:
Tortricidae). Bulletin of Entomological Research, 96, 205-212.
https://doi.org/10.1079/BER2005417

Moshtaghi Maleki, F., Iranipour, S., Hejazi, M. J., & Saber, M.
(2016). Temperature-dependent age-specific demography of
grapevine moth (Lobesia botrana) (Lepidoptera: Tortricidae):
jackknife vs. bootstrap techniques. Archives of Phytopathology and
Plant Protection, 49(11-12), 263-280. https://doi.org/10.1080/0323
5408.2016.1140566

O’Brien, R. M. (2007). A Caution Regarding Rules of Thumb for
Variance Inflation Factors. Quality & Quantity, 41, 673-690. https://
doi.org/10.1007/s11135-006-9018-6

Pasquali, A, S., Soresina, C., & Marchesini, E. (2022).
Mortality estimate driven by population abundance field data
in a stage-structured demographic model. The case of Lobesia
botrana. Ecological Modelling, 464. https://doi.org/10.1016/].
ecolmodel.2021.109842

Pavan, F., Floreani, C., Barro, P., Zandigiacomo, P., & Dalla Monta,
L. (2013). Occurrence of two different development patterns in
Lobesia botrana (Lepidoptera: Tortricidae) larvae during the second
generation. Agricultural and Forest Entomology, 15, 398-406.
https://doi.org/10.1111/afe.12027

Pétremand, G., Vonlanthen, O., Gigon, V., Delabays, N., Fleury, D.,
Lefort, F., & Rochefort, S. (2017). Insectes ravageurs émergents.
Etablissement et optimisation d’un réseau de surveillance dans un
contexte de réchauffement climatique. Revue suisse Viticulture,
Arboriculture, Horticulture, 49(5), 272-279.

Pherobank. (2024). About Pherobank. https://www.pherobank.com

Polesny, F., Rupf, O., & Kiihrer, E. (2000). Tortricid pests in
orchards and viticulture, from basic data sampling to internet
warning service. EPPO Bulletin, 30(1), 127-129.

Rank, A., Ramos, R. S., Da Silva, R. S., Soares, J. R. S., Picango, M.
C. M., & Fidelis, E. G. (2020). Risk of the introduction of Lobesia
botrana in suitable areas for Vitis vinifera. Journal of Pest Science,
93, 1167-1179. https://doi.org/10.1007/s10340-020-01246-2

Reineke, A., & Thiéry, D. (2016). Grapevine insect pests and their
natural enemies in the age of global warming. Journal of Pest
Science, 89, 313-328. https://doi.org/10.1007/5s10340-016-0761-8

Reis, S., Martins, J., Gongalves, F., Carlos, C., & Santos, J. A.
(2022). European grapevine moth and Vitis vinifera L. phenology in
the Douro region: (a)synchrony and climate scenarios. Agronomy,
12(1), 98. https://doi.org/10.3390/agronomy12010098

Ricciardi, R., Benelli, G., Di Giovanni, F., & Lucchi, A. (2024). The
European grape berry moth, Eupoecilia ambiguella (Lepidoptera:
Tortricidae): Current knowledge and management challenges. Crop
Protection, 180. https://doi.org/10.1016/j.cropro.2024.106641

OENO One | By IVES

2025 | volume 59-3


https://ives-openscience.eu/

Kerstin Kolkmann et al.

Roditakis, N. E., & Karandinos, M. G. (2001). Effects of photoperiod
and temperature on pupal diapause induction of grape berry moth
Lobesia botrana. Physiological Entomology, 26(4), 329-340.
https://doi.org/10.1046/7.0307-6962.2001.00253.x

Russ, K. (1966). Mehrjahrige Flugbeobachtungen an Faltern von
Clysia ambiguella Hb. Und Polychrosis botrana Schiff. Mit Hilfe
von Robinson-Lichtfallen in Osterreich. Die Wein-Wissenschafi.
21(5), 189-209.

Santos, J.A., Fraga, H., Malheiro, A.C., Moutinho-Pereira, J., Dinis,
L.-T., Correia, C., Moriondo, M., Leolini, L., Dibari, C., Costafreda-
Aumedes, S., Kartschall, T., Menz, C., Molitor, D., Junk, J., Beyer,
M., & Schultz, H.R. (2020). A Review of the Potential Climate
Change Impacts and Adaptation Options for European Viticulture.
Applied Sciences, 10. https://doi.org/10.3390/app10093092

Schmidt, K., Hoppmann, D., Holst, H., & Berkelmann-L&hnertz,
B. (2001). Prediction of grape moths dynamics using age structured
models. Integrated Control in Viticulture, IOBC WPRS Bulletin,
24(7), 127-134.

Schmidt, K., Hoppmann, D., Holst, H., & Berkelmann-Ldhnertz,
B. (2003). Identifying weather-related covariates controlling grape
berry moth dynamics. OEPP/EPPO Bulletin, 33, 517-524.

Svobodova, E., Trnka, M., Dubrovsky, M., Semeradova, D.,
Eitzinger, J., gtépének, P, & Zalud, Z. (2014). Determination of
areas with the most significant shift in persistence of pests in Europe
under climate change. Pest Management Science, 70(5), 708-715.
https://doi.org/10.1002/ps.3622

Thiéry, D., Monceau, K., & Moreau, J. (2014). Different emergence
phenology of European grapevine moth (Lobesia botrana,
Lepidoptera: Tortricidae) on six varieties of grapes. Bulletin of
Entomological Research, 104(3), 277-287. https://doi.org/10.1017/
S000748531300031X

Torres-Vila, L. M., Rodriguez-Molina, M. C., McMinn, M., &
Rodriguez-Molina, A. (2005). Larval food source promotes cyclic
seasonal variation in polyandry in the moth Lobesia botrana.
Behavioral Ecology, 16(1), 114-122. https://doi.org/10.1093/
beheco/arh138

Touzeau, J. (1981). Modélisation de I’évolution de 1’eudémis de la
Vigne pour la région Midi Pyrénées. Bollettino di Zoologia Agraria
e di Bachicoltura, Series 11, 16, 26-28.

Zumbado-Ulate, H., Schartel, T. E., Simmons, G. S., & Daugherty,
M. P. (2023). Assessing the risk of invasion by a vineyard moth
pest guild. NeoBiota, 86, 169—191. https://doi.org/10.3897/
neobiota.86.100579

volume 59-3 | 2025

OENO One | By IVES


https://ives-openscience.eu/

