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ABSTRACT

The European grapevine moth, Lobesia botrana (Lepidoptera: Tortricidae) is considered to be the main pest
in the vineyards of the Douro Demarcated Region (DDR) due to the economic losses it can cause. Damage is
caused by the larvae of this pest feeding on grape clusters, rendering them susceptible to Botrytis cinerea in
mid-season and leading to the development of primary and secondary rot at harvest. Understanding this pest’s
behaviour in the region under future climate scenarios is an increasing challenge. Hence, the present study aims
to assess the potential effects of two likely climate change scenarios (Representative Concentration Pathways,
RCP4.5 and RCP8.5) on Lobesia botrana phenology, particularly at the beginning and at the peak of the three
Lobesia botrana flights. Our findings show that the phenological events generally occur earlier in all locations
and mostly during the long-term period of 2021-2080, being 7 to 12 days in advance in the RCP4.5 scenario, and
15 to 24 days in advance in RCP8.5, when compared to current values (2000-2019) and regardless of the flight
number. These results suggest that a fourth complete flight is likely in the future, and that Lobesia botrana will become
a tetravoltine species in the region. The flight (male catches) and infestation of Lobesia botrana over periods with
daily temperatures above its upper limit of development (> 33 °C) were also analysed during the period 2000-2019
in the targeted sites. The upward trend in the number of days with maximum temperature above 33 °C tended to
be accompanied by a decrease in the total number of male catches during the second and third flights, as well as
a decrease in the percentage of attacked bunches by the second and third generations. Overall, climate change is
expected to influence the phenology of this pest in the DDR.
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INTRODUCTION

The European grapevine moth, Lobesia botrana
(Denis and Schiffermiiller, 1775) (Lepidoptera:
Tortricidae) - henceforth referred to as LB -
is one of the most noxious vineyard pests in
Europe and the Mediterranean basin (Delbac
et al., 2010; loriatti et al., 2011; Caffarra et al.,
2012). In South America, it was spotted for the
first time in Chile in April 2008 (Gilligan et al.,
2011). After that, sightings were also reported in
California in 2009 and Argentina in 2010 (Cooper
et al., 2014). Lobesia larvae damage grapes by
feeding on flowers and berries. However, the
greatest economic losses are due to secondary
infection provoked by Botrytis cinerea in the
feeding sites of LB (Gilligan ef al., 2011). LB has
a facultative diapause and a variable number of
generations per year which depends on two main
driving factors: temperature and photoperiod. In
general, this moth is trivoltine in Mediterranean
latitudes. Nonetheless, a fourth partial flight has
been observed during the warmest years, namely
in Iberian Peninsula conditions (Martin-Vertedor
et al., 2010; Carlos et al., 2018). Voltinism is
determined by a conjunction of factors: latitudinal
and altitudinal gradients, which largely reflect the
thermal forcing conditions of each site (Martin-
Vertedor et al., 2010).

In order for a pest control method (e.g., mating
disruption, biocontrol agents or chemical
treatments) to be efficient, it would need to be
applied to pest populations during their most
susceptible stages (Amo-Salas et al., 2011).
Pheromone traps can be used to monitor the
activity of male moths in vineyards, but they
require periodic visits to the field for visual
observation and to record the number of catches
(Unlii et al., 2019). All this field information,
combined with temperature accumulation
methods, is critical for implementing accurate
phenological models (Riedl et al., 1976; Amo-
Salas et al., 2011). Several models have already
been developed to predict LB phenology. Some of
them are based on the strong relationship between
temperature accumulation (degree day (DD)) and
pheromone trap catches of adult males (Milonas
et al., 2001; Ortega-Lopez et al., 2014; Carlos
et al., 2018). Other authors have incorporated
additional atmospheric variables (abiotic factors)
in their models, such as precipitation, relative
humidity or wind speed, as well as biotic factors,
namely fecundity and mortality among others
(Gutierrez et al., 2012; Gilioli et al., 2016; Castex
et al., 2020). From a practical point of view, such
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as when planning to implement decision support
systems for viticulturists, DD models have several
noteworthy advantages, but an important one is
their relatively low complexity which facilitate
their application once duly validated in terms
of local conditions (Carlos et al., 2018). This
advantage is particularly important in regions with
scarce or irregular observational data, particularly
regarding the development stages of LB.

According to a recent report from the
Intergovernmental Panel on Climate Change
(IPCC, 2018), temperatures are likely to
increase by approximately 1.5 °C between 2030
and 2052. Within this climatic context, and as
already described by Thiéry et al. (2018), LB
could indeed benefit from global warming,
since the environmental temperature will be
closer to its thermal optimum in many wine
regions worldwide. Global warming can also
indirectly affect its performance by influencing
two associated trophic levels: grapevines and
natural enemies, such as parasitoids (Reineke and
Thiéry, 2016). Furthermore, air temperature is a
key environmental factor that triggers the end of
the diapause. Milder early springs are expected
to promote a significant advancement in the first
emergence of adults from hibernating pupae, thus
impacting the voltinism of LB (Martin-Vertedor
et al., 2010; Reineke and Thiéry, 2016). Lastly, a
combination of phenological models of grapevine
(Vitis vinifera L.) and LB have demonstrated that
an increase in temperature can result in an increase
in asynchrony between the larvae resistance of
grapevine growth stages and the larvae of the first
generation LB (Reineke and Thiéry, 2016). Iltis
et al. (2020) have also demonstrated that global
warming could adversely impact the reproductive
success of LB and the local abundance of this pest.

The Douro Demarcated Region (DDR) is located
in northeastern Portugal. Since 2001 the most
well-preserved part of this region, the Alto
Douro Vinhateiro (ADV), has been a classified
UNESCO world heritage site due to its cultural,
evolutionary and living landscape (Andresen
et al., 2004). It is a world-renowned wine region
of high natural value and exceptional biodiversity.
Hence, it is of paramount importance to preserve
and enhance this heritage. In the DDR, LB usually
produces three generations in one year, which
can cause damage to grapevine inflorescences
and bunches (Carlos et al., 2007). However, in
warmer years, a fourth flight has been detected
in early September (Carlos ef al., 2018), resulting
in a fourth generation of damaging larvae during
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TABLE 1. Geographical locations of the plots and weather stations. The corresponding sub-regions (Baixo
Corgo, BC, and Cima Corgo, CC) are also indicated.

Sub-region Latitude (N)  Longitude (W)
Plot A BC 41°08'48.7" 7°43'39.3"
Plot B CcC 41°9'11.70" 7°3723.67"
Plot C BC 41°9'15.95" 7°45'19.53"
Plot D BC 41°9'55.86" 7°46'9.56"
WS A BC 41°08'48.7" 7°43'39.3"
WS B CcC 41°9'19.70" 7°37' 0.90"
WS C/D BC 41°9'12.30" 7°47' 50.60"

harvest. In terms of the impacts of climate change
in the DDR, strong warming and drying trends
are projected for the upcoming decades, implying
overall shifts in viticultural suitability (Santos
etal.,2020),as well as early grapevine phenological
events (Costa et al., 2019; Reis et al., 2020).

The aim of the present study was to assess climate
change impacts on the flight phenology of LB in
the DDR, thus providing valuable information
to the winegrower for optimising pest control
measures within an integrated pest management
approach. The study was structured as follows:
(1) the use of phenological models to predict
LB flights under future climate change scenarios
(RCP4.5 and RCPS8.5) for the selected study sites
and to assess any changes at the beginning of
and at peak dates of the three flights, and (2) the
analysis of the potential effects of temperatures
above an upper limit for development (> 33 °C) on
the total number of male catches (second and third
flights), as well as on the percentage of bunches
attacked (second and third generations), based on
the analysis of historical data (2000-2019).

MATERIAL AND METHODS
1. Study area

The climate conditions in the DDR are typical of
Mediterranean climates, with characteristically
warm dry summers, followed by mild and rainy
autumns and winters. Precipitation decreases
from the west to the east of the region, with
annual precipitation varying from > 1000 mm
in the westernmost areas to < 400 mm in the
innermost part close to the Spanish border (Fraga
et al., 2017). Additionally, DDR is characterised
by a high interannual variability in temperature,
potential evapotranspiration, total radiation and
precipitation (Jones, 2013), and a large diversity
of terroirs (Fraga et al., 2018).
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The study was carried out on four plots (A,
B, C and D) located in two sub-regions of the
DDR: Baixo Corgo (BC) and Cima Corgo (CC).
Meteorological data from three weather stations
(WS: A, B and C/D) near the four plots (< 10 km)
for the period 2000-2019 were used. Figure 1
shows the geographical location of the DDR and
its sub-regions, along with the locations of the
aforementioned plots and WS. The geographical
coordinates of all plots and WS are listed in
Table 1.

2. Data collection
2.1. Pest infestation and flight

The percentage of attacked bunches (infestation)
and the number of LB males caught in fixed
pheromone traps were recorded during the
period 2000-2019. The infestation was assessed
by randomly inspecting samples of 50 to 100
inflorescences or grapes, depending on the season,
during each generation of the insect. For reasons
explained later, only the infestation of the second
and third generations from Plot B were considered
for further analysis.

2.2. LB flight models

Degree-day (DD) models to predict main LB
flights were developed using data of male catches
in sex pheromone traps and temperature recorded
over a 20-year period, as described by Carlos
et al. (2018). The main LB flights in the DDR
were described in terms of DD required for the
occurrence of its main events (beginning and
peak, i.e. occurrence of 50 % of male catches).

3. Climate dataset for future scenarios

The Coordinated Regional Downscaling
Experiment (CORDEX) aimed to provide an
internationally ~ coordinated framework for
improving regional climate scenarios (Jacob
et al., 2014). The EURO-CORDEX branch
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FIGURE 1. A) Map of the Iberian Peninsula showing the boundaries of the Portuguese Wine Region. The
DDR is highlighted in red shading. B) Map of the DDR and locations of the plots (A, B, C and D) and
weather stations (WS: A, B and C/D). The three sub-regions of DDR: Baixo Corgo (BC, yellow), Cima
Corgo (CC, orange) and Douro Superior (DS, red) are also depicted, along with the main watercourses
(the Douro/Duero River) represented by a thick blue line.

generated European-wide climate simulations
under different future scenarios. A large set of
simulations is currently available as a result of
dynamic downscaling experiments which ran
Global Climate Model (GCM)—Regional Climate
Model (RCM) chains (Spinoni et al., 2020).
The climate model simulations selected for
the present study are listed in Table 2. Gridded
T, (maximum temperature) and T, (minimum
temperature) for a historical period (1981-2015)
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and a future period (2021-2080) in RCP4.5 and
RCP8.5 were used to carry out analyses for the
short-term (2021-2040), medium-term (2041—
2060) and long-term (2061-2080) periods. The
simulated data were available at an 11 km grid
resolution and were trimmed for a sector covering
the DDR.

As climate simulations may be affected by
significant biases with respect to real-world
climate, the E-OBS observational dataset was used

OENO One 2021, 2, 335-351



TABLE 2. Combinations of Global Climate Model (GCM) and Regional Climate Model (RCM) runs

available for Europe and their references.

GCM References RCM References Abbreviation
. CNRM- (Lucas-Picher et al., 2013;
CNRM-CM5 (Voldoire et al., 2013) ALADINS3 Tramblay et al., 2013) CNRMALADIN
(Hazeleger et al., 2010; .
ICHEC-EC-EARTH . DMI-HIRHAMS5  (Christensen ef al., 2007) ICHECDMI
Koenigk et al., 2013)
IPSL-INERIS-
IPSL-CM5A-MR  (Dufresne et al., 2013) WRF331F (Menut et al., 2013) IPSLINERIS
MPLESM-LR  (Giorgetta et al,, 2013)  C-Meom- (Rockel et al., 2008) MPICLM
orgetta et al., CCLMA4.8-17 ockel et al.,

to calibrate the model data within the DDR sector.
The E-OBS dataset (available at https://www.
ecad.eu/download/ensembles/download.php)
is a European high resolution and daily gridded
observational dataset for average minimum and
maximum temperatures and total precipitation
(Cornes et al., 2018). The data were developed
as part of the ENSEMBLES project (European
Union Framework 6) to be used in climate change
studies and for the validation of regional climate
models (Haylock et al., 2008; Hofstra et al., 2009;
Kysely and Plavcova, 2010). To correct model
biases, a quantile mapping approach (Amengual
et al., 2011; Miao et al., 2016) was applied to
the simulated data using E-OBS as a baseline
and the common historical period of 1981-2015
as a reference. In this context, the bias-corrected
gridded temperatures (T, and T,) were extracted
from the grid points which were closest to the
selected plots. The extracted grid points were
E-OBS A and B (41°11'15"N and 7°41'15"W) and
E-OBS C/D (41°11'15"N and 7°48'45"W).

Subsequently, linear regression adjustments
between WS and E-OBS data were carried out (two
linear regressions for each WS, T and T,; i.e., six
transfer functions in total). The corresponding
linear regression equation (transfer function)
was then applied to climate model data to adjust
the bias-corrected simulations of local climatic
conditions. It was assumed that the transfer
functions already identified in the historical
period between E-OBS and WS would remain
mostly unchanged for the future period. This late
adjustment was a critical point in the analysis,
as the results of the phenology models are very
sensitive to the actual temperature observed on a
specific site.

4. Trend analysis and statistical significance

Although linear regression equations are
frequently adjusted to time series for the initial

OENO One 2021, 2, 335-351

detection and estimation of trends (which is a
reasonable approach when the coefficient of
determination (R-squared) associated with the
linear trend is relatively high), climate change
trends are frequently non-linear throughout
the study period. Hence, the assessment of the
statistical significance of trends in a time series
should be also carried out using non-parametric
hypothesis tests. The Mann-Kendall (MK) is a
non-parametric test used to statistically assess
whether there is either an upward or downward
trend in the parameters of interest (Mann, 1945;
Kendall, 1975). The significance of the MK test
can be verified with a bilateral test (1) by applying
the standardized Z statistics described by Yenigun
et al. (2008):

5-1

Jvar(s) S>0
Z=3 0 s=o0 (1

S+1
Jvar(s) §<0

which is used to test the null hypothesis (/).

The positive value of Z indicates an upward
trend (IZI > 0), while a negative value indicates a
downward trend (IZI < 0). To test the increasing or
decreasing trend in the significance level a, the H
is rejected if the absolute value of Z is greater than
Z ,(ZI>Z ) (Moreira and Naghettini, 2016). In
this study, the MK test was used at a significance
level of 0.1 %, p < 0.001 (i.e., confidence level
of 99.9 %) for testing monotonic trends at the
beginning and peak dates (in DOY) of LB flights
(three flights) under RCP4.5 and RCP8.5.

The MK test can be used to detect statistically
significant trends, but it does not provide
their magnitude. Therefore, the MK test was
complemented by Sen's slope estimator, initially
proposed by Sen (1968) and described according
to Hirsch et al. (1982) by (2):
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where and represent the years within the period
2021-2080 in the i-th and j-th time instant
respectively and for both scenarios (RCP4.5 and
RCPS8.5). Lastly, the magnitude of the trend is
estimated by the median of two values of Dl.y.

5. Effects of warmer conditions on pest
infestation and flight

The potential effects of high temperatures on the
number of LB male catches and infestation were
also examined. A preliminary analysis was carried
out on plot B, as it provided a larger sample of
observed data for the percentage of attacked
bunches and the total number of male catches. The
aforementioned data was related to the number of
days with maximum temperature, T,, above 33 °C
during the second generation/flight (2000-2019:
fifteen years with % of attacked bunches/thirteen
years of the total number of catches) and third-
generation/flight (2000-2019: eleven years with
% of attacked bunches/thirteen years of the total
number of catches). The number of days with
maximum temperature above 33 °C is counted
in the relevant months; i.e., when the second
(June-July) and third (July-September) flights/
generations took place. Lastly, the infestation and
male LB catches at high temperatures (> 33 °C;
i.e., above the upper limit) were also analysed to
gain an understanding of the impact of excessively
high temperatures on an LB population (Briere
and Pracros, 1998).

To predict the impact of future climate scenarios
on LB flights, the three non-linear models
described by Carlos et al. (2018) for predicting
each LB flight were used, with 1 January as the
starting point for DD accumulation. Therefore,
the models and the corrected T, and T, from
2021-2080 (corresponding WS and plots) for both
RCP4.5 and RCP8.5 were automatically run in
computational code. The output comprised the
simulated days (in Julian days of the year (DOY))
of the beginning and peak (corresponding to 50 %
of male catches) of each LB flight.

RESULTS

1. Correction of model climate data with
observations

In order to assess the consistency between E-OBS
and local WS data, T and T, recorded at the
different WS (A, B and C/D) and obtained from the
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E-OBS dataset (A, B and C/D) were correlated. The
Pearson product-moment correlation coefficients
and the corresponding determination coefficients
were estimated. This correlation analysis was also
complemented by fitting linear regression lines to
the corresponding scatterplot diagrams. For this
purpose, E-OBS A and B data were correlated
with observed data from WS A and B (at the same
location as plots A and B respectively), whereas
E-OBS C/D data were correlated with WS C/D
(the same location as C and D plots). Hence, a
total of six linear regressions (three for T and
three for T,) were carried out and their respective
parameters were estimated following a least-
squares approach.

Overall, statistically significant correlation
coefficients at a 99 % confidence level were
obtained. Moreover, the correlation coefficients
were higher than 0.94 for all regressions,
comfirming very robust correlations between both
datasets. Accordingly, very high determination
coefficients (percentage of variance explained
by the linear regression model) were obtained,
ranging from 89 % to 98 % (Figure 2 A, B, C, D,
E and F).

Although the data pairs tend to be well-aligned in
clouds close to the corresponding regression lines,
some discrepancies are worth mentioning. This is
particularly true for T, in WS B, where several
days with maximum temperatures close to 0 °C
were observed in the WS and much higher values
were obtained from E-OBS. In terms of T, there
were also a few days with similar discrepancies.
These discrepancies weaken the linear association
between the WS and E-OBS time series. After a
more thorough analysis of these specific days, it
was found that almost all of them occurred during
the winter period (December to February) when
strong thermal inversions occurred in the region;
these thermal inversions were associated with
settled weather conditions driven by strong and
nearly-stationary anticyclonic systems located
over the Iberian Peninsula (not shown). Such
conditions contribute to the formation of thick
fog layers in the deep valleys of the region, which
can sometimes persist for several days when solar
radiation levels are not high enough to dissipate
the fog during the day, which is subsequently
reinforced at night by mountain breezes and
katabatic winds that drain cool air masses to the
low-elevation areas of the Douro River basin.
The other WS were less prone to these events.
In addition, the development and the end of the
diapause (Tobin et al., 2001; Tobin et al., 2002)
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FIGURE 2. Scatterplot diagrams between E-OBS (A, B and C/D) and observed temperatures (T and T,
in °C; blue and yellow dots respectively) from weather stations (WS: A, B and C/D) near the plots (A, B
and C/D respectively). The corresponding linear regression lines are also shown, as well as the respective
regression equations, the determination coefficient (R-squared) and the correlation coefficient (R).

of the majority of multivoltine insects described
by Tobin et al. (2008) are driven by temperature,
while the beginning of the diapause is driven
by photoperiod (Nagarkatti et al., 2001). Under
regional conditions, the projected increase in
temperature could bring forward the end of the
diapause of individuals emerging in spring, with
an earlier first flight of LB.

Owing to the aforementioned noteworthy
consistency between E-OBS and WS data, these
linear regressions were then used to calibrate the
climate model data to site conditions over the
future period and for both scenarios (RCP4.5
and RCP8.5). This is a common procedure for

OENO One 2021, 2, 335-351

correcting bias in the mean (location) and variance
(scale), which guarantees that local weather
conditions will be more accurately represented
in both E-OBS and climate model data. Other
more advanced methodologies, like quantile
mapping approaches, are not recommendable
when only short temporal periods are available
(small sample sizes), as is the case of the WS time
series being analysed here. The intercepts of the
linear regression equations show some important
biases in the mean, varying from nearly 0.8 to
2.5 °C (all of them positive), which implies that
the WS temperatures are systematically higher
than in E-OBS and significant corrections in the
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FIGURE 3. Cumulative percentage of male catches of LB for the first, second and third flights in relation
to accumulated DD, with 1 January as a starting point for DD accumulation.

means were applied to E-OBS data. The slopes
of the linear regression equations vary from
approximately 0.97 to 1.04, which means that the
variance is similar in both datasets, and only slight
corrections were applied to the E-OBS variances.

2. Climatic projections and impacts on LB
2.1. LB flight

The bias-corrected and site-adjusted daily mean
temperatures for the future climatic scenarios
(RCP4.5 and RCP8.5) were used as input for the
three previously defined models of each flight
(Figure 3). The simulated days of the beginning
and peak dates of LB male flights for each GCM-
RCM model chain (CNRMALADIN, ICHECDMI,
IPSLINERIS and MPICLM) were then obtained.

2.2. Simulations for future scenarios

The simulated days for the beginning and peak
dates of the LB flights were obtained for each
combination of location (four), flight (three),
climate scenario (two) and climate model (four)
separately. Figures 4 and S1 (Supplementary
Material) show the box-plot diagrams for RCP4.5
and RCPS8.5 respectively, in which all the models
and years within a given period are pooled.
Although there is a significant spread within each
sub-period (short, medium and long-term) and
flight (roughly 35-60 days), there is a clear and
consistent trend in earlier beginning and peak
dates of the different LB flights and for all plots.

For the sake of succinctness, the equally weighted
ensemble averages for the four climate models
were calculated, keeping the other parameters
separate (scenario, location and flight number).
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The ensemble averages were thoroughly analysed
in this study, as they are central tendency measures
which can be used as an indicator for climate model
experiments, which are all considered equally
valid. Figures S2 and S3 show the chronograms
of the interannual variability of the ensemble
averages of the LB beginning and peak flight dates
(DOY) during the period 2021-2080 for each
location and flight curve and in the RCP4.5 and
RCP8.5 scenarios respectively.

For all flights and locations (Figures S2 and
S3), there is a general shift to earlier beginning
and peak flight dates (downward trends) when
compared to the present conditions (2000-2019).
Not surprisingly, the trends are generally more
significant in RCP8.5 than in RCP4.5, as the former
scenario is related to a much stronger radiative
anthropogenic forcing, with more accentuated
upward trends in temperature. To complement the
information in the chronograms, the values of the
linear regression trends of the ensemble averages
are shown in Table 3.

For the first LB flight and all locations (Figures
S2 and S3, Table 3), the flight beginning and peak
dates in both scenarios (RCP4.5 and RCPS.5)
were somewhat in advance. Over one decade, the
earliness in both beginning and peak dates varies
from 1 to 2 days with respect to the present values
in RCP4.5 and up to 3 days in the severest scenario
(RCP8.5). For the whole period (60 years), the
trend in early beginning of flight is evident for all
locations in the RCP4.5 scenario: in plot B it was
8 days early and in plots A and C/D it was 7 days
earlier. The flight peak in the same scenario and
for all locations was projected as being 10 days
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TABLE 3. LB flight events (days) for the beginning and peak (three flights) with respect to baseline (2000—
2019) in RCP4.5 and RCP8.5 scenarios, as a function of the vineyard plots (A, B and C/D). The linear

trends: per year, decade and 60-year period.

Begin*

Flight Period Plot

Peak*
(RCP4.5) (RCP4.5)

Peak*
(RCP8.5)

Begin*
(RCP8.5)

Annual -0.1

0.2

First Decadal -1.0

-3.0

-7.0

60 years -8.0

7.0

-15.0
-17.0
-15.0

-18.0
-20.0
-18.0

-10.0

Annual

Second Decadal

60 years

-10.0

-22.0 -21.0
-22.0

-22.0

Annual

Third Decadal

60 years

-22.0
-23.0
-23.0

-23.0
-24.0
-23.0

*Days in advance with respect to the present.

in advance. However, in the RCP8.5 scenario,
flights began 15 and 17 days in advance in plots
A/C/D and plot B respectively, while the flight
peak was 20 days in advance in plot B and 18 days
in advance in the other plots. In general, at the end
of the evaluated period and regardless of location,
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flights were in advance by 7 to 10 days in RCP4.5
and 15 to 20 days in RCP8.5.

Over a period of sixty years, the beginning and
peak dates of the second LB flight (Figures S2 and
S3; Table 3) in all locations were 10 and 22 days
in advance in RCP4.5 and RCPS8.5 respectively,
except for plot A in RCP8.5 for which the peak of
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TABLE 4. Sen’s slope estimator applied to the DOY series for the beginning and peak of LB flights in plot
A in the different scenarios (RCP4.5 and RCPS8.5) and over the period 2021-2080. According to the Mann-
Kendall test, all slopes are statistically significant at a confidence level of 99.9 % (p < 0.001).

Sen’s slope estimator*

Plot RCP4.5 RCP8.5
First flight (Beginning) —1.11e-01 —2.50e-01
First flight (Peak) —1.67e-01 —2.99¢-01
Second flight (Beginning) —1.67e-01 -3.67e-01
A Second flight (Peak) —1.60e-01 —3.55¢-01
Third flight (Beginning) —1.78e-01 —3.5%¢-01
Third flight (Peak) —1.88e-01 —3.75¢-01

*Mann-Kendall test at the significance level of 0.1 % (p <0.001)

flight was 21 days earlier. It is therefore important
to highlight the general ealier dates in all locations
and for all flight periods, ranging from —10 days in
RCP4.5 and -21 to —22 days in RCP8.5 from the
period under evaluation to the present.

At the end of the period of the third LB flight
(Figures S2 and S3; Table 3) the beginning of the
flights were 11 days earlier for plots A and C/D
and 12 days earlier for plot B. The peak flight date
was 12 days in advance in all locations. A clear
trend can be observed for the most severe climate
scenario: beginning of flight in Plot B was 23 days
earlier and the flight peak was 24 days earlier. In
general, at the end of the period, the beginning
and peak of flights were 11-12 days in advance in
RCP4.5 and 22-24 days in the most severe climate
scenario.

Therefore, these results show that in both climatic
scenarios pest phenological events are projected
to occur earlier and voltinism to strengthen in the
future.

To better document the inter-model variability, the
minimum and maximum DOY for each variable
have also been depicted (Figures S2 and S3).
Although the spread among models is apparent,
there is no evidence for a change in the model
uncertainty throughout the future period.

An assessment was carried out on the statistical
significance of the identified trends in LB flight
beginning and peak dates for the full period of
2021-2080 in all locations and climatic scenarios
(RCP4.5 and RCP8.5). The application of the
MK trend test on plot A (Table 4) shows p-values
below the 0.1 % (p < 0.001) significance level,
regardless of flight and climatic scenario; H, can
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thus be rejected, verifying a significant trend in
the analysed series. The Sen’s slope estimator
generally varied between —1.11e-01 and —3.75e-
01. Similar results were found for the remaining
plots (not shown). Therefore, these values confirm
the statistical significance of the identified
downward trends in both the beginning and peak
dates of the LB flights.

3. Effects of extreme temperatures versus pest
infestation and male catches

The likely implications of very warm weather
conditions on the LB population are only briefly
evaluated here, as the sample size of observed data
is very limited. An illustrative analysis was carried
out on plot B for percentage of attacked bunches
and the total number of adult male catches based on
the evolution of these parameters over the period
2000-2019. The results are shown in Figure 5.

For the second generation, an increase in the
number of days above 33 °C (June-July) and a
decrease of 1.7 % in bunches attacked per year
was observed. Moreover, less than 17 male catches
were observed in the delta traps on the second
flight. For the third generation, the same trend as
the second one was observed, with the number of
days above 33 °C (July-September) also increasing
and the attacked bunches decreasing by 0.8 %, and
with 10 catches on the third flight.

DISCUSSION

The results obtained in this study show a
considerable warming trend in the studied
locations of the DDR in the upcoming decades.
The temperature increase projected for the climate
scenarios (RCP4.5 and RCP8.5) is in line with
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those already reported (IPCC, 2018); i.e.,, an
increase of 1.5 °C in the period 2030-2052. In
the analysis of the phenological activity of LB,
models of three flights previously validated with
data exclusively from DDR were applied to the
regional future projections.

Our results indicate generally earlier LB flight
dates throughout the period 2021-2080 in the
two different climatic scenarios RCP4.5 and
RCP8.5 compared to the present (2000-2019).
Overall, the LB flights in all locations at the end
of the period were 7 to 12 days in advance in
RCP4.5, and 15 to 24 days in advance in RCPS.5,
regardless of the flight. The earliness of the LB
flights in these climatic scenarios is in line with
other similar studies (Martin-Vertedor et al.,
2010; Caffarra et al., 2012; Reineke and Thiéry,
2016; Taylor et al., 2018). Changes in phenology
due to global warming have been demonstrated
for pests other than this lepidopteran (Gutierrez
et al, 2008, Andrew and Hill, 2017).
The significant earliness of the three LB flights
in both climatic scenarios (RCP4.5 and RCPS.5)
and the period 2021-2080 suggests that a complete
fourth flight could happen in the future in the DDR
as occured in Spain in 2006 (Martin-Vertedor
et al., 2010). Forister and Shapiro (2003) analysed
adults of 23 species of Lepidoptera in the Central
Valley of California and found that the first
flight date had advanced over the past 31 years.
Furthermore, Stefanescu et al. (2003) analysed
data from a trap in the period 1988-2002 in Spain
and reported that the average date of the first
flight of 8 species was significantly advanced. In a
study conducted in southwest Australia, the flight
of Heteronympha merope was found to occur on
average 1.5 days earlier per decade over 65 years
(1941-2005), owing to an average temperature
increase in this period of 0.16 °C per decade
(Kearney et al., 2010). The effects of climate
change on these species (Lepidoptera) have thus
had a visible impact on their phenology (Hufnagel
and Kocsis, 2011), which is confirmed by the
results observed in this study.

Until the end of this century, the increase in
voltinism will be more likely due to warming,
since at higher temperatures faster development
could lead to additional generations of multivoltine
species, as is the case with the grape moth, and
as supported by previous studies (Altermatt,
2010; Reineke and Thiéry, 2016). In addition, the
increase in temperature may advance the end of
the diapause of individuals emerging in spring,
with an earlier first flight. On the other hand, over

OENO One 2021, 2, 335-351

the past few years, due to climate change, the
phenological events of grapevine are occuring
earlier, specifically budburst, flowering, veraison
and ripening. According to Costa et al. (2019), in
the DDR, the budburst, flowering and veraison
of cv. Touriga Nacional and Touriga Franca are
projected to occur 6-8 and 10-12 days earlier
respectively until the end of the century. Jones
(2007) has found a strong relationship between
phenological timings and observed warming,
with phenological events occuring 6 to 25 days
early in various grapevine varieties and locations.
Other studies have revealed similar findings
(Ramos, 2017; Reis et al., 2020). Both LB and
Vitis vinifera L. can therefore be expected to
undergo significant shifts in their phenology with
increasing temperatures, though their interaction
is not yet fully understood and requires further
research in forthcoming studies.

The results obtained in the present study indicate
that there is a relationship between the number of
days with maximum temperature above 33°C and
the population dynamics observed in the second
and third generations/flights, in particular in the
precentage of attacked bunches/total number of
male captures. According to Woiwod (1997),
besides influencing phenology, climate change can
alsoleadtochangesinspecies abundance. Gutierrez
et al. (2012) found that LB abundance levels
decreased in hot deserts in southern California,
where temperatures frequently surpass their upper
thermal limit. Another study by Gutierrez et al.
(2018) reported that LB levels decreased in dry
and warm areas, such as southwestern Spain or
Morocco, where high summer temperatures which
were near or exceeded the upper limit adversely
affected their vital rate. Iltis (2019) suggests that
heatwaves can have important implications for
the defensive abilities of LB against its natural
enemies, predisposing natural populations to attack
by larval parasitoids. Moreover, a recent study by
the same author (Iltis ef al., 2020) suggests that
climate change could reduce the abundance of this
pest over generations in Eastern France, due to
the negative effects of the local warming scenario
observed for adult LB lifespan and its reproductive
success. Further research should be carried out in
the DDR to better assess the effects of excessively
high temperatures on LB population dynamics, as
in the present study only a preliminary assessment
was carried out.

The use of phenological models to predict LB
development in the DDR should be improved in
future research by, for example, collecting more
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field data (from eggs and larval stages) to ensure
the fine-tuning of model parameters and thresholds
to the actual conditions, or by incorporating new
abiotic and biotic factors in the model. The use
of atmospheric elements, like precipitation, wind
speed or relative humidity, could improve model
performance and its corresponding prediction
capacity, which will be of foremost relevance to
viticulturists in the DDR.

CONCLUSIONS

In this study, a new methodology was implemented
to evaluate the impact of future climate scenarios
in the DDR on LB evolution. Future warming
imples a generalised shift to earlier beginning
and peak dates of the three LB flights in the
studied locations. A fourth complete flight in the
future is therefore increasingly likely, LB thus
becoming a tetravoltine species, leading to greater
voltinism. Conversely, the number of days with
excessively high temperatures (i.e., above the
upper threshold for development (> 33 °C)), is
projected to increase in the future. This will result
in a decrease in the total number of male catches
in the traps (second and third flights) and the
percentage of bunches attacked (second and third
generations), which is already being recorded in
association with above-optimal temperatures.
Therefore, excessively high temperatures could
have implications for LB populations and their
defensive ability against natural enemies. This
could be valuable information for winegrowers
in the future to optimise control measures for LB
within an integrated pest management approach.
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