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Philaenus spumarius L., the main vector of Xylella fastidiosa (Wells) in Europe, is a univoltine species that
overwinters in the egg stage, and its nymphs emerge in late winter or spring. Predicting the time of egg hatching
is essential for determining the precise times for deploying control strategies against insect pests. Here, we
monitored P spumarius eggs from oviposition to egg hatching together with the daily temperatures and rel-
ative humidities at four field locations that were located at different altitudes in central Spain. The collected
data were used to build a growing degree day (GDD) model to forecast egg hatching in the Iberian Peninsula.
Furthermore, the model was validated with field observations that were conducted in Spain. The model was
then used as a decision-support tool to calculate the optimum timing for applying control actions against
P spumarius. Our results suggest that controlling nymphs at two different dates would target the highest
percentages of nymphal populations present in the field. Our model represents a first step for predicting the
emergence of nymphs and adopting timely control actions against P spumarius.These actions could limit dis-
ease spread in areas where X. fastidiosa is present.
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Introduction

Predicting epidemics can be challenging, especially after the
emergence of a new pathogen in a novel ecosystem. The intro-
duction of Xylella fastidiosa (Wells, 1987) (Xanthomonadales:
Xanthomonadaceae) in Europe and the Mediterranean basin
represents a major threat for agriculture (EPPO 2019, EFSA 2022).
This xylem limited plant pathogenic bacterium is transmitted by
xylem-sap feeders and Philaenus spumarius L. (1758) (Hemiptera:
Aphrophoridae) is the only epidemiologically relevant vector of X.
fastidiosa in Europe (EFSA 2015, Cornara et al. 2019). Therefore, a
detailed understanding of its ecology and phenology is essential for
developing an accurate forecasting model for controlling the vector.
Philaenus spumarius is a univoltine species, with a single generation
per year, which has an ovarian parapause and a winter diapause in
the egg stage (Morente et al. 2018b, Antonatos et al. 2019, Bodino
et al. 2020). Eggs overwinter until hatching occurs in early spring.
After egg hatching, the pre-imago (nymph) passes through five
instars and nymphal development takes about 5-6 wk until they be-
come adults (Weaver and King 1954, Whittaker 1965, Ossiannilsson
1981, Fielding et al. 1999). In the fall mature females lay masses of
eggs on plant debris on the soil until they die during winter (Morente
et al. 2018b, Dongiovanni et al. 2019, Antonatos et al. 2019).

The study of the developmental times of ectotherms as a
function of temperature, in particular insects, has a long history

(Rebaudo and Rabhi 2018). Insects need specific accumulations
of heat units (HU) to reach certain development stages, which
are commonly defined by the growing degree days (GDD) (also
referred to as degree-days, heat units, or thermal units) (Herms
2004). Basically, the GDD is a measure of heat accumulation over
time-based on insect development rates at temperatures between
the lower and upper limits. Usually, the function that describes the
temperature response exhibits a unimodal form, with minimum
and maximum temperatures below or above which no develop-
ment occurs.
Several authors have established correlations between P.
spumarius phenology and temperature. Chmiel and Wilson (1979)
estimated the upper and lower thresholds for nymphal development
of P. spumarius in America by using the lowest coefficient of varia-
tion (CV) method described by Arnold (1959) and they calculated
the HU by using the method described by Sevacherian et al. (1977).
Similarly, Zajac et al. (1989) fitted linear regression functions to
study the nymphal development of P. spumarius. One of the critical
components of using GDD models is the determination of the starting
points for degree-day accumulations (Kim et al. 2020). Ideally,
it should be set up when insect development begins. The starting
point of egg development of P. spumarius is assumed to happen after
a winter diapause. In the GDD model introduced by Chmiel and
Wilson (1979), they arbitrarily set the GDD accumulation starting
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point at the 1st of January. Nevertheless, the precise date when egg
development starts is totally unknown.

Forty years later, Bodino et al. (2019) calculated the days of de-
velopment (DD) of the nymphal stages in the Apulia and Liguria
regions of Italy, as a function of the number of hours in one year
that was above a minimum temperature (8°C). Minimum temper-
ature was calculated from assays performed at fixed temperatures
(unpublished data). Thereafter, Beal et al. (2021) adapted the for-
mula from Bodino et al. (2019) to study P. spumarius phenology in
north coastal California, obtaining similar results, although slightly
prolonged development for P. spumarius was observed in California
compared to Italy. Despite both studies shed light for better under-
standing the phenology of nymphal development in relation with
temperature, a forecasting tool to predict egg hatching and deter-
mine the precise moment for applying control measurements is still
lacking. Furthermore, in many studies, a simple linear approximation
was used to compute the GDD metric and used only the minimum
temperature threshold (Johnson et al. 1998, Campbell and Hanula
2007, Bodino et al. 2019, Beal et al. 2021). Alternatively, complex
nonlinear approximations have been used (Logan et al. 1976, Lactin
et al. 19935, Briere et al. 1999). However, Quinn (2017) concluded in
his extensive critical review that for most studies conducted thus far,
more complex functions performed poorly relative to simpler ones.
Moreover, degree-day models are usually based on laboratory assays
that aim to experimentally determine the minimum, optimum, and
maximum development temperatures, and such assays typically
involve fixed temperature-controlled experiments (e.g., Diaz et al.
2007).

In the present study, we developed a degree-day model to forecast
the egg hatching of P. spumarius by following the logical steps for
model construction (Overton 1977): i) Data collection: We obtained
field data from independent experiments conducted on egg hatching
of P. spumarius in their natural environments and on-site temper-
ature recordings at specific locations. ii) Model construction: Our
model was based on a multilinear temperature response function
with the minimum, optimal and maximum temperatures. iii) Model
calibration: We calibrated the model and obtained the minimum,
optimal and maximum temperatures that control egg development
by using an optimization procedure to determine the parameters
that provided the best fit to the available experimental data. iv)
Model validation: Our model was validated with systematic and in-
dependent survey data of newborn nymphs in different regions in
Spain. v) Model extension: The model was extended to predict egg
hatching throughout the entire territory. Moreover, our GDD model
was used as a decision support tool to determine the best timing for
applying control measures to manage vector populations.

Materials and Methods

Insects and Plants

A total of 100 adult individuals of P. spumarius were collected at
‘Pinilla del Valle’ (Madrid, Centre Spain) (coordinates: 40.611108,
-4.263008) during spring-summer, 2020, and were maintained in-
side bug-dorm cages (0.5 x 0.5 x 0.5 m) on Sonchus oleraceus L.
plants (4-5 leaf stage) in a net house with no environmental controls
(Temperature °C: MEAN + SE = 16 + 0.3, Max: 31.7, Min: 7.4;
Humidity RH%: MEAN + SE = 63.5 + 1.3, Max: 99.6; Min: 20.0) at
the ICA-CSIC facilities (Madrid, Spain). The proportion of sexes was
one female per two males to ensure mating (Morente et al. 2018a,
2021). To obtain egg masses for the assays, which were conducted
in October 2020, dry pine needles were placed on the substrate
below the S. oleraceus plants to facilitate oviposition (Morente

et al. 2018a). The pine needles were checked once per week from
6-X-2020 to 4-X1-2020 to identify the egg masses (Fig. 1A, B). The
dates when egg masses were observed on the pine needles were re-
corded. A total of 262 egg masses from five different oviposition
dates were used in the field assay. The oviposition periods were the
days preceding i) 8-X-2020, ii) 14-X-2020, iii) 22-X-2020, iv) 29-X-
2020, and v) 4-X1-2020.

Data Collection: Monitoring Egg Hatching of P
spumarius Under Field Conditions

The egg masses from each oviposition date were divided into four
equal parts, and each part was transferred to a different field lo-
cation on the day after the eggs were collected. The four locations
used for our field study consisted of natural environments located
in central Spain. These sites were selected at different altitudes to
provide a gradient in climate conditions: i) Alcald de Henares
(588 m) (coordinates: 40.521133, -3.290865); ii) Bustarviejo (1,222
m) (coordinates: 40.691827, -3.767162); iii) Mataelpino (1,086 m)
(coordinates: 40.736439, -3.944309); and iv) Pedrezuela (880 m)
(coordinates: 40.761003, -3.619030). At each field location, the egg
masses were kept on an open 5.5-cm-diameter petri dish with small
holes below to facilitate drainage. The petri dishes with egg masses
were placed inside floorless mesh cages (50 cm height and 45 cm di-
ameter) (Fyllen cloth basket 79 1, Inter IKEA Systems, Sweden). Two
cages were placed at each field location: The cages were divided into
four equal sectors by using cellulose acetate sheets. Since we had five
oviposition dates, two and three plants were placed inside each of
the two cages, respectively (Supp. Fig. S1). Egg masses from a given
oviposition date were placed in a single plant and sector of the cage
to avoid mixing nymphs after emergence. A few weeks before the
first nymphs were expected to emerge in the field (e.g., 25-11-2021),
one S. oleraceus plant was transplanted inside each cage division

Fig. 1. A) Philaenus spumarius newly laid egg masses on a dry pine needle.
B) Philaenus spumarius egg mass.
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where the egg masses were placed to feed the newborn nymphs after
emergence (Supp. Fig. S1). After transplanting, the egg masses were
transferred from the petri dishes to the bare soil below the plants. In
Mataelpino, the potted S. oleraceus plants inside the cages were wa-
tered weekly as opposed to the rainfed field locations. At this time,
we checked each plant once a week to record egg hatching when
newborn nymphs were observed. The newborn emerged nymphs
were removed from the plants to facilitate further observations. All
plants were inspected until no newborn nymphs were observed for
two consecutive weeks.

Temperature and relative humidity (RH) were monitored hourly
at each field location with temperature and humidity data loggers
(OM-EL-USB-2, Omega Engineering, INC, Norwalk, Connecticut,
USA) during the entire duration of the experiments. One data logger
not exposed to direct sunlight was placed inside each cage at each
field location to obtain the same temperature and RH data as that
experienced by the egg masses. The data collected from the data
loggers were downloaded every two weeks until the emergence of
newborn nymphs. Thereafter, data were downloaded once a week.
In the few cases where the data loggers failed to record weather
data due to extreme weather conditions, the missing data were
supplemented with external data collected from the nearest official
meteorological station (Agencia Estatal de Meteorologia de Espaiia,
AEMET, Spain). After monitoring egg-hatching in each of our four
experimental sites, we computed RH as mean values experienced by
each egg during the experimental period per field site. Furthermore,
we calculated the Wasserstein distance to measure the distance be-
tween probability distributions of GDD accumulation between each
pair of field sites (two by two) (Panaretos and Zemel 2019).

Model Construction: GDD-based Model

In the current study, we used a multilinear temperature response

function with minimum or base (T and max-

base)>

) temperatures to calculate the hourly contributions to

optimal (Tom),

imum (T,
the GDD. The use of a multilinear function is based on the princi-
ples of biochemical kinetics (i.e., on Arrhenius’ Law) (Eq. 1) and is

explained in detail in Supp. Document S2.

0ifT < Thase
T — ThaseifTbase < T < Topt —Topt — Thase

(1) = m - T + nifTopt < T < Tmax withm = Tmax — Topt o= —m:Tmax
0ifT > Tmax (1)

In our model, the accumulated GDD values are directly related
to the cumulative probabilities of egg hatching using the cumula-
tive density function of the Weibull distribution where k£ > 0 and A
> 0 are the shape and scale parameters of the Weibull distribution,
respectively.

Phatching (GDD) = 1 — (~(GPD/N)") 2)

The starting date for GDD accumulation was the date when
the winter diapause of P. spumarius ended. This date, in principle,
should be determined by some metric of accumulation of cold
temperatures (below a given threshold). However, the precise hours
or days needed under a given temperature -cold requirement- and
the precise length of the winter diapause of P. spumarius are un-
known. Thus, we compared different arbitrarily fixed dates of dia-
pause ending (January 1st, December 1st, and November 1st), and
later validated the model with data obtained from field observations
of newborn nymphs in the field from systematic surveys at different
sites in Spain over the last six years (Supp. Table S3). The modeling
was performed in Python programming language (Van Rossum and
Drake 1994).

Model Calibration

The goal of our model was to provide estimates of the cumulative
hatching probabilities of P. spumarius eggs by using the temperature
data provided by the field experiments described above transformed
into a GDD metric. All data were treated independently of location,
and then pooled together. The experimental cumulative hatching
probability at a given time was calculated as the number of nymphs
that had already emerged at that given time over the total number
of nymphs that had emerged by the end of the assay. Then, the cu-
mulative GDD values between the end of diapause and the egg
hatching dates had to be calculated so that the cumulative hatching
probabilities could be expressed as functions of the accumulated
GDD values. In this way, we could fit Eq. (2) to the experimental data
and obtain an effective model for predicting egg hatching. However,
the relationship between the cumulative hatching probabilities and
accumulated GDD values depends on how the accumulated GDD is
calculated; that is, it depends on the GDD (t) profile, namely on the
cardinal temperatures, Eq. (1), and the starting date of accumulation.
Thus, we first calibrated our model to obtain the GDD temperature
profile and a starting date of GDD accumulation that provided the
best-predicted hatching probabilities for our dataset.

We selected three plausible starting dates for GDD accumula-
tion as described above: 1st of November, 1st of December, and
1st of January. Then we calculated the optimal GDD temperature
profiles, by finding the values of T, , T, ,and T, _that gave the
best fit of Eq. (2), which depends on Eq. (1), to the observed hatching
probabilities of our dataset (the four field experimental sites pooled
together). More precisely, we tested all the combinations with T,
from 4 to 12°C, T, from 20 to 28°C, and T, _from 30 to 42°C in
steps of 0.2°C, predicting the hatching probabilities using Eq. (2) by
using the accumulated GDDs computed with each profile and each
starting date using Eq. (1). Finally, we selected the optimal profile
(the optimal values of T, , TOP,, and T, ) to define the profile that
minimized the error between Eq. (2) and the experimental dataset
for each starting date. To fit Eq. (2) to the experimental data we used
the nonlinear least squares method implemented in the ‘scipy.opti-
mize.curve_fit’ method in Python programming language.

Model Validation

To validate our model, we predicted the egg-hatching probabilities
in the Iberian Peninsula by using the existing dataset from field
observations recorded from 2016 to 2021 in Spain (Supp. Table S3)
using the calibrated model considering three different dates of dia-
pause termination date: 1st of November, 1st of December, and 1st
of January. For each diapause termination date considered (1st of
November, 1st of December, and 1st of January), an optimal GDD
temperature profile can be calculated from our dataset (the 4 ex-
perimental sites). The hourly temperature data for these years were
retrieved from the ERAS5-Land dataset, which has a spatial resolu-
tion of 0.1° x 0.1°. Then, we computed the hatching probabilities
with daily resolution and compared the predictions with the observa-
tional data from the field that were obtained from systematic surveys
of newborn nymphs in different regions of Spain during six consec-
utive years (2016-2021) (Supp. Table S3). These data were obtained
from systematic field surveys conducted by different researchers from
public institutions in Spain (Andalucia, La Rioja, Madrid, Murcia,
and Valencia) (see Acknowledgments). These data consisted of sev-
eral records of GPS coordinates and dates where newborn nymphs
were found in Spain, so we expected that our model would predict
high probabilities of egg hatching (>50%) for each date and location
where newborn nymphs were observed. Therefore, we conducted a
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validation process to find out which diapause termination date fitted
best to our six-year dataset.

Control Timing of P spumarius Nymphs

After model validation, we used our calibrated and validated
model to investigate the best timing to adopt control actions
against P. spumarius nymphs based on field observations. To do
so, we calculated the daily hatching probabilities of P. spumarius
eggs in the Iberian Peninsula based on ERAS-Land temperature
data (Mufioz Sabater 2019) and simulated applications of con-
trol actions at several probability levels. Thereafter, we calculated
the efficacy of applying a control action at a given time, which
is defined as the percentage of nymphs targeted in the field be-
fore they reach the adulthood if a control action was taken at
that given time. Thus, the following algorithm was developed
to determine the timing of control actions based on our model
predictions. First, we selected a plausible range of diapause ter-
mination dates as the starting dates for our simulations. Although
we calibrated and validated our model for a particular diapause
termination date, we investigated if different dates with the same
temperature profile were able to provide better results; then, we
selected the ending date of each simulation as a plausible date on
which no more egg hatching was expected. Afterward, we selected
several probability levels to apply control actions (i.e., when any
of these selected levels is crossed in any location, we simulated
the application of a control action). For each diapause termina-
tion date in each simulation, the daily hatching probabilities were
computed until the end of the simulation using the hourly temper-
ature data from ERAS5-Land. Then, we saved the dates at which
every selected probability level (control action thresholds) was
crossed at each location in which we have data for the presence
of newborn nymphs in the field. (Supp. Table S3). Finally, the lags
between the control action dates given by each probability level
and observation dates were computed.

Each selected hatching probability (which matches an action
date) has a given control action efficacy. It is known that nymphal
development lasts for approximately 5-6 wk until they become
adults, but the developmental rates decrease when temperatures are
low and could extend to at least 100 days (Weaver and King 1954,
Yurtsever 2000, Bodino et al. 2019). Thus, we followed a conserv-
ative approach to compute the control action efficacies and defined
successful nymph control only if the action was applied after the
newborn nymphs were observed and there was a lag of less than
30 days.

According to our results, there is high variability in the hatching
dates (see the results section). Thus, to overcome this intrinsic var-
iability in the timing of egg hatching of P. spumarius, we devel-
oped a strategy based on deploying control actions at two different
dates to target the maximum number of nymphs as completely
as possible. A list of combinations of two probability levels was
selected (e.g., the first at 50% and the second at 90%) to apply
control actions on two different dates. Moreover, the efficacies of
applying control actions at a single date or at two different dates
were compared.

In addition, we developed an R package script to calculate the
daily cumulative hatching probabilities of P. spumarius eggs based
on suitable temperature data. This package also calculates the op-
timum time to apply the first and second control actions, depending
on the hatching probability achieved. This package and all relevant
information regarding its use can be found on the GitHub reposi-
tory: https://github.com/agimenezromero/PSEggHatching.

Results

Nymphal Emergence

A total of 435 P. spumarius nymphs emerged in the field assays at
the four experimental sites. Newborn nymphs were detected feeding
on S. oleraceus plants from 5-111-2021 to 1-V-2021. The first detec-
tion of newborn nymphs was recorded on 5-1II-2021 at Alcala de
Henares (588 m), on 18-111-2021 at Bustarviejo (1,222 m), on 23-III-
2021 at Pedrezuela (880 m) and 26-111-2021 at Mataelpino (1,086
m). Nymph emergences occurred at different moments and extended
for approximately two months at all of the studied sites (Fig. 2).
The results for the nymphal emergence dates per field location show
that the intrinsic randomness of the hatching process is quite broad,
which exhibits variations of up to one month for eggs subjected to
the same environmental conditions. No correlation between the ovi-
position date and hatching date was observed after pooling data
from all of the field sites (p = =0.036). Furthermore, there was no
or poor correlation between the oviposition date and hatching date
within specific field sites: Alcald Henares (p = -0.192), Bustarviejo
(p = -0.289), Mataelpino (p = -0.016), and Pedrezuela (p = -0.316).

Model Calibration
We calibrated the GDD temperature profile assuming different diapause
termination dates: 1st of November, 1st of December, and 1st of January.
We obtained an unrealistic temperature profile with high T, and T
values when starting the accumulation of GDD on the 1st of January (T,
=92°GT,, =27.6°C, and T =41.8°C) and 1st of November (T, =
9°G, T, =274°C, and T, = 41.2°C). In contrast, more appropriate and
realistic results were obtained when selecting the 1st of December as the
diapause termination date (T, = 9.2°C, T, = 23.4°C, and T, =34.2°C).
As a visual example, Fig. 3 shows the final result of the model
after the calibration procedure for the diapause termination date for
1st December (model calibration for diapause termination date for
1st of January and 1st of November are shown in Supp. Document
S4). The dots represent the cumulative hatching probabilities that
were retrieved from the dataset as a function of the accumulated
GDD values. This accumulated GDD value was obtained using the
optimal GDD profile that is shown in the inset (T, =9.2°C, T, =
23.4°C,and T, = 34.2°C). The black line is the best fit of Eq. (1) to
the experimental data (dots) that was obtained with k = 4.34 and A
= 164.86, which had a relative error of 1%.

Model Validation and Predictions of Egg Hatching
Dates in the Iberian Peninsula

It was found that our model predictions were only consistent with
the field data when the diapause termination date was set to the 1st
of December (Supp. Video S5 https://zenodo.org/record/7465753).
When assuming the 1st of January, the model predicts egg hatching
too late so that nymphs are observed about a month before our
model predicts high hatching probabilities (Supp. Video S5 https://
zenodo.org/record/7465753). On the other hand, when assuming
November 1st, the model predicts a high probability of egg hatching
too early, about 2 months before field observations (Supp. Video S5
https://zenodo.org/record/7465753). Nevertheless, considering the
diapause termination as the 1st of December, some differences were
also observed between model predictions and field observations
from systematic surveys (Supp. Table S3) in southern Spain (latitudes
below 40°) and northern Spain (latitudes above 40°). As shown in
Supp. Video S3, in the South, 1st instar nymphs were detected in the
field, when the model predicted high hatching probabilities (above
80%), while in the North 1st instar nymphs are detected when the
model predicted low hatching probabilities (20-30%).
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Fig. 3. Model calibration considering diapause breakage on December
1st. The main figure shows the hatching probability as a function of the
accumulated GDD value. Dots represent the experimental data, and the black
solid line shows the best fit using Eq. (1). The inset shows the GDD profile that
is used to calculate the accumulated GDD values, which yielded the best fit
between Eq. (1) and experimental data.

Impact of RH on GDD for Hatching and GDD
Accumulation in the Field Sites

After model calibration and validation, considering diapause
breakage on December 1st we explored the impact of RH on GDD
needed for hatching. As shown in Fig. 4A, we didn’t record humidity

values below 60% in Mataelpino and not below 75% in the rest
of field points therefore, the relationship between RH and GDD at
RHs below these values is unknown. Furthermore, there is no clear
pattern or relation between RH and GDD in any of the field sites
(Fig. 4A). As shown in Fig. 4B, the probability density function of
egg hatching as a function of accumulated GDD is very similar in all
field sites, except Bustarviejo and the boxplot of Fig. 4C again shows
that the GDD needed for hatching is similar in all locations except
Bustarviejo. More quantitatively, Fig. 4D shows the Wasserstein dis-
tance among the distributions, showing that Bustarviejo is the only
one different from the others. Temperatures and RH registered in the
four field locations are shown in Supp. Document Sé6.

Decision-SupportTool to Determine the BestTiming

for controlling P spumarius Nymphs

After the model validation, we calculated the precise timing for con-
trolling P. spumarius nymphs most efficiently in different regions
in Spain. The following initial conditions were fixed according to
our results: i) We selected a plausible range of diapause termination
dates: we selected the range 1st of November to 1st of January ii).
The end date of each simulation was based on the field observations
from the systematic surveys (2016-2021) (Supp. Table S3). Because
the latest newborn nymphs were found on 27-V-2021 we assumed
that the end date of each simulation was June 1st. With this algo-
rithm in mind, the optimal dates for applying control actions (con-
trol timing) were selected to maximize the defined efficacy, which
is the maximum percentage of targeted nymphs. In addition, we
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sites (two by two).

considered all possible date combinations for taking certain con-
trol actions and compared these simulations with all the hatching
observations from both our assays and the systematic surveys
(Supp. Table S3). This maximum efficacy changed depending on the
diapause termination date (Fig. SA-B). Consistent with the previous
validation, it was found that the model efficacy is maximized if dia-
pause termination is considered to occur in December. Interestingly,
we found that assuming diapause termination in mid-December in-
stead of 1st December is a more robust choice. In this way, if the
diapause termination date slightly varies for a given particular year,
we expect to maintain high efficacy (Fig. SA-B). Furthermore, to
optimize the control actions and to target the maximum number
of nymphs as effectively as possible, a control strategy (control
timing) applied at a single date was compared to a two-date ap-
plication strategy. Our results clearly show that the best strategy
consists of applying control actions at two different times to target
the maximum nymphal population, achieving efficacies of 87 and
78% in northern and southern Spain, respectively (Fig. 5C-D,
Supp. Tables S7-S8). In contrast, the maximum efficacy achieved
by applying only one control action are 67% in northern Spain and
58% in southern Spain. Thus, by applying two control actions the

targeted population increases in a 30% According to our results,
for northern Spain (latitudes above 40°N) the first control actions
should be taken when the accumulated egg-hatching probabilities
reach 40% and the second when they reach 90%. On the other
hand, for southern Spain (latitudes below 40°N), the first control
actions should be taken when the accumulated egg-hatching prob-
ability reaches 30% and the second when it reaches 90% (Fig. 5,
Supp. Tables S6-S7).

Discussion

In the present work, we built a GDD model obtaining the temper-
ature thresholds (T, , T, , and T,) directly from experimental
data obtained from field experiments under natural conditions. Our
approach allows us to indirectly account for the effect of temper-
ature fluctuations on the developmental rate, which is automati-
cally incorporated into the model within the best-fit parameters.
Temperature has significant nonlinear effects on insect development,
which is slow when the temperatures approach either the upper or
lower developmental thresholds (Murray 2020). For this reason, we
provided a mathematical approach based on temperature effects on
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Fig. 5. (A and B) Maximum control action efficacies for each diapause breakage date from the selected range of dates to develop the algorithm (from November
1st to December 30th).The dashed line shows the diapause termination selected for model development (December 1st) and the solid line indicates the diapause
termination date to achieve the maximum efficacy (December 10th in the north and December 12th in the south). A) Efficacy in northern Spain (latitude >40°N).
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applying one or two treatments (C) in northern Spain when considering diapause termination on December 10th and (D) in southern Spain when considering
diapause termination on December 15th. This analysis was repeated for all diapause termination dates to obtain the maximum efficacies shown in (A and B).

the metabolic rates of ectotherms (Gillooly et al. 2001) to model
the nonlinear development rates with a multilinear function. The
model calibration and validation further support our approach of
using a multilinear function to calculate the GDD metric and vali-
date the direct use of field data to accurately determine the temper-
ature thresholds.

Chmiel and Wilson (1979) modeled nymphal development of P.
spumarius by using temperature data from meteorological stations,
while in the present work, we installed data loggers inside the cages
where the eggs were developing, similarly to the model of nymphal
development constructed by Bodino et al. (2019). In this way, we
obtained similar data as those experienced by the eggs (Bonhomme
2000). For model construction, it is essential to understand that
P. spumarius overwinters at the egg stage experimenting a winter
diapause (Witsack 1973). Nevertheless, the precise time when egg
development starts is unknown, thus establish a starting point for
GDD accumulation is challenging. In the GDD model introduced by
(Chmiel and Wilson 1979), they arbitrarily set the GDD accumula-
tion starting point on the 1st of January. For our model, we tested
1st of November, 1st of December, and 1st of January as possible
ending diapause dates. When we tested December 1st as the starting
=9.2°C,
T ,=234,T  =34.2)was more realistic than on 1Ist of January

opt
(T~ =9.2, Tom =276, T, = 41.8°C) or November 1st (T, ,

min

9°C,T,,=27.4°C,and T,

yielded were well above the biological limit for survivorship of the
insect, according to what we know about the life cycle parameters

date for GDD accumulation the temperature profile (T

min

=41.2°C) since maximum temperature

and thermal requirements of P. spumarius (Weaver and King 1954,
Halkka et al. 2006). Furthermore, when we tested December 1st as
the starting date for GDD accumulation the temperature profile (T,
=9.2°C, T, =234, T

max

= 34.2) was more realistic and the model
predictions matched well the predictions of 1st instar nymph emer-
gence in Spain giving much more convincing results (see Supp. Video
S$ https://zenodo.org/record/7465753).

The main reason for the discrepancy between the dates when the
diapause ends in the study conducted by Chmiel and Wilson (1979)
and the earlier date that we assumed in our study is presumably re-
lated to the striking differences in the winter climate between the two
regions. While the former study was conducted in West Lafayette,
Indiana, USA where winter temperatures are extremely low, our
study was conducted in the Iberian Peninsula where temperatures
are milder. Thus, P. spumarius populations from different regions
may have different temperature developmental thresholds or dif-
ferent diapause termination requirements. The induction and termi-
nation of winter diapause are crucial components of the life cycle
of insect species subjected to diapause (Posledovich et al. 2015,
Tougeron 2019) and a geographic variation in diapause duration
depending on temperature has been previously reported by several
authors (e.g. Schmidt et al. 2005, Chuche and Thiéry 2009, Salman
et al. 2019). Therefore, we assumed that P. spumarius populations
that occur in Spain are adapted to milder winters and thus, they re-
quire fewer hours of cold for diapause termination.

Before applying any control actions, the best time of appli-
cation, control timing, should be defined. For controlling P.
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spumarius population is essential to apply actions at nymphal
stage, before they reach adulthood, since nymphs have limited
mobility while adults actively displace (Lago et al. 2021a, 2021b)
and only adults contribute to the spread of X. fastidiosa to woody
hosts (Cornara et al. 2016, 2018). There is a broad time window
for nymphal emergence, about two months according to our
results, and similar to those previously reported by several authors
(Morente et al. 2018a, Bodino et al. 2019). In addition, nymphal
development takes 5—-6 wk until reaches adulthood (Weaver and
King 1954, Yurtsever 2000, Bodino et al. 2019). Therefore, con-
trolling nymphs at two different dates would target the highest
percentages of nymphal populations present in the field, before
they reach the adulthood. Moreover, the first control actions in
the north should be taken when the accumulated egg-hatching
probability reaches 40% and the second when it reaches 90%.
For southern Spain, the first control actions should be taken when
the accumulated egg-hatching probability reaches 30% and the
second when it reaches 90%.

In the present study, we provided an R package script for prac-
tical use to compute GDDs in each location based on the local
temperatures,and in turn, the model can determine the hatching prob-
ability at a given site and date (https://github.com/agimenezromero/
PSEggHatching). Given an input dataset of hourly temperatures in
a precise location from the starting date of GDD accumulation to a
given date where the model is run, the package provides the current
probability level for egg hatching at that given date and precise lo-
cation. So, further explained, first, the user should somehow obtain
hourly temperature data starting on the 1st of December. Then, each
day after the 1st of December, the user could introduce this CSV
(comma-separated values) data file containing up-to-date hourly
temperature into the R program and the output would be the prob-
ability level that has been achieved up to that given date. If for that
current date the probability reaches the first or second threshold the
program warns the user that a treatment should be performed.

The developed model could be used as a decision-making tool to
make recommendations regarding the best timing to adopt certain
control actions against the main vector of X. fastidiosa and to reduce
the risk of disease spread. Furthermore, these fitted models can pro-
vide estimates of P. spumarius biology, and potentially give valuable
knowledge in future studies to predict biological aspects of the life
cycle of other insect pests.
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