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Abstract

Conotrachelus nenuphar is a major pest of several stone and pome fruits in North America. Although
currently absent from Europe, it is classified as a priority pest under European Union (EU) plant health
legislation, requiring official surveillance in areas where establishment and spread are possible. To support
EU risk management, we assessed the potential northern range limit of C. nenuphar in Europe under current
climate (2006-2025) and mid-21st-century projections (2041-2060) under SSP2-4.5. This was done using a
stochastic phenology model that simulates temperature-dependent developmental steps of the northern strain
of C. nenuphar on sour cherry and evaluates whether its life cycle can be completed within one calendar
year. Thermal requirements are represented as probability distributions derived from published empirical
studies, and each stochastic iteration simulates the development of one individual sampled from these
distributions. We ran the model across central and northern Europe using 500 stochastic iterations and
summarized the results using the mean life cycle completion proportion and the proportion of successful
years. Under current climate, central Europe appears thermally suitable for the establishment of the northern
strain of C. nenuphar. In contrast, Finland, most of Ireland and Sweden, and parts of the Baltic region were
insufficiently warm, suggesting a very low likelihood of establishment. Future projections indicated
increased thermal suitability in these regions, but not to levels suggesting likely establishment in the
northernmost EU. These results support evaluation of where official surveillance for C. nenuphar in the EU

1s warranted.
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Introduction

Conotrachelus nenuphar Herbst (Coleoptera: Curculionidae), commonly known as the plum curculio, is a
weevil native to eastern North America and a major pest of several stone and pome fruit species (Quaintance
and Jenne 1912; Chapman 1938; Lampasona et al. 2020). Although its current distribution is limited to its
native range, C. nenuphar is considered a significant potential threat to plant health in the European Union
(EU) and is consequently classified as a priority pest under EU plant health legislation (European
Commission 2019). In this context, priority pests are Union quarantine pests whose potential economic,
environmental, or social impacts are regarded as the most severe (European Parliament and Council of the

European Union 2016; European Commission 2019).

For each priority pest, all EU Member States are required to implement strict surveillance measures,
including annual surveys and contingency planning, aimed at preventing introduction and facilitating early
detection of possible outbreaks (European Parliament and Council of the European Union 2016). However,
these obligations do not apply if it can be demonstrated unequivocally that the priority pest cannot establish
or spread in a Member State due to unsuitable ecoclimatic conditions or the absence of host plants (European
Parliament and Council of the European Union 2016). Brief EU level assessments suggest that climatic
conditions in Europe should not limit the establishment of C. nenuphar, and that the pest could establish

wherever suitable host plants are present (EFSA 2018a, 2019, 2025).

However, climatic suitability for C. nenuphar in the northern EU is not necessarily so self-evident as brief
assessments may suggest. The pest has two distinct strains, a southern strain with two or more generations
per year with a facultative diapause, and a northern strain with only one generation per year and an obligate
winter diapause (Chapman 1938; Smith and Salkeld 1964). The northern strain occurs in the northern United
States and southern Canada, where winters are colder than those in Europe, including northern Europe, but
where summers are warmer than in regions such as Scandinavia and the Baltic countries. Because C.
nenuphar overwinters exclusively as an adult (Quaintance and Jenne 1912), its entire life cycle must be
completed within one growing season. Armstrong (1958), however, showed that some adults can survive
well beyond one season under optimum insectary conditions, indicating a limited potential for demographic
carry-over between years. At the same time, Armstrong (1958) also concluded that adult longevity under
field conditions was considerably lower than this physiological potential. Thus, summer temperatures are
critical for survival and reproduction of C. nenuphar, and establishment is generally only possible in areas

where developmental requirements can be met within a single season.

An assessment conducted in Sweden indicates that summer temperatures allow completion of the C.
nenuphar life cycle in a single season only in the southern part of the country (Boberg and Bjorklund 2020b).
However, Boberg and Bjorklund (2020b) concluded that due to rather limited data their assessment is
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uncertain, and further analysis is required to more precisely identify the area where establishment is likely.
Consequently, to ensure efficient allocation of official plant health resources in the EU, a more detailed
assessment is needed to determine where temperatures in northern Europe are sufficient to support

completion of the C. nenuphar life cycle.

Accumulated growing degree days (GDD) are frequently used in pest risk assessments to model temperature-
dependent development of pest insects and evaluate whether climatic conditions permit completion of
development within a reasonable timeframe (Venette et al. 2010; Eyre et al. 2012; Kriticos et al. 2024;
Rosace et al. 2024). These GDD values can be easily derived from phenological observations and are
straightforward to apply. However, their use often involves simplifications, such as assuming that the
development of all life stages of insects can be represented by a single developmental threshold and a single
overall accumulated GDD requirement, without accounting for intraspecific variation (e.g. Baker 2002;
Magarey et al. 2011; Eyre et al. 2012; Kriticos et al. 2015; EFSA 2017, 2018b; Wakie et al. 2018; Burne
2019; EPPO 2024; Tuomola and Hannunen 2024). The developmental thresholds differ among insect life
stages and incorporating these stage-specific thresholds would improve the accuracy of the assessments.
Likewise, the accumulated GDD required to complete each developmental stage varies among individuals
within a population. If empirical GDD data are normally distributed, the mean value represents the point at
which half of the individuals fall above and half below the requirement. Consequently, relying solely on
mean values may lead to an incomplete understanding of establishment potential. A more robust assessment
should therefore incorporate intraspecific variation when drawing conclusions about the likelihood of

establishment.

The aim of this study was to develop a stochastic phenology model that incorporates intraspecific variation
in the temperature-dependent development across all life stages of the northern strain of C. nenuphar, using
sour cherry (Prunus cerasus L.) as the host plant. The model simulates the accumulated thermal
requirements of the northern strain, expressed primarily as GDD but also as number of days with mean
temperature above a threshold, and is used to assess the potential northern range limit of the strain in Europe
under current and future climatic conditions, based on whether temperatures are sufficient to support
completion of its life cycle in a single season. Sour cherry was selected as a host in the modelling framework
because GDD estimates for larval development of the northern strain are available, it is widely distributed
across Europe, and development of C. nenuphar on this host is among the fastest reported (Selby and
Whalon 2014), making it a suitable case study for exploring the potential range of the pest. Consequently, if
C. nenuphar is unable to complete its life cycle on sour cherry, it is even less likely to do so on less suitable
hosts. The northern strain was chosen for this study because it is adapted to the colder regions of North

America and therefore is the strain most likely to be able to establish in the northern parts of Europe.
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Methods

The stochastic phenology model was developed to estimate the timing of four sequential developmental steps
of the northern strain of C. nenuphar on sour cherry using daily temperature data from the start of a calendar
year (1 January) (Table 1). Each developmental step corresponds to a specific stage in the pest's life cycle.
The first step describes the spring emergence of overwintered adults and estimates the timing of the onset of
oviposition O,. The second step describes egg hatching and larval development within the fruit and estimates
the date at which mature larvae emerge the fruit L,. The third step covers pupation in the soil and estimates
the timing of emergence of the new-generation adults 4,. The fourth and final step describes the
accumulation of sufficient reserves for overwintering and estimates the date at which individuals complete

the annual life cycle and reach overwintering readiness F.

The purpose of the model is to determine whether all four developmental steps can be completed within a
single calendar year under given climatic conditions. In addition, the model can be used to estimate the
timing of the individual development steps (O;, L., A, F;) of the pest on sour cherry, but those features are not

demonstrated further in this study.

The underlying thermal requirements for completing each step are represented as probability distributions,
which capture the intraspecific variability documented in previously published empirical studies. The model
operates as a stochastic simulation, where each run represents the temperature-dependent development of an
individual insect randomly sampled from the defined probability distributions. The simulations are
implemented in R (R Core Team 2024), and the full script used to define the distributions and perform the
simulations is available at Zenodo (https://doi.org/10.5281/zenodo0.20541446).

We used a large language model (Microsoft Copilot) to support parts of the data analysis workflow,
specifically to suggest candidate probability distributions for the response variables and to generate draft
versions of R scripts for model implementation. These outputs were checked, further edited, and validated by

the authors, who take full responsibility for all analytical decisions and the final code.

The biological rationale for each of the four developmental steps is described in detail in the following

sections.

Table 1. Parameters and derived variables included in the stochastic phenology model for the northern strain of C.

nenuphar on sour cherry.

Parameter | Description Derived variable Source of the

data
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Dipm Accumulated GDDg ; required by C. Simulated calendar date of adult Pifiero and
nenuphar for spring emergence and immigration into host trees /,, and Prokopy (2006)
movement to host trees. eventually the calendar date of

realized oviposition date O,.

Dy Accumulated GDDy required by sour Simulated calendar date of petal fall | Zavalloni et al.

cherry to reach petal fall stage (BBCH 69). | of sour cherry P,. (2006); Templ et
al. (2018)

D,y Accumulated GDD g required by C. Simulated calendar date of Reissig et al.

nenuphar to oviposit after the petal fall. oviposition-ready date O, and the (1998)
calendar date of realized oviposition
date O,.

Dy Accumulated GDD (11.1 °C and 35 °C as Simulated calendar date of Selby and
the lower and upper development emergence of mature larvae from Whalon (2014)
thresholds) required for egg hatching and sour cherry fruits Z,.
larval development on sour cherry fruits.

Dpupa Accumulated GDDs 7 required by C. Simulated calendar date of Selby and
nenuphar for the pupal development and emergence of the new generation Whalon (2014)
emergence of adults from soil. adults from soil 4,.

Dy Number of days (with mean temperature Simulated calendar date of Spurgeon and
> 13 °C) required for post-emergence completion of the life cycle and the | Raulston 2006;
feeding and accumulation of reserves onset of overwintering readiness F;. | Spurgeon et al.
required for successful overwintering. (2018)

Step 1: From overwintering to oviposition

In the early spring the overwintered adults of C. nenuphar emerge from the soil and fly to the trees where

they mate and feed on the leaves, twigs, buds, flowers, and developing fruits (Crandall 1905; Chapman 1938

Racette et al. 1992). The females start laying eggs once the fruitlets are available, which occurs around the

petal fall stage (when about 90% of the petals have fallen exposing the developing fruitlets) (Reissig et al.

1998). The oviposition period extends for several weeks, during which a female may lay several hundred

eggs (Crandall 1905; Whitcomb 1929; Chapman 1938).

Both the pre-oviposition (emergence, immigration into the host trees and mating) and the oviposition period

of C. nenuphar are strongly temperature-dependent (Whitcomb 1932; Racette et al. 1992) and the GDD

requirements for these phases have been quantified for the northern strain of the species (Reissig et al. 1998;
Hoffmann et al. 2004; Pifiero and Prokopy 2006). Similarly, the phenological development of host trees is
strongly influenced by the temperature and the accumulated GDD required to the petal fall stage or
analogous BBCH stage (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie) (BBCH 69)

6
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(Meier 2018) have been recorded for many tree species and cultivars in the Rosaceae family (e.g. Zavalloni
et al. 2006; Singh and Bhatia 2011; Hochmaier 2014; Chaves et al. 2017; Templ et al. 2018; Verma et al.
2023).

Date of immigration

Pifiero and Prokopy (2006) monitored the immigration of the northern strain of C. nenuphar into an apple
orchard over six years and reported the annual accumulated GDD values corresponding to the first capture,
and for 50th and 80th percentiles of cumulative captures for each year using a temperature threshold of 6.1
°C. Based on this data we fit a single probability distribution of the accumulated GDDg | required for spring
emergence of C. nenuphar and movement to host trees D;n» (Figure 1a). This was done by fitting a
lognormal distribution by matching the observed quantiles to the corresponding cumulative distribution
values using a weighted least-squares procedure. Weights corresponded to the annual capture counts. The
final parameter estimates were obtained by minimizing the weighted squared differences between the
observed cumulative probabilities (first capture, S0th and 80th percentile) and those predicted by the
lognormal distribution. The distribution is used in the model to simulate the immigration date /; for

individual insects.
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Figure 1. Fitted probability distributions used in the stochastic phenology model for the northern strain of C. nenuphar
on sour cherry. (a) Accumulated GDDs ; required for spring emergence and movement of overwintered adults to host
trees (Dimm). (b) Accumulated GDD4 required for sour cherry to reach the petal fall stage (D). (¢) Accumulated GDDg
required by C. nenuphar for oviposition after petal fall (D,.). (d) Accumulated GDD1, ; required for egg hatching and
larval development on sour cherry fruits (D), fitted to a synthetic population used to sample the 500 stochastic values
applied in this study. (e) Accumulated GDDg ; required for pupal development and emergence of adults from soil
(Dpupa)- (f) Number of days with mean temperature > 13 °C required for post-emergence feeding and accumulation of

reserves for successful overwintering (Dy.), shown for the “fast”, “intermediate” and “slow” scenarios.



204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

235
236
237

238

Date of petal fall

Because oviposition can only occur once fruitlets are available, the model also requires an estimate of the
timing of petal fall of sour cherry P,. To capture potential variability in the timing of petal fall among
different sour cherry cultivars, we defined a probability distribution for the accumulated GDD required for
petal fall D,rusing data from the Pan European Phenological database (PEP725) for Germany (Templ et al.
2018; PEP725 Pan European Phenology Data 2026). This dataset includes phenological observations of sour
cherry from 1951 to 2015 across more than 6,000 locations. For the present analysis, we restricted the dataset
to the recent 30 years (1986-2015) and calculated the accumulated GDD required to reach BBCH 69 for
each year and location using the simple average method and ERA5 mean daily air temperatures at 0.25° x
0.25° resolution (Hersbach et al. 2023; Copernicus Climate Change Service 2024), applying 4 °C as the
lower temperature threshold (Zavalloni et al. 2006). This resulted in 37,980 GDD, estimates, which were
used to fit a probability distribution representing the GDD requirement for sour cherry to reach the petal fall
stage. This was done by first trimming the GDD;4 values to the 2nd—98th percentiles to exclude suspiciously
low and high values due to potential observational errors and extreme microclimate effects and then fitting a

lognormal distribution to the trimmed dataset (Figure 1b).

Date of tentative oviposition

Reissig et al. (1998) quantified the cumulative oviposition and feeding injury on apples over three years as a
logistic function of accumulated GDD after petal fall using a temperature threshold of 10 °C and reported
GDD values corresponding to the 40th and 60th percentiles of cumulative injury. We extracted additional
percentile points from the published curve (Figure 1B in Reissig et al. 1998) using WebPlotDigitizer

(https://automeris.io/) at approximately 10% intervals between 10% and 90% cumulative injury. This data

was used to fit a probability distribution of GDD o needed for oviposition after the petal fall, D,.;, using a
two-parameter logistic distribution (Figure 1c), with parameters estimated by fitting a linear regression. The

distribution is used in the model to simulate the oviposition-ready date O;,.
Simulating the realized oviposition date
Pifiero and Prokopy (2006) showed that temperature accumulation is a stronger predictor of the spring

immigration than host phenology, and therefore immigration date /; and the petal fall date P, are simulated as

independent processes in our model:
Iy = inf{t: GDDg1(t) = Dynm}

P, = inf{t: GDD,(t) = Dy}
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Reissig et al. (1998) quantified the cumulative oviposition and feeding injury onwards from the petal fall.
Consequently, in our model the oviposition-ready date O, is simulated as a function of GDD,¢ accumulated

after the date of the petal fall P

O = inf{t = P GDDlO(t; Pt) = Dovi}

Pifiero and Prokopy (2006) showed that immigration continues for one to three weeks after petal fall,
suggesting that the early portion of the cumulative oviposition curve by Reissig et al. (1998) can partly
reflect incomplete immigration of the pest at petal fall. To account for this, the realized oviposition date O; is

simulated in our model as follows:

0; = max { Iy, O}

Consequently, both the spring immigration and the oviposition after petal fall are simulated as independent
processes in the model and the later of the two determines the realized oviposition date O,. Since the
cumulative oviposition curve by Reissig et al. (1998) was quantified from the petal fall of apple, it could
under-, or overestimate realized oviposition on host species with substantially earlier or later petal fall. The
current approach ensures that realized oviposition O, is not underestimated by ensuring that oviposition

cannot occur before the female has both immigrated and met the thermal requirements of oviposition.
Step 2: From oviposition to emergence of mature larvae from the fruits

The eggs of C. nenuphar are laid under the skin of the developing host fruit (Quaintance and Jenne 1912;
Whitcomb 1929). After hatching the larvae tunnel deeper into the fruit to feed and subsequently develop

through four instars (Whitcomb 1929; Chapman 1938). The larval development is strongly temperature-

dependent (Whitcomb 1932) and influenced by the host plant species (Selby and Whalon 2014).

Lan et al. (2004) monitored the temperature-dependent development of the larvae of the southern strain of C.
nenuphar and recorded the accumulated GDD needed for the larval development on apple using 11.1 °C as
the lower and 35 °C as the upper development threshold. Later Selby and Whalon (2014) measured the
accumulated GDD 1 needed for the egg hatching and larval development of the northern strain of C.

nenuphar from different host plants using the parameters of Lan et al. (2004) in the calculations.

We used the outdoor sour cherry datasets (TNRC and CRC) reported by Selby and Whalon (2014) to fit a
probability distribution of the accumulated GDD; i required for egg hatching and larval development of the

northern strain of C. nenuphar on sour cherry fruits, Dj,.-. Both datasets provide the mean and standard

10
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deviation (SD) of accumulated GDD ; for the larvae that emerged prior to fruit dissection, as well as the
number of larvae still present in the fruits at the time of dissection. We first pooled the means and SDs of
these datasets using fruit counts as weights and fitted a single normal distribution describing the accumulated
GDDy 1 required for egg hatching and larval development among the larvae that emerged from fruits. To
incorporate the fraction of larvae that did not emerge, we constructed a large synthetic population in which
the non-emerged larvae were assigned a GDD 1 value equal to the maximum value in the simulated sample
of larvae that emerged from the fruits. We then fitted a normal distribution to this full synthetic dataset. This
yielded a single probability distribution Dy, that reflects both the timing from egg hatching to larval
emergence from fruits and the fraction of larvae that did not emerge from fruits during the experiments
(Figure 1d). The distribution is used in the model to simulate the emergence of the mature larvae from fruits

L, of individual insects:

Ly = inf{t = O, : GDDy;4,(t;0¢) = Dygy}

Step 3: From emergence of mature larvae from fruits to emergence of adults from the soil

After emerging from the fruit, mature larvae enter the soil to pupate (Crandall 1905; Quaintance and Jenne
1912; Whitcomb 1929; Chapman 1938). Prior to pupation, larvae may spend several days in the soil
hollowing a pupal chamber (Lampasona et al. 2020). The duration of the pupal stage is strongly temperature-
dependent (Whitcomb 1932; Lan et al. 2004; Selby and Whalon 2014) but is also influenced by soil moisture
(Whitcomb 1929; Armstrong 1958; Chen and Scherm 2007).

Lan et al. (2004) monitored the temperature-dependent development of the pupal stage of the southern strain
of C. nenuphar and recorded the accumulated GDD needed for the adults to emerge from soil using 8.7 °C as
the development threshold temperature. Selby and Whalon (2014) subsequently measured the accumulated
GDDs 7 needed for the pupal development of the northern strain of C. nenuphar.

We used the results of Selby and Whalon (2014) to fit a probability distribution of accumulated GDDs 7
needed for pupal development and emergence of adults of the northern strain of C. nenuphar Dpupa. This was
done by pooling the mean accumulated GDDs 7and SD of the development times of pupae from four
different indoor experiments reported in the study weighted by the number of pupation jars per host to obtain
a single normal distribution for accumulated GDDg 7 needed for the pupal development (Figure 1e). The
distribution is used in the model to simulate the emergence of the new generation adults 4; of individual

insects:

11
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A. = inf{t = L, : GDDg;(t;Ly) = Dpupal

Step 4: From emergence of adults from soil to overwintering

The adults of the northern strain of C. nenuphar undergo obligate diapause during the winter without
completing the oogenesis in the autumn (Smith and Salkeld 1964). However, adults that emerge in late
summer or autumn must still feed to accumulate sufficient energy reserves for overwintering (Quaintance
and Jenne 1912; Smith and Salkeld 1964; Racette et al. 1992). After emergence, adults may feed for several
weeks before entering diapause (Crandall 1905), but the exact duration and temperature requirements needed
to build these overwintering reserves have not been quantified. It is also unknown whether adults emerging

very late in autumn have adequate time to harden and successfully prepare for diapause.

Because detailed quantitative information on the duration of this period is lacking for C. nenuphar, we used
the information available for Anthonomus grandis Boheman, 1843, another species in the family
Curculionidae, which exhibits a similar life-history pattern, involving adult emergence followed by a feeding
period prior to overwintering (Pereira et al. 2023). Studies on A. grandis indicate that diapause development
occurs over a period of approximately 3 to 21 days following adult emergence under suitable environmental
conditions, with most individuals transitioning within an intermediate time window during this period
(Spurgeon and Raulston 2006; Spurgeon et al. 2018). Adult C. nenuphar are known to be active and feed at
air temperatures =13 °C (Quaintance and Jenne 1912; Whitcomb 1932; Leskey and Zhang 2007).
Accordingly, in the model the accumulation of overwintering reserves required for successful overwintering
Dy was defined as a probability distribution of the number of days with mean temperature =13 °C (Figure
1f). In the model, the distribution is used to simulate the completion of the life cycle and the onset of

overwintering readiness F; for individual insects:

t
F, = inflt > 4, : Z I(T, = 13°C) = Dyau

u=At

where T, is the daily mean temperature on day u, and / (+) is an indicator function equal to 1 when the

condition is met and 0 otherwise.

Given the uncertainty associated with transferring species-specific traits from A. grandis to C. nenuphar, we
applied a scenario based approach to evaluate the sensitivity of model outcomes to assumptions regarding the
overwinter readiness. Consequently, three alternative probability distributions for Dy, were defined as

truncated normal distributions, representing different portions of the observed diapause development range

12
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for A. grandis but extending the lower and upper bounds slightly to account for uncertainty at the extremes

(Figure 1f).

The “fast” scenario (mean = 5 days, SD = 2.5 days; truncated to 2-9 days) represents a situation in which the
adults become ready for overwintering soon after emergence from the soil. The “intermediate” scenario
(mean =9 days, SD = 3 days; truncated to 5—14 days) reflects the central tendency of the proxy data and
corresponds to the period during which diapause incidence increases most rapidly for 4. grandis. The “slow”
scenario (mean = 14 days, SD = 4 days; truncated to 9-25 days) represents delayed overwintering readiness.
The SD for each scenario was selected so that approximately 80—90% of the probability mass of the

underlying normal distributions falls within the specified truncation bounds.

Although the true quantitative requirements for overwintering readiness in C. nenuphar remain unknown, the
selected scenarios are expected to encompass most biologically plausible variation in this process. It is
unlikely that overwintering readiness would generally require fewer suitable feeding days than assumed in
the “fast” scenario or substantially more than assumed in the “slow” scenario, even though the most likely
response may lie within or between the scenarios. Thus, the scenario approach provides a broad
representation of uncertainty in the accumulation of overwintering reserves required for successful

overwintering.

Growing degree days calculations

The model requires mean daily air-temperature data for the entire calendar year (in °C) to calculate GDD and
to determine the dates on which the assumed GDD requirements for the developmental steps are met. The
GDD values for steps 1 (date of oviposition) and 3 (date of adult emergence after pupation) are calculated

using the simple average method.

Step 2 (date of larval emergence from fruit) is calculated using the GDD model originally described by Lan
et al. (2004) and later used by Selby and Whalon (2014). This model uses both a lower and upper
developmental threshold (11.1°C and 35°C, respectively) and applies correction factors for temperatures

above 30°C.

However, Selby and Whalon (2014) noted that the original GDD model by Lan et al. (2004) predicts zero
development between 33 and 35 °C, which contradicts the empirical development reported at these
temperatures. To address this, they introduced a short linear function (26.85 — 0.45T) to provide at least
some GDD accumulation within this range (see Figure 1 in Selby and Whalon, 2014).
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When implementing this correction, we found that an additional small adjustment was necessary to ensure
that the resulting GDD values precisely match the curve shown in Figure 1 by Selby and Whalon (2014).
Specifically, the corrected function for the range 33—35 still needs to have the lower developmental threshold
(11.1 °C) subtracted, which is not stated explicitly by Selby and Whalon (2014). Applying this adjustment
allows the model to reproduce the intended decline from approximately 1 GDD at 33 °C to 0 GDD at 35 °C.

Accordingly, the GDD contribution for a day with mean temperature 7" is calculated as follows:

0, T <11.1
T —11.1, 11.1<T < 30

GDD(T) ={210 — 6T — 11.1 30<T <33
26.85— 0.45T —11.1, 33<T < 35
0, T > 35

Evaluating the model performance

Before applying the model to assess the northern limit of the potential range of the northern strain of C.
nenuphar in Europe, we first evaluated its performance within the native range of the pest. This was done by
running the model across the cross-border region spanning the United States and Canada (North: 53°, West: -
105°, South: 39°, East: -57°), where the northern limit of the natural distribution of C. nenuphar occurs
(Chapman 1938). The historical range map of C. nenuphar by Chapman (1938) was georeferenced with a
third-order polynomial transformation and manually assigned control points evenly distributed across the
area using ArcGIS Pro (Esri, Redlands, CA, USA). To evaluate the sensitivity of predictions to uncertainty
in the thermal requirement for overwintering readiness £, simulations were repeated under three alternative

9% C6y

scenarios (“fast”, “intermediate” and “slow”).

The model was driven with ERAS mean daily air temperatures at 0.25° % 0.25° resolution (Hersbach et al.
2023; Copernicus Climate Change Service 2024) for the years 1940—-1959, which represents the closest
20-year period with available climate data corresponding to the most detailed available distribution map of

C. nenuphar provided by Chapman (1938). Each simulation was run with 500 stochastic iterations.

Model performance was assessed using two complementary metrics. The first metric, the mean life cycle
completion proportion, was calculated as the average proportion of iterations in which the full life cycle was
completed across the 20-year period. This metric provides an overview of the general thermal suitability

across the whole period. The second metric, proportion of successful years, was calculated as the proportion
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of years in which at least one iteration indicated successful completion of the life cycle. This metric captures
interannual temperature variability and indicates how often conditions meet the minimum requirements for
development. While these metrics were essentially meant to evaluate model performance, they were also
used to calibrate how simulated life cycle completion levels should be interpreted when the model was

subsequently applied to Europe.

To evaluate model performance, outputs were summarized across four spatial zones defined by two distance
bands (0—50 km and 50-200 km) and their position relative to the georeferenced historical range limit of C.
nenuphar (inside vs. outside the range). The narrow 0-50 km band describes model behavior immediately
adjacent to the historical range limit, whereas the 50200 km band describes the behavior between areas
clearly within and beyond the historical range. For each zone and scenario, we summarized both
performance metrics, i.e. the mean life cycle completion proportion and the proportion of successful years.
Sensitivity among the three scenarios for overwintering readiness F; was quantified using the SD among the
scenarios and the mean difference between the most and least permissive scenarios. In addition, cell-level
SDs among the three scenarios were mapped to identify geographical areas where predictions were most

sensitive to assumptions about F.

Assessing the potential northern range limit of C. nenuphar in Europe

To estimate the potential northern range limit of the northern strain of C. nenuphar in the current European
climate, we ran the model for northern and central Europe (North: 71°, West: -15°, South: 47°, East: 45°)
using ERAS mean daily air temperatures at 0.25° x 0.25° resolution for the years 2006—2025 (Hersbach et al.
2023; Copernicus Climate Change Service 2024), using 500 stochastic iterations consistent with the
native-range analysis. As in the native-range analysis, the estimation was based on the two metrics, the mean
life cycle completion proportion and the proportion of successful years. To evaluate the sensitivity of
predictions to uncertainty in the thermal requirement for overwintering readiness F;, simulations were
repeated under three alternative scenarios (“fast”, “intermediate” and “slow”). In addition, cell-level SDs

among the three scenarios were mapped to identify geographical areas where predictions were most sensitive

to assumptions about F.

To assess potential future range expansion of the northern strain of C. nenuphar in Europe, we estimated the
northern limit of the potential range using climate projections for the period 2041-2060. Daily near-surface
air temperature data for 2041-2060 were obtained from an eight-member CMIP6 multi-model ensemble
under the SSP2-4.5 forcing scenario, which represents a “middle-of-the-road” socioeconomic pathway and
an intermediate greenhouse-gas emission trajectory (Eyring et al. 2016; O’Neill et al. 2016; Meinshausen et
al. 2020). Because these CMIP6 data were available as daily, year-specific time series, the simulations could

account for interannual variability in temperature conditions during 2041-2060. The selected ensemble

15



450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

473
474

consisted of eight CMIP6 models from different modelling centers with varying spatial resolution (Table 2)
and they were chosen based on (i) the availability of daily temperature data from the Climate Data Store
(CDS) of the Copernicus Climate Change Service (Copernicus Climate Change Service 2021) and (ii) their
demonstrated ability to reproduce temperature patterns in northern Europe, as assessed using the GCMeval
tool (Parding et al. 2020). In this evaluation framework, models were ranked according to their performance
across seasonal temperature variables using equally weighted skill metrics. These metrics included absolute
bias relative to reference data, spatial correlation, spatial standard deviation, and the root mean square error
of the mean annual cycle (Parding et al. 2020). In addition to model performance and data availability, we
ensured structural diversity within the ensemble by avoiding multiple models from the same climate
modelling center. The stochastic phenology model was run independently for each CMIP6 model for each
year from 2041 to 2060, with 500 stochastic iterations. For each CMIP6 model, we calculated the mean life
cycle completion proportion and the proportion of successful years. For the future projections, the second
metric was calculated across the 160 CMIP6 model-year combinations and is referred to as the proportion of
successful model-years. It was defined as the proportion of model-year combinations in which at least one
iteration indicated successful completion of the life cycle. Both metrics were calculated under the three
alternative scenarios for F;. Finally, the simulation outputs were resampled to a uniform grid defined by the
finest resolution model in the ensemble (0.5° x 0.5°) and then summarized across the CMIP6 multi-model

ensemble to project the future establishment potential under the SSP2-4.5 conditions for the mid-21* century.

Table 2. CMIP6 global climate models used for the mid-21st-century climate projections. Daily mean near-surface air
temperature data were obtained from the Climate Data Store of the Copernicus Climate Change Service under SSP2-4.5

for each year from 2041 to 2060.

CMIP6 model Ensemble Institution description
member
CMCC-ESM2 rlilplfl Fondazione Centro Euro-Mediterraneo sui Cambiamenti
Climatici, Lecce, Italy
CNRM-CM6-1 rlilplf2 CNRM-CERFACS, Toulouse, France
GFDL-ESM4 rlilplfl National Oceanic and Atmospheric Administration, Geophysical
Fluid Dynamics Laboratory, Princeton, NJ, USA
IPSL-CM6A-LR rlilplfl Institut Pierre Simon Laplace, Paris, France
MPI-ESM1-2-LR r10ilp1fl Max Planck Institute for Meteorology, Hamburg, Germany
MRI-ESM2-0 rlilplfl Meteorological Research Institute, Tsukuba, Japan
NorESM2-LM rlilplfl NorESM Climate modeling Consortium, Norway
UKESM1-0-LL rlilplf2 Met Office Hadley Centre, Exeter, UK
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Results

The model performance in the native range of C. nenuphar

The model reproduced expected patterns in thermal suitability across the historical northern range limit of C.
nenuphar. For both metrics, the mean life cycle completion proportion and the proportion of successful
years, values were higher inside than outside the range limit (Table 3; Figure 2). The contrast was clearest in
the 50-200 km zones. Within these zones, the mean life cycle completion proportion was high inside the
range but much lower outside it, whereas the proportion of successful years was close to 1 inside the range

and remained relatively high even outside it.

Sensitivity among the three scenarios for overwintering readiness F; was generally moderate but varied
between the metrics and spatial zones (Table 3; Figure 3). For the mean life cycle completion proportion,
sensitivity was highest near the historical range limit and was relatively similar on both sides of the limit,
with mean differences among scenarios of approximately 0.06—0.08. In contrast, sensitivity in the proportion
of successful years was low inside the historical range but increased outside the range, where the mean
difference among scenarios reached 0.169. This pattern indicates that conditions inside the range were
generally suitable enough for at least some simulated individuals to complete the full life cycle in all years,

regardless of the F; scenario.

Overall, the modelling results suggest that thermal suitability declines gradually towards the northern range
limit, but within the range conditions are still suitable for at least part of the population to complete the full
life cycle in all years. This is also reasonable biologically as conditions may occasionally be suitable for
completing the life cycle even beyond the range, but establishment requires that at least a part of the
population completes the life cycle every year, although limited potential adult carry-over between years
may buffer populations against occasional unfavorable seasons. Long-term temperature averages conceal
interannual variability and fail to capture the consequences of exceptional years. For example, repeated
unusually cool summers could prevent the completion of the life cycle and thereby hinder establishment,

even if long-term averages suggest overall climatic suitability.

Table 3. Model outputs and sensitivity summaries among the “fast”, “intermediate” and “slow” F; scenarios within the
spatial zones inside and outside the georeferenced historical northern range limit of C. nenuphar. Values are shown for
the mean life cycle completion proportion across 1940—1959 and for the proportion of successful years. SD is the mean
standard deviation among the three F; scenarios, and DIFF is the mean difference between the most and least permissive

scenarios.

Metric Zone Fast | Intermediate | Slow SD DIFF
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The mean life cycle completion proportion Inside 0—50 km 0.69 0.66 0.61 | 0.042 | 0.083

Inside 50-200 km | 0.84 0.81 0.77 | 0.035 | 0.07

Outside 0-50 km | 0.51 0.47 0.43 | 0.04 | 0.08

Outside 50-200 km | 0.28 0.25 0.22 | 0.029 | 0.059

The proportion of successful years Inside 0-50 km 0.95 0.93 0.9 | 0.027 | 0.051

Inside 50-200 km | 0.99 0.98 0.97 | 0.01 | 0.018

Outside 0-50 km | 0.87 0.82 0.77 | 0.053 | 0.103

Outside 50-200 km | 0.7 0.6 0.53 | 0.088 | 0.169
511
512

60°W  100°W

513

514 Figure 2. Maps a—c show the mean life cycle completion proportion across 1940—1959 under the “fast”, “intermediate”
515 and “slow” F}scenarios, respectively. Maps d—f show the proportion of successful years under the same scenarios. The
516  grey line indicates the georeferenced historical range limit of C. nenuphar from Chapman (1938).

517

0.0

518
519 Figure 3. Standard deviation among the “fast”, “intermediate” and “slow” F; scenarios for (a) the mean life cycle

520 completion proportion across 1940—1959 and (b) the proportion of successful years. Solid lines indicate the 0-50 km
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band and dashed lines the 50-200 km band around the georeferenced historical range limit of C. nenuphar from
Chapman (1938).

The northern range limit in Europe

Current climate (2006—2025)

Under the modelling assumptions and the 2006—2025 climate, both metrics, the mean life cycle completion
proportion and the proportion of successful years, were close to 1 across much of central Europe and
declined northwards through the United Kingdom, northern Germany and Poland, approaching zero in
northern Finland and Sweden, most of Norway, and Scotland (Figure 4). Central Europe therefore appears
thermally suitable for the northern strain of C. nenuphar, whereas Finland, Scotland, and most of Estonia,
Ireland, Norway and Sweden appear unsuitable. In these unsuitable areas, a large proportion of individuals
failed to complete the life cycle across the 20-year period and, in several years, no individuals reached
overwintering readiness regardless of the F; scenario (Figure 4). Establishment under these conditions

therefore appears unlikely.

Between these extremes lies a transition region, including the southern and central United Kingdom,
northern Germany and Poland, Denmark, the Baltic states and southernmost Scandinavia, where the thermal
suitability declined gradually. Across the whole study area, the F; scenario had little effect on the overall
geographical pattern of thermal suitability. However, within the transition region it clearly influenced the
mean life cycle completion proportion, and in the northern part of the transition region and especially in the

adjacent less suitable areas it also influenced the proportion of successful years (Figure 5).

The southern parts of the transition region, including the southern United Kingdom, northern Germany and
Poland, and most of Lithuania, still appeared thermally suitable for establishment of C. nenuphar, with a
mean life cycle completion proportion above 0.5 and a proportion of successful years equal to 1 regardless of
the £ scenario (Figure 4). In much of the remaining transition region, however, the mean life cycle
completion proportion was close to or below 0.5, depending on the F} scenario. Nevertheless, in the central
United Kingdom, northern Denmark, Latvia, and localized coastal cells in western Estonia, southern Ireland
and southernmost Scandinavia, at least one life cycle completion was achieved in every year under the more
permissive F; scenarios. Because these outcomes depend strongly on the assumed F; values, establishment

across this part of the transition region cannot be confidently classified as either likely or unlikely.
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Figure 4. Maps a—c show the mean life cycle completion proportion across 2006—-2025 under the “fast”, “intermediate”

and “slow” Fscenarios, respectively. Maps d—f show the proportion of successful years under the same F; scenarios.

Figure 5. Standard deviation among the “fast”, “intermediate” and “slow” F; scenarios for (a) the mean life cycle

completion proportion across 2006—2025 and (b) the proportion of successful years.

Future climate (2041-2060)

Under the 2041-2060 CMIP6 multi-model ensemble projections for SSP2-4.5, the geographical pattern of
thermal suitability remained broadly similar to that under the current climate, with high suitability across
central Europe and declining suitability towards the north (Figure 6). However, the transition region shifted
northwards, extending into the northern United Kingdom and Ireland, the Baltic region, Denmark, and
southern Sweden and Finland. As under the current climate, the F; scenario influenced the simulated life
cycle completion proportions within and north of the transition region but had little effect on the overall

geographical pattern (Figure 7).
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Several areas where the potential establishment of C. nenuphar was uncertain under the current climate
became more suitable under the future projections. In Estonia, southern Ireland and southern Sweden,
roughly half or more of the simulated individuals reached overwintering readiness, depending on the F;
scenario. Successful life cycle completion was also achieved in all or nearly all CMIP6 model-years,
indicating that at least part of a population could complete the annual life cycle across most projected model-

year combinations.

Thermal suitability also increased in southern and central Finland. However, a large proportion of
individuals still failed to complete the life cycle, and in several CMIP6 model-years no individuals reached
overwintering readiness under any F; scenario. Establishment of C. nenuphar therefore appears to remain

unlikely across Finland even in the mid-21st-century SSP2-4.5 projections.

1.00
0.75
0.50
0.25
0.00

Figure 6. The projected life cycle completion by the northern strain of C. nenuphar in Europe for 2041-2060 based on
the CMIP6 multi-model ensemble under SSP2-4.5. Maps a—c show the mean life cycle completion proportion under the
“fast”, “intermediate” and “slow” F;scenarios, respectively. Maps d—f show the proportion of successful model-years

under the same F;scenarios.
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Figure 7. Standard deviation among the “fast”, “intermediate” and “slow” F; scenarios for (a) the mean life cycle
completion proportion across 2041-2060 based on the CMIP6 multi-model ensemble under SSP2-4.5 and (b) the

proportion of successful model-years.

Discussion

Implications for risk management

EU plant health legislation identifies 20 priority pests, including C. nenuphar, as Union quarantine pests with
potentially severe economic, environmental, or social impacts (European Parliament and Council of the
European Union 2016; European Commission 2019). Member States are therefore required to conduct
extensive surveillance and implement measures to prevent the introduction and spread of these pests within
their territories. However, the EU encompasses a wide diversity of cropping systems, forest types, and
ecoclimatic conditions, and consequently not all priority pests are necessarily able to establish and spread

across all Member States, particularly where host plants are absent or climatic conditions are unsuitable.

EU legislation recognizes this variability and allows that, where it can be unequivocally demonstrated that a
priority pest is unable to establish or spread due to unsuitable ecoclimatic conditions or lack of hosts, the
implementation of certain official measures is not necessary (European Parliament and Council of the
European Union 2016). To this end, several recent studies have evaluated the establishment potential of
priority pests in northern EU Member States, where cooler climatic conditions may constrain pest
development and survival (Bjorklund and Boberg 2020a; 2020b; Boberg and Bjorklund 2020a; 2020b;
2020c; Tuomola et al. 2021; Tuomola and Hannunen 2024; Tuomola 2025). The present study contributes to
this body of work by providing a detailed assessment of the establishment potential of C. nenuphar under

current and future climatic conditions in northern Europe.
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621 Our modelling results indicate that, within the EU, current temperature conditions in Finland, most of Ireland
622  and Sweden, and parts of the Baltic region are thermally unsuitable for the northern strain of C. nenuphar on
623  sour cherry. In these areas, the mean life cycle completion proportion was generally low across the 20-year
624  period, and multiple years passed without any successful completion, suggesting that the likelihood of

625  establishment is very low. Under the 2041-2060 CMIP6 multi-model ensemble projections for SSP2-4.5,
626  thermal suitability increased in these areas but remained below levels indicating likely establishment in the
627  northernmost parts of the EU. For example, establishment of C. nenuphar appears unlikely across Finland
628  even in the 2041-2060 projections under SSP2-4.5.

629

630  Taken together, our results provide modelling-based information on the establishment potential of C.

631  nenuphar under current and projected future climatic conditions that can support risk managers in northern
632  EU Member States in evaluating where official surveillance for C. nenuphar is warranted. Nevertheless, the
633 use of these results in official risk management should be considered in the context of previous studies and
634  considering the uncertainties and limitations outlined in the following sections.

635

636  Comparison with previous studies

637

638  Our modelling results are broadly consistent with those of Boberg and Bjorklund (2020b), who concluded,
639  based on GDD accumulation under current climate, that summer temperatures in Sweden allow completion
640  of the life cycle of C. nenuphar within a single season only in the southern part of the country. The present
641  study extends the analysis by Boberg and Bjorklund (2020b) by applying a more comprehensive

642  phenological modelling framework that incorporates intraspecific variation within the northern strain of C.
643  nenuphar and covers a broader geographic region across central and northern Europe.

644

645  In contrast, our results do not support the conclusions of EFSA (2018a, 2019, 2025), which suggest that

646  climatic conditions are unlikely to limit the establishment of C. nenuphar in Europe. In the pest

647  categorization of C. nenuphar (EFSA 2018a), this conclusion is primarily based on the occurrence of

648  Koppen—Geiger climate types within the native range of the pest and the presence of similar climate types
649  within the EU. In the context of pest risk assessment, the Képpen—Geiger classification is generally regarded
650 as apreliminary screening tool that provides a coarse estimate of climatic suitability (Kriticos et al. 2024;
651  EFSA 2026). In other words, it does not account for finer-scale climatic variation within the climate types
652  and therefore cannot capture the detailed constraints that determine whether local conditions are suitable for
653  species establishment. The phenological modelling approach applied in the present study extends the EFSA
654  (2018a) assessment by showing that not all areas within the Koppen—Geiger climate types where the pest
655  occurs in its native range and which are also present in Europe are necessarily suitable for establishment.
656  Comparison with EFSA’s pest reports supporting the ranking of candidate priority pests (EFSA 2019, 2025)

657  is more challenging, as the methodological basis underlying these conclusions is not fully documented.
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To our knowledge, our study represents the first attempt to assess the establishment potential of C. nenuphar
under future climatic conditions. While the use of multiple climate scenarios is generally recommended in
pest risk assessment (Rosace et al. 2024), we based our projections on a single scenario, SSP2—4.5, which
combines the “middle-of-the-road” SSP2 socioeconomic storyline with an intermediate radiative forcing
level of 4.5 W/m? by 2100 (O’Neill et al. 2016; Meinshausen et al. 2020). Inclusion of additional scenarios
would strengthen the robustness and usability of the assessment. However, this was not possible, as daily
climate data for the same time period and for the same GCM realizations were not available for the other

SSP scenarios.

Limitations and sources of uncertainty

Despite the strong empirical basis of the modelling framework, several limitations and uncertainties should

be acknowledged.

First, the model integrates results from individual studies, each focusing on specific life stages of C.
nenuphar (Reissig et al. 1998; Pifiero and Prokopy 2006; Selby and Whalon 2014). Although all studies
concern the northern strain, they were conducted on different populations and under varying environmental
conditions. If C. nenuphar exhibited strong local adaptation, combining data from populations adapted to
different environmental conditions could introduce bias and reduce the accuracy of the model. However, we
found no evidence from previous studies of pronounced adaptive differentiation in C. nenuphar (e.g. Racette
et al. 1992; Zhang et al. 2008; Lampasona et al. 2020), suggesting that the integration of these data does not
substantially compromise model validity. Nevertheless, the framework could be further strengthened by
incorporating multiple independent studies for each life stage, which would better capture potential variation

in population responses across the geographic range of the northern strain.

A key uncertainty relates to the modelling of overwintering readiness (step 4), for which no C. nenuphar
specific quantitative empirical data are currently available. This modelling step was therefore parameterized
using proxy information from 4. grandis, a species with a comparable life-history strategy involving post-
emergence feeding prior to overwintering (Pereira et al. 2023). Sensitivity analyses using alternative scenario
assumptions for overwintering readiness F; showed that model outcomes in transition regions, where the
thermal suitability gradually declines from suitable to unsuitable, are particularly influenced by the selected
scenario. While defining a precise northern range limit for C. nenuphar in northern Europe would be
inherently difficult even under ideal data conditions, the additional uncertainty associated with the
overwintering readiness further increases the overall uncertainty of the thermal suitability in these transition

regions.
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Another uncertainty concerns the representation of oviposition timing (step 1). In the northern strain of C.
nenuphar, females undergo an obligatory winter diapause without completing oogenesis (Smith and Salkeld
1964). Consequently, before oviposition in the spring the females need to complete the oogenesis. The
timing of oocyte maturation is independent of mating (Hoffmann et al. 2004) and when the mating occurs
before oocyte maturation, the female stores the sperm in spermatheca and continues oocyte development
until the oocytes reach the maturity for oviposition (Leskey 2008). While our model does not explicitly
simulate these physiological processes, empirical evidence indicates that most females are mated before the
fruit set stage (BBCH 71) (Hoffmann et al. 2004). Thus, spring emergence and movement to host trees Diun
and oviposition after the petal fall D,,; were considered reasonable proxies of the realized oviposition timing
O,. While this simplification seems biologically justified, it does not explicitly capture all underlying

physiological processes of the species.

A further uncertainty concerns demographic carry-over between years through extended adult longevity,
which is not represented in our framework because establishment is assessed based on completion of the life
cycle within a single season. Armstrong (1958) found that some adults survived into the following season
under optimum insectary conditions, but that longevity under field conditions was considerably lower. There
is therefore no clear evidence that carry-over acts as an effective persistence mechanism in the field, and it is
least likely to do so in climatically marginal areas, whose conditions are furthest from those under which
prolonged survival was observed. We therefore interpret extended adult longevity as a possible buffer against
occasional unfavorable years in otherwise suitable areas, rather than as a mechanism that could sustain
populations where thermal conditions consistently preclude life cycle completion. Nevertheless, because
such carry-over is physiologically possible and is not captured by the model, it remains a genuine source of
uncertainty, and our requirement for life cycle completion in nearly every year may be somewhat

conservative for climatically marginal areas if carry-over occurs in the field.

Our model is driven solely by daily air temperatures, whereas other environmental factors may also influence
development and establishment of C. nenuphar. For example, soil moisture can affect the duration of the
pupal stage (Whitcomb 1929; Armstrong 1958; Chen and Scherm 2007), and photoperiod influences adult
activity and diapause regulation (McGiffen et al. 1987). Incorporating these factors would improve model
realism, but due to lack of data on how these factors contribute to the development of C. nenuphar, they

could not be included in the modelling framework.

The applicability of the model is limited to the northern strain of C. nenuphar and to sour cherry as the host
plant. While the overall model structure could be applied to the southern strain as well, differences in the
temperature-dependent development between the northern and southern strains (Hoffmann et al. 2004; Lan et

al. 2004; Selby and Whalon 2014) require that the underlying parameterization should be based on empirical
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data specific to the southern strain. Similarly, host-specific differences in phenology and larval development

rates limit direct extrapolation of the model to other host species (Selby and Whalon 2014).

Finally, we ran the simulations with 500 iterations, which represents a practical balance between
computational cost and adequate sampling of stochastic variability. Increasing the number of iterations
further, e.g. to several thousand, becomes impractical within the framework that integrates daily climate data
over multiple years and across large geographical areas. Although 500 iterations do not provide fully stable
distributions and do not necessarily fully capture the most extreme outcomes, they provide sufficient
coverage of the possible trajectories to reliably assess establishment potential. Moreover, this level of
iterations is appropriate for representing a potential founder population in Europe, which is likely to consist

of relatively few individuals.

Conclusion

Since the number of potentially harmful non-indigenous plant pests is large, it is essential that the limited
resources available for official plant health surveillance aimed at preventing the introduction and spread of
these pests are directed towards those posing the greatest risk. Conotrachelus nenuphar is considered a
significant potential threat to plant health in the EU and is therefore classified as a priority pest under EU
plant health legislation. Under this legislation, all EU Member States are required to implement strict
surveillance measures for each priority pest aimed at preventing their introduction and facilitating early
detection of possible outbreaks. However, if it can be clearly demonstrated that a priority pest is unable to
establish or spread because of unsuitable ecoclimatic conditions or the absence of suitable hosts, certain
official measures may be considered unnecessary. Our stochastic phenology model, which simulates the
temperature-dependent development of the northern strain of C. nenuphar on sour cherry and evaluates
whether its life cycle can be completed within a single calendar year under given climatic conditions,
indicates that not all regions of northern Europe are thermally suitable for its establishment. This applies both
to the current climate and to mid-21st-century climate projections under the SSP2-4.5 scenario. These
modelling results can support EU risk managers in evaluating where official surveillance for C. nenuphar is
justified and where resources could potentially be allocated more efficiently. Given the wide diversity of
cropping systems, forest types, and ecoclimatic conditions across the EU, similar studies on the
establishment potential of other pests regulated under EU plant health legislation are needed to support the

efficient allocation of official plant health resources throughout the Union.
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