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Running title

Winter fruit infested by Drosophila suzukii

Abstract (247 words)

1.

Winter is a critical bottleneck period for many insects and is particularly pivotal for pest species,
being a major regulator of their populations. In winter, insect fruit pests such as the invasive fly,
Drosophila suzukii, not only have to cope with harsh environmental conditions but also need to
find alternative resources when cultivated fruit are scarce.

This study aimed to disentangle the relative roles of climatic, landscape and local factors
affecting fruit infestation rates of winter and spring host plants by D. suzukii. We assessed
infestation in Aucuba japonica, Elaeagnus xsubmacrophylla (syn. Elaeagnus xebbingei),
Mahonia aquifolium, M. japonica and Viscum album fruit in the north of France, between
January and July 2022.

Drosophila suzukii emerged from fruit of all plant species except M. aquifolium. The fly was
the only species that emerged from fruit of A. japonica, E. xsubmacrophylla and M. japonica,
but co-occurred in V. album fruit with D. subobscura.

Climatic factors (e.g., cumulative precipitation, the number of frost hours), landscape
composition (e.g., grassland, shrubland and water cover) and local variables (e.g., resource
abundance, vegetation architecture) influenced D. suzukii infestation, with effects varying
between host plants.

The fruiting succession of these five plants effectively provides a resource continuum from
March to June, in which E. xsubmacrophylla, in particular, plays a pivotal role before
commercial fruit become available (e.g., strawberries, cherries). Non-crop plants should be
considered in integrative pest management strategies as they could catalyse D. suzukii

populations early in the season.

Keywords

Drosophila suzukii, Drosophila subobscura, environmental filtering, fruit infestation rate, insect

invasion, non-crop plants, ornamental species.
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Introduction

Winter is a critical bottleneck period for most temperate insects (Danks 1978; Moore and Lee
1991). Driven by the harsh environmental conditions, many species overwinter by entering diapause
(Bale and Hayward 2010; Gill et al. 2017; Lehmann et al. 2017), during which development is slow or
suspended, do not feed or reproduce and rely on reserves accumulated in the pre-diapause phase to
survive (Storey and Storey 2012; Sinclair 2015; Gill et al. 2017). Other species, however, continue to
be active throughout winter (Danks 1978; Moore and Lee 1991; Wharton 2011). These species must
find resources in order to survive and sometimes to complete their development. For species relying on
seasonal fruit, this can be a challenge, as they will likely need to be polyphagous, switching between
different resources over time (Kennedy and Storer 2000; Butterworth et al. 2023). Winter is also critical
for insect pest species, as it plays a role in population regulation (Kennedy and Storer 2000; Gajski et
al. 2023; Cuff et al. 2024). Insect fruit pests that are able to survive the harsh environmental conditions
of winter, avoid predation and find alternative resources when cultivated fruit are scarce, are likely to
gain an advantage at the beginning of the growth season. In this study we examine some elements of
this hypothesis in the widespread pest species, Drosophila suzukii (Matsumura, 1931).

Drosophila suzukii is an invasive fruit fly and a pest worldwide (Asplen et al. 2015). Originating
in Asia, it was first reported in Europe in 2008, followed by very rapid range expansion (Walsh et al.
2011; Cini et al. 2012; Asplen et al. 2015). While winter is undeniably challenging for its survival
(Hamby et al. 2016; Stockton et al. 2019; Ulmer et al. 2024), D. suzukii shows remarkable behavioural
and physiological adaptations (Tait et al. 2021). With the onset of winter, it is able to switch from
cultivated fruit to the late maturing fruit of wild plants (Poyet et al. 2015; Lee et al. 2015; Kenis et al.
2016; Ulmer et al. 2022), including non-native plants (Poyet et al. 2014), at the same time changing its
distribution in the landscape, finding sheltered microhabitats in woodland and hedgerows (Rossi-
Stacconi et al. 2016; Tait et al. 2021; Ulmer et al. 2024). The adult fly’s circadian rhythm changes, with
maximum activity at mid-day, when temperatures are generally warmest, thereby reducing the risk of
exposure to extreme cold (Shaw et al. 2019). Winter temperatures and short photoperiod also induce a
winter morphotype which shows increased cold tolerance (Panel et al. 2020). Nevertheless, finding
suitable host plants on which to feed and reproduce during winter remains a major challenge for D.
suzukii (Stockton et al. 2019).

In natural habitats, wild fruit provide food and allow the persistence of seed populations of D.
suzukii between winter and late spring, enabling the establishment of new generations (Poyet et al. 2015;
Panel et al. 2018), before cultivated fruit become available as hosts. Nutrition is a critical driver of cold
tolerance in Drosophila species (Henry et al. 2020; Jiménez-Padilla et al. 2020). Protein-rich diets can
enhance the melanization response (Lee et al. 2008) which would help the reparation process and protect
tissues after cold exposure (Sinclair et al. 2013). Specific amino-acids such as proline and arginine are

also known to have a cryoprotective effect in D. melanogaster (Kostal et al. 2012, 2016). Finally, sugar-
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rich diets can improve resistance to starvation, by increasing the lipid content of the fly (Ballard et al.
2008), thus enabling flies to survive longer when resources are scarce (Henry et al. 2020). Consequently,
availability of winter fruit resources may be an important determinant of D. suzukii persistence in winter.
However, not only do few plant species bear fruit in winter and early spring, but only part of them are
known to be susceptible to D. suzukii infestation. In Europe, these include Aucuba japonica, Elaeagnus
xsubmacrophylla, Hedera helix, Lonicera nitida, Mahonia spp., Rosa canina, Skimmia japonica,
Symphoricarpos spp. and Viscum album (Grassi et al. 2018; Panel et al. 2018; Poyet et al. 2015; Kenis
et al. 2016). The phenology of these plants, however, varies tremendously.

Among these winter plants susceptible to D. suzukii, Aucuba japonica, E. xsubmacrophylla,
Mahonia spp. and V. album fruit are among the most heavily infested in laboratory experiments and
allow both larval development and a higher rate of adult emergence than from any other plant (Poyet et
al. 2015). Aucuba japonica (Thunb.), Mahonia japonica (Thunb.) DC. and E. xsubmacrophylla
(Servett) (syn. E. xebbingei (J.Door)) are native to Asia while M. aquifolium (Thunb.) is native to North
America (Prior 1881; Bayton 2017; Edwards 2017). All are introduced ornamental shrubs that have long
been planted in urban parks, partly because of their resistance to harsh environmental conditions (e.g.,
pollution, wind exposure; Prior 1881; Coklar and Akbulut 2017; Edwards 2017; Abdalla 2019; Blanusa
et al. 2020; Quadir et al. 2021). Viscum album L., 1753 (mistletoe) is an obligate hemiparasitic shrub
native to Europe that grows on a wide range of angiosperm and gymnosperm trees (Barney et al. 1998;
Zuber 2004; Thomas et al. 2023). All these plants can be found from winter to spring, with overlapping
periods of fruiting (Terabayashi 1978; Abe 2001; Francis 2004; Edwards 2017; Thomas et al. 2023).

Most of these fruit contain compounds that are toxic to insects (e.g., aucubin; Rombouts and
Links 1956), but D. suzukii seems to be able to overcome at least some of these plant species’ defences.
Poyet et al. (2015) confirmed that D. suzukii can develop on several toxic plants and that it even uses
toxic compounds to perform medication when in the presence of parasitoids (Poyet et al. 2017).
Knowledge of the detoxification processes involved is lacking and research on which compounds D.
suzukii is able to overcome could help improve pest management strategies. Although chemical (Asplen
et al. 2015; Dam et al. 2019; Tait et al. 2021) and biological (lacovone et al. 2015; Ulmer et al. 2020,
2021) control strategies have been and are still widely explored, knowledge relating to the phenology
and ecology of D. suzukii species in natural systems is limited and is required to better predict and
possibly control the risks of early infestation in cultivated crops. In particular, the species’ population
dynamics at the end of winter, several months before the fruiting period of most commercially cultivated
plants, are largely unknown.

This study aimed to disentangle the relative roles of climatic, landscape and local factors that
could affect infestation rates of winter host plants by D. suzukii. We focused on A. japonica, E.
xsubmacrophylla, M. aquifolium, M. japonica agg. and V. album because they are known to be
susceptible to D. suzukii and are representatives of the very limited group of plant species bearing fruit

in winter and early spring. We hypothesised that (i) D. suzukii infestation rates would differ between
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plant species as they produce different types of fruit varying in quantity, quality and phenology; (ii)
other species could be facilitated by the presence of D. suzukii in these fruit, such as D. subobscura
(Poyet et al. 2014; Deconninck et al. 2024a) or D. melanogaster (Rombaut et al. 2017); (iii) D. suzukii
presence in wild fruit would be positively associated with the abundance of natural habitats such as
woodland which are known to provide a winter refuge for Drosophila species (Basden 1954), and
specifically for D. suzukii (UImer et al. 2024); (iv) environmental factors controlling fruit infestation
may vary between plant species differing in their ecology and fruiting phenology; and (v) these non-
crop host plants could support overwintering seed populations of D. suzukii, catalysing the development
of new generations in early spring in advance of the availability of the first commercial fruit crops such
as cherries, strawberries or raspberries. To test these hypotheses, we measured fruit infestation rates in
these four plant species in northern France from winter to summer. Each sample was accompanied by
measurements of climatic and local and landscape variables in order to identify the environmental

drivers of host fruit infestations.

Materials and Methods

Study area

The study was conducted between January and July 2022 in the region of Amiens (49°53'40"
N, 2°18’07" E) in northern France. The region’s climate is oceanic with a mean annual temperature of
10.7°C and an average annual rainfall of 691.9 mm (data from meteorological station Dury-les-Amiens,
StatlC network). The landscape of this region is generally characterised by agricultural production and
consists of a mosaic of open fields cultivated for cereals, rapeseed and sugar beet, interspersed with

orchards, grasslands, woodland patches and rivers.
Sampling design

Aucuba japonica var. variegata, Elaeagnus xsubmacrophylla, Mahonia aquifolium, Mahonia
japonica agg. (including a complex of related cultivars and hybrids) and V. album fruit were sampled
every month, with individual plants of each species randomly sampled within a landscape area of 35 x
45 km (Figure S1). The number of individuals sampled per species and per month varied depending on
fruit availability (from 8 to 119 individuals, see Table 1 and results below). When possible, a minimum
of 100 fruit were randomly sampled from each plant individual, with some variation depending on

seasonal availability of fruit.
Traits of host plant species and fruit

Collected fruit were separated into three subsets to monitor Drosophila emergence: undamaged
(‘healthy’) and damaged fruit collected on the plant (‘damaged’) and on the ground (‘ground’; if

present). The fruit were categorized as ‘damaged’ when they were opened / injured (incised skin) and/or
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rotten (brown spots). Several traits of the sampled plants were measured to characterise the local
resources available for the flies and the local microhabitat. For each sampled plant, five berries were
randomly selected to measure length and width and calculate volume (4/3 x m x mean radius®) and fruit
skin area (4 x m x mean radius?). Five leaves were also taken, their length and width measured and the
leaf surface index (length x width; Ulmer et al. 2022) calculated. Individual morphology of each plant
species was characterised by measuring the minimum and maximum plant canopy diameter, the
circumference of the largest trunk (except for V. album) and the total number of fruit present on the
plant. Mistletoe being a parasitic shrub, we also recorded the host tree species and measured the height
of the mistletoe individual on the tree (from the ground), the tree height, the crown diameter, the trunk
circumference, and the number of mistletoe individuals present on the host tree and in a 20 m_radius

around it. VVariables, units and codes are listed in Table S1.

Environmental variables

Local, landscape and climatic variables were measured at each sampling site or extracted from
online databases to examine the influence of regional and local environmental conditions on infestation
rates (Table S1).

Local environmental conditions were described as follows. First, within a 5 m radius plot
centred on the sampled plant, the cover and height of the tree, shrub and herbaceous layers were
estimated, as well as soil litter thickness (Table S1). Second, within a 20 m radius, the percentage of
local habitats surrounding the host was recorded (e.g., orchard, woodland, grassland, swamp, crop,
garden, shrub, building, hedgerow, river, pond, poplar plantation, park, road; see Table S1), as well as

the percentage of other plant species with maturing fruit.

The landscape composition around each sampled plant was then characterised. A geographic
database was created using a Geographic Information System (GIS; ArcGIS Pro v.2.5, ESRI). The
sampled plants were positioned in the GIS and buffers of 50, 100, 250, 500, 750, 1000, 1250, 1500,
1750, 2000, 2500 and 3000 m radii around each host tree were created for subsequent analyses of
landscape composition. Landscape elements (crop, water, woodland, shrubland, grassland, road, urban
area, orchard, industrial zone) were extracted from the OSO 2022 database (THEIA 2023) and updated

using aerial photographs and, in buffers <100 m, field observations.

Macroclimatic conditions were characterised for each sampling site using regional
measurements. Daily meteorological data were retrieved from the three meteorological stations closest
to each site, from 1 January 2022 to each sampling date (https://www.historique-meteo.net/france/;
details in Table S2). Daily minimum, mean and maximum temperatures, rainfall and snowfall were
calculated for all sites using inverse-distance weighting (IDW) interpolation (Willmott et al. 1985) from
the data from the three nearest weather stations (Table S2). Accumulated degree-days (“Growing Degree

Days”, GDD) were calculated using a lower threshold of 0°C between 1 January 2022 and the sampling
8
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date (Baskerville and Emin 1969). The baseline value of 0°C is a standard threshold commonly used to
calculate GDD in insect and plant studies (White et al. 2012; McNeil et al. 2020). It is particularly
suitable to study the temporal synchrony between insects and plant resources (ller et al. 2013; Ulmer et
al. 2022). It was also chosen because (i) active D. suzukii can be observed even at very low positive
temperature (< 5°C) during winter, including during periods of snowfall (Ulmer et al. 2024), (ii) flies
are able to recover from chill coma after exposure to —1°C (Wallingford et al. 2016) and (iii) mistletoe
fruit can undergo freeze-thaw cycles before ripening ends (Thomas et al. 2023). From daily precipitation
values, we also calculated mean daily and cumulative precipitation between 1 January 2022 and each

sampling date, and within the 7- or 14-days periods preceding each sampling date.

Microclimate temperatures were recorded at each sampling site using Hobo loggers (TIDBIT
data logger V2 TEMP TBI-001, ONSET Company, Bourne MA, USA), recording every 60 min. In each
sampling site a logger was suspended 1.5 m above the ground in the plant canopy, under the shade of a
branch to avoid direct exposure to solar radiation and oriented northward. The minimum, mean and
maximum air temperatures were extracted every day to compute the mean daily minimum, mean and
maximum temperatures. As described for macroclimate data, GDD were calculated using Hobo logger

data to characterise the local microclimate under the canopy of the sampled plants.
Emergence of Drosophila species

After collection, the fruit sampled from each plant were placed on wet cotton wool in cylindrical
plastic transparent containers (diameter = 118 mm, height = 135 mm, volume = 1,476 cm?), covered
with a nylon mesh, and maintained in a temperature-controlled room at 20°C under a 16:8 L:D regime.
Adult flies emerging from the fruit were placed in 70% ethanol. They were identified to species level
using Bachli et al. (2004) and specific criteria published for D. suzukii (Withers and Allemand 2012).
Individuals of each species were sexed and counted using a Leica M205C stereomicroscope equipped

with a Leica MC170 HD camera and the Leica Application Suite software.
Infestation variables

We examined the relationships between environmental variables and two common infestation
variables (Benavidez et al. 2021) that were either centred on the fruit (Fruit Infestation Rate for a given
Drosophila species: FIR = 100 x number of emerged individuals from fruit collected from a given plant
individual / total number of fruit collected from the same plant individual) or on the plant species (Plant
Infestation Rate: PIR = 100 x number of infested plant individuals of a species in a month / total number
of plant individuals of this same species sampled in a month). These variables can be interpreted as
follows: FIR reflects the plant auto-contamination by the flies while PIR reflects fly dispersal between
host plant individuals (e.g., when the FIR and PIR are both high, both auto-contamination within the
plant individual and dispersal of the flies between plant individuals take place; when the FIR is high and

the PIR is low, there is mostly plant auto-contamination; when the FIR is low and the PIR high, there is

9
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mostly fly dispersal; when both FIR and PIR are low, there is an absence of both auto-contamination
and dispersal). These infestation variables were calculated for each fruit category (healthy or damaged

fruit on the plant and fallen fruit on the ground) following Deconninck et al. (2024b).
Statistical analyses

We tested for the influence of environmental variables (fruit and plant morphology, local abiotic
conditions, habitat composition in the surrounding landscape and climatic variables) on D. suzukii
(logio+1-transformed) FIR using mixed models (GLMMs) with host plant species included as a random
effect in models to identify environmental variables responsible for infestations whatever the host plant
species considered. Then, to identify environmental variables that specifically influenced infestation of
each plant species, generalized linear models (GLMs) were built for each of the host plant species that
were infested by D. suzukii. For infestation of V. album, we used mixed models (GLMMs) with host
tree species parasitised by V. album included as a random effect to identify environmental variables
responsible for fly infestations whatever host tree of V. album considered. Preselection of explanatory
variables was made by using the variable that most strongly correlated (Pearson correlation) with FIR
across the spatial scales assessed (buffers from 5 m to 3,000 m radius around each sampling point), as
recommended by Ulmer et al. (2022). A backward selection of explanatory variables and the second-
order Akaike information criterion (AICc; Hurvich and Tsai 1989) were used to select the most
parsimonious model, i.e. the model with lowest AICc. Homoscedasticity was checked using biplots of
residuals and model predictions. We used Kruskal-Wallis tests to test whether the FIR varied across
months or between host plant species. Post-hoc pairwise comparisons between months were then
performed using Mann-Whitney U tests. The same analyses were performed on D. subobscura FIR in
V. album and are available in supplementary materials. All statistical analyses were performed using
SPSS version 24.0 (IBM Corporation).

Results
Availability of fruit resources across winter and spring

Between January and July 2022, totals of 1385, 1357, 690, 2280 and 16,632 fruit were sampled
from 43, 25, 8, 17 and 119 plants of A. japonica, E.xsubmacrophylla, M. aquifolium, M. japonica and
V. album, respectively (Table 1). Plant phenology differed between species (Table 2). Aucuba japonica
and V. album bore ripe fruit throughout the entire sampling period, E. xsubmacrophylla bore fruit from

January to May, and M. aquifolium and M. japonica only from May to July.
Host plant fruit infestation

Between January and July 2022, a total of 636 D. suzukii, 27 D. subobscura, and 1 D. repleta

emerged from all the sampled fruit (Table 1, Table S3). No flies emerged from M. aquifolium fruit.
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Drosophila subobscura was only found in V. album fruit, with a mean FIR of 0.23 £ 1.58% (Table S3).
Fruit of E. xsubmacrophylla were the most heavily infested by D. suzukii (FIR = 17.68 + 38.74%),
followed by V. album, A. japonica and M. japonica, in decreasing order. Plant infestation rate (PIR)
ranged between 11.76% and 32.00%, consistent with the FIR pattern, with E.xsubmacrophylla plants
having the highest PIR.

Seasonality in host plant fruit infestation

Although some fruit were available from January, fruit fly infestation began only in February.
Viscum album fruit were the earliest to be infested, first by D. subobscura from February to May (Table
S4, Figure S2), then by D. suzukii from March to June (Table 2, Figure 1). The FIR of V. album fruit
remained low (mean < 2%), with highest values of 42.55% for D. suzukii (Table 1). PIR was relatively
high, 18.49% for the entire study, and increasing to 40.63% for D. suzukii in April (Figure 1B).
Infestations of A. japonica and E.xsubmacrophylla by D. suzukii started in April (Table 2, Figure 1A,
B). Aucuba japonica fruit were used until May, with a low FIR below 10.00%, but a relatively high
global PIR of 13.95% (Table 1), peaking at 28.57% in April (Figure 1B). Drosophila suzukii that
emerged from E.xsubmacrophylla fruit were only found in fruit collected in April (Table 2; Figure 1)
but showed the highest FIR (146.97%; i.e., the number of emerging flies was ~1.5x greater than the
number of collected fruit in a sample; Table 1) and PIR (32.00%; Table 1, Figure 1B) compared to the
other species (Kruskal-Wallis test on FIR, »* = 7.00, p = 0.030). Finally, M. japonica was used in May
and June by D. suzukii, with low FIR values of 0.61% and 4.41%, respectively, and the lowest PIR of
11.76% (Table 1).

Environmental variables correlating with fruit infestation

The quality of the fruit from which D. suzukii emerged (‘healthy’, ‘damaged’, or ‘ground’)
differed significantly according to the host plant species (Kruskal-Wallis test, * = 323.42, p < 0.0001;
Figure 2). In M. japonica, adult flies only emerged from healthy fruit collected on the plant. In A.
japonica, flies emerged only from fruit collected on the plant, both healthy (54%) and damaged (46%).
In V. album, adult flies emerged from healthy fruit on the plant (43%) and from fruit on the ground
(57%). Finally, in E. xsubmacrophylla, flies emerged from fruit sampled either on the plant (88%,
comprising healthy (17%) or damaged (71%)), or on the ground (12%; Figure 2).

Independent of the host plant species, D. suzukii fruit infestation was negatively associated with
the cumulative precipitation and the number of frost hours recorded by Hobo microclimatic sensors in
the 7 days preceding fruit sampling, with the cover of grassland in a radius of 20 m, and with the cover
of shrubland in a 3 km radius; infestation was positively associated with the area of water in a radius of
100 m (GLMM, Table 3). Environmental variables affecting D. suzukii FIR differed between plant
species (GLM, Table 4; GLMM, Table 5). In A. japonica, the cover of bare soil in a radius of 10 m and

the richness of fleshy-fruited plant species in a radius of 20 m had a positive association, while the cover
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of grassland in a radius of 20 m and the area of water in a radius of 250 m had a negative association
(GLM, Table 4). In E. xsubmacrophylla, the number of frost days recorded by weather stations in the
preceding 14 days and the cumulative precipitation in the preceding 7 days were negatively associated
with D. suzukii FIR, while the cover of road surface in a radius of 250 m had a positive association
(GLM, Table 4). In M. japonica, only plant trunk circumference was associated with D. suzukii FIR,
with a negative correlation (GLM, Table 4). In V. aloum, D. suzukii FIR was positively associated with
the percentage of fruit collected on the ground, the mean leaf area index of V. album and the cumulative
precipitation between 1 January 2022 and the sampling date (GLMM, Table 5). The cover of poplars
(POPLARP20; R =0.292; p =0.001) and hedges (HEDGE20; R = 0.252; p = 0.006) in a radius of 20 m
were positively associated with D. suzukii infestation in V. album, although the variables were not

retained in the final model.

Microclimatic variables also correlated with D. suzukii FIR, but were not retained in the final
models after the backward selection of competing explanatory factors. For example, FIR of V. album
was positively correlated with the highest hourly maximum temperature (MAXMAX7Jh; R = 0.293; p
< 0.001) and with Growing Degree Days (GDDM7Jh; R =0.276; p = 0.002) recorded by Hobo loggers
during the 7 days preceding fruit sampling. FIR of A. japonica was negatively correlated with the
number of frost days recorded by weather stations during the 14 days preceding fruit sampling
(NFD14Js; R = —0.350; p = 0.022) but it was not retained in the final model. Finally, recent weather
metrics, i.e. temperatures during the preceding two weeks, were more correlated with infestation than
the overall climate of the entire study period, i.e. the cumulative temperature (GDD) calculated from 1

January 2022, which showed no significant correlation with FIR.

The main environmental variables correlating with V. album fruit infestation by Drosophila

subobscura were shown in Table S5 and discussed below this table.

Discussion

Our study demonstrates that D. suzukii is able to use the vernal fruit of the plant species A.
japonica, E. xsubmacrophylla, M. japonica and V. album in the latter part of winter and throughout
spring, confirming that these plants are likely to help the fly to overcome the winter bottleneck induced
by low temperatures and fruit resource scarcity. Here, we (i) address how multi-scale environmental
factors influence D. suzukii infestation, (ii) discuss the role of ornamental and non-crop plant species as
catalysts for the development of spring D. suzukii populations, and (iii) summarise the hierarchy of
ecological filters influencing the dynamics of D. suzukii populations in winter, highlighting its value in

the context of early pest management strategies.

Climate and weather effects on fruit infestation

12



364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

Several climatic variables correlated with D. suzukii infestation. These variables acted at
different temporal scales (cumulative climate of the year versus weather in the weeks immediately
preceding sampling) and spatial scales (regional macroclimate versus sub-canopy microclimate).
Cumulative precipitation and the number of frost hours locally measured under the canopy of the host
plants in the week preceding sampling had an overall negative correlation with infestation. Rain is
known to limit the flight ability of flies (Dickerson et al. 2014) and frost may have induced mortality
(Ryan et al. 2016). The association between climatic variables and D. suzukii infestation differed
between plant species. Aucuba japonica and M. japonica infestations were less associated with climatic
variables than with the other environment features (i.e., by landscape composition or local conditions).
These ornamental species are often planted in gardens close to houses and parks in an urbanised
environment, which may have protected them from extreme low temperatures through the “heat island
effect” (Oke 1973; Meineke et al. 2017), making climatic variations a secondary factor in the
explanation of the FIR. Elaeagnus xsubmacrophylla infestation was negatively correlated with frost in
the 14 days preceding sampling and with rain in the previous week. Fruit of E.xsubmacrophylla are soft
and very sensitive to rot (pers. obs. reported in an experimental study: Larges et al. 2023); the alternation
of frost followed by rain may have caused damage to fruit (Ladaniya 2015), thereby accelerating the
rotting process (Rodrigo 2000) and reducing fruit suitability for D. suzukii, which prefers ripening and
ripe fruit (Walsh et al. 2011; Atallah et al. 2014). Surprisingly, precipitation had contrasting effects on
D. suzukii infestation between E.xsubmacrophylla and V. album fruit. Precipitation in the previous week
(i.e., on a short-term scale) had a negative correlation with D. suzukii infestation in E. xsubmacrophylla
fruit, while cumulative precipitation from the beginning of the year to the sampling date (i.e., on a long-
term scale for an insect) positively correlated with D. suzukii infestation in V. album fruit. The first
precipitation variable (RAIN7J; see Table 3), reflecting the most recent weather conditions, besides
limiting the fly’s flight ability, may also favour the rot of E. xsubmacrophylla fruit, as noted above.
Conversely, the second precipitation variable (RAIN_01012022; see Table 5) reflects the regional
climate and/or the progression of seasons; at this longer temporal scale, rain would have had a positive
impact on plant phenology, growth and fruit production (Vergotti et al. 2019), increasing the number of
ripe fruit available for D. suzukii on V. album plants. These contrasting correlations of climatic variables
with infestation over different timescales also means that single-scale climatic models are insufficient
to predict infestation rates, and that other variables related to the ecology of the focal insect and of the
host plant identity need to be considered. Finally, it is notable that recent weather conditions were more
associated with infestation than the cumulative climate experienced from the start of the year, as also
shown by Wiman et al. (2016). This suggests that the end of the winter reproductive diapause in flies
could be triggered more strongly by short-term spring heat peaks than by the accumulation of heat since
the beginning of the year, in contrast to that of plants (Zavalloni et al. 2006). This also highlights an
ongoing need to identify the true cues, and their timing, controlling Drosophila entry into and exit from

diapause (Numata and Shintani 2023). The use of macroclimate alone in predictive models would tend
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to mask the reality of microclimate and weather variations, potentially explaining the discrepancies
between predictions and actual population densities. Thus, annual measures of temperature variation
may be more appropriate to model the infestation of summer fruit (Dalton et al. 2011; Kamiyama et al.
2020), but we suggest that winter fruit infestation may be better predicted by shorter timescale warming

events occurring between winter and spring.
Association between landscape and local factors and infestation differ according to host plant species

Habitats and landscape elements that correlated with overall D. suzukii infestations were the
grassland, water and shrubland covers. Local grass cover (in a 20 m radius) negatively correlated with
the infestations. This result is consistent with those of Santoiemma et al. (2019) showing that during
winter, at lower temperatures, D. suzukii had a greater density in forest than in grassland. The presence
of mown grassland under or near the fruiting plants, frequently observed in our sites, was also identified
as an efficient management tool reducing infestation (Santoiemma et al. 2020). Grasslands also host
predatory species, including macroarthropods such as spiders, centipedes or ants (Ulmer et al. 2021),
which may control D. suzukii overwintering populations (Ulmer et al. 2021; Perrot et al. 2023).
Surprisingly, the cover of shrubland at a large spatial scale (in a 3 km radius) also negatively correlated
with infestations. Shrubland is an excellent overwintering area for D. suzukii as it includes several
fruiting shrubs which provide both food resources and shelter (Panel et al. 2018; Tait et al. 2021; Ulmer
et al. 2024). Thus, the presence of large shrub patches in the landscape mosaic may cause a dilution
effect on the fly’s density. Shrubland and other wooded habitats are used as a winter refuge by the flies
and represent sink-habitats for their population during the cold season (Santoiemma et al. 2019; Ulmer
et al. 2024). They may thus compete in terms of attractiveness to flies with our sampling sites, reducing
the numbers present in the latter (see Ulmer et al. 2024 showing changes in the fly distribution between
preferred habitats during the cold seasons). Finally, the area of water within a 100 m radius was
positively correlated with infestation. This may be an indirect consequence of water provisioning for the
preferred host plants of D. suzukii (Predieri et al. 2003), further illustrating the influence of landscape

structure on infestation.

The association between landscape elements and infestation was also modulated by the plant
species. Aucuba japonica infestations were more strongly correlated with local variables than with
landscape variables: the cover of bare soil in a 10 m radius and the richness of fleshy-fruited plant species
in a radius of 20 m positively correlated with D. suzukii infestation of this species, while the cover of
grass in a 20 m radius and water area in a 250 m radius were negatively correlated with infestation. Bare
soil, primarily a result of local trampling or even ploughing, is an indicator of anthropogenic impacts
(Previati et al. 2007). Aucuba japonica is mainly found in gardens where soil is frequently and
intensively disturbed by owners for the management of their ornamental plants. Our findings are

consistent with those of Rossi-Stacconi et al. (2016), confirming the affinity of D. suzukii for
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anthropogenic habitats. Here, fleshy-fruited species around the sampled plant may have provided a food
resource and shelter for D. suzukii, increasing its population in the sampling area and inducing greater
infestation of A. japonica fruit. Begon (1975) similarly showed that the density of berries of several wild
plant species in an area increased the success of breeding in D. subobscura. Ulmer et al. (2024) also
demonstrated that the local diversity in fruit-bearing plant species promoted D. suzukii populations. The
negative association between infestation and grass cover in this instance may be analogous to that
described above for overall D. suzukii infestation, suggesting that flies avoid open areas and short
vegetation in winter. However, the negative association between water area and A. japonica infestation
contrasts with its overall positive association with infestation across all plant species, demonstrating that
the same environmental factor may have divergent effects on different plant species. Aucuba japonica
is commonly planted taking advantage of its very high resistance to drought (Percival and Sheriffs 2002)
and it is negatively impacted by fluvial flooding in its natural range (Kamisako et al. 2007). Thus,
excessive water in its environment (from the Somme valley in our study) contrasts with its natural
ecological niche and performance, including fruit production. Water is also commonly associated with
fog in our study area, particularly in the Somme valley. This may, in turn, have been associated with
higher humidity and colder temperatures which could negatively impact D. suzukii, as fog alters flight
abilities in insects with thin wings (Dickerson et al. 2015). Furthermore, increased water area within the
landscape area inevitably results in decreased vegetation cover, which may reduce the spatial
opportunities for D. suzukii to find resources as shown by Ulmer et al. (2024).

In E. xsubmacrophylla, D. suzukii infestation was positively associated with the road area in a
250 m radius. Roads are an indicator of urbanisation and D. suzukii is known to be an anthropogenically-
associated species whose occurrence has been correlated with the local area of buildings (Deconninck
et al. 2024b) and presence of artificial habitats (Rossi-Staconi et al. 2016). In V. album, the presence of
poplar plantations and hedges in a 20 m radius positively correlated with infestation. As an important
mistletoe host tree species (Briggs 2021), and the most heavily infested by D. suzukii (Deconninck et al.
2024a; see also Table S6 and Figure S3), the presence of surrounding poplars increases the density of
available fruit for D. suzukii, increasing the chances of breeding by the flies as shown by Begon (1975).
Finally, M. japonica infestation by D. suzukii were not associated with landscape elements, but
exclusively and negatively correlated with the sampled plant trunk circumference. When young, M.
japonica plants are bushy, compact and close to the ground but, as they age and if they are not pruned,
the stems become larger, erect and their foliage becomes much sparser basally (Silver 2023). This
architecture of older Mahonia plants would be unfavourable for D. suzukii, which relies on shelter within

the shrub canopy close to the ground (Evans et al. 2017).

In V. album, the percentage of fruit collected on the ground and the mean leaf area were
positively associated with D. suzukii infestation. The former measure has already been reported to

positively correlated both with D. suzukii and D. subobscura infestation in V. album at a larger national
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scale (Deconninck et al. 2024a). In addition, the combination of low FIR and high PIR for V. album
highlights the importance of dispersal over auto-contamination, suggesting that this resource attracts
flies from a distance. The leaf surface area of a V. album individual is a proxy for the compactness of
the mistletoe individual, which forms a more or less dense ball of evergreen leaves and branches. This
compactness varies considerably over climatic gradients and with mistletoe age, and inter-individual
differences can be important within a region. The denser an individual (i.e., greater leaf surface area),
the more it is protected from wind influence, even if the host tree itself is bare. This may create a
favourable microhabitat for D. suzukii, explaining the positive correlation of this plant trait with
infestations. Viscum album provides both a food resource and shelter for D. suzukii, as do the dense
evergreen leaves of Hedera helix (ivy) in winter (UImer et al. 2024). Future research should explore the
role of plant architecture in the maintenance of winter D. suzukii populations, as has previously been
surveyed in blackberry field for summer D. suzukii infestations (Diepenbrock and Burrack 2016), or
even in more details for other species (e.g., see Pincebourde et al. 2007). Overall, the role of plant

architecture on plant-insect interactions during winter remains understudied.
Trade-off between auto-contamination and dispersal depending on the host plant

The FIR (autocontamination) / PIR (dispersal) ratio differed between host plant species. This
ratio represents the trade-off between intra- and inter-individual host plant infestation within a plant
species. When FIR > PIR (i.e., mean fruit infestation rate of a host plant species is higher than the
infestation rate of the individuals within a population of this same host plant species), the fly could be
opting for a strategy of auto-contaminating the fruit within a host plant individual, rather than dispersing
to new sites to infest other host plant individuals, as observed in D. suzukii infesting E. xsubmacrophylla
and V. album (Max FIR > PIR; Table 1). In contrast, a FIR < PIR (i.e., infestation rate of individuals
within a population of a host plant species is higher than the mean fruit infestation rate of this same host
plant) can suggest that flies disperse between individuals of the same plant species, rather than auto-
contaminating a single plant individual, as observed in D. suzukii infesting A. japonica and M. japonica.
These contrasts between host plants could result from varying fruit quality and indicate a modulation of
the fly's choices to adapt to the variable developmental success of its offspring in these fruit. Elaeagnus
xsubmacrophylla and V. album exhibited a high FIR / PIR ratio and D. suzukii is known to perform well
in these species in terms of larval development (Poyet et al. 2015; Panel et al. 2018; Deconninck et al.
2024a). However, when developing on A. japonica, D. suzukii shows higher mortality and a longer
developmental time compared to the previous two species (Panel et al. 2018; Poyet et al. 2018). No data
are available on M. japonica utilisation by D. suzukii but a similar pattern to that of A. japonica could

be expected because of similar fruit characteristics.

Our findings suggest that dispersal is favoured by the flies when the host plant is of low quality.

Dispersal is well-known in insects (Clobert et al. 2009), allowing avoidance of environmental stressors
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and access to seasonally-available habitats (Asplen 2018) or ephemeral resources (Butterworth et al.
2023). In the case of D. suzukii, dispersal allows the exploitation of spatially and temporally variable
fruit resources. However, increased levels of mobility also impose costs in terms of survival and/or
reproductive success (Chapman et al. 2015). Therefore, we suggest that D. suzukii individuals will tend
to leave their fruit/host plants (i.e., Max FIR < PIR) only when their quality is low (illustrated by the
case of A. japonica in our study). The fruit quality could also be assessed by measuring the fruit
penetration force, which may influence the fruit susceptibility to D. suzukii (Burrack et al. 2013). At a
daily scale, flies are able to move between neighbouring habitats, driven by temperature, humidity and
the availability of alternative hosts (Tait et al. 2020), limited to distances below 100 m (experimental
measures from Vacas et al. (2019)). However, long-distance dispersal at a regional scale of up to 9,000
m has also been recorded (Tait et al. 2018), while passive dispersal over multiple generations of the
species over more than 1,400 km in one year has been documented (Vacas et al. 2019). In the current
study, landscape influenced D. suzukii infestation within a radius of up to 250 m, consistent with
previous research. Drosophila suzukii dispersal ability is hard to evaluate, mainly because of the
difficulty to follow individuals in nature (Klick et al. 2016), even if marking-recapture techniques were
successfully applied (Klick et al. 2015, 2016; Clymans et al. 2020). However, studying the role of
climate and landscape features (e.g., barriers) on active flight performance, as well as passive dispersal,

could improve our understanding of the fly’s use of resources and its potential for range expansion.
Ornamental and wild plants as catalysts of rapid population expansion of D. suzukii in spring?

In recent years, the ecological impacts of the ornamental plant trade, its important economic
value (Oxford Economics 2018), have received much less attention than the impacts of the commaodity
exchange (Hinsley et al. 2023). Ornamental horticulture is a major pathway for plant invasions, but also
co-transports associated exotic microbes and invertebrate species, including pests (Hu et al. 2023). These
already serious biosecurity risks are further exacerbated by contemporary climate change (Tubby and
Webber 2010; Hinsley et al. 2023). For instance, in Portugal, 13 alien species were discovered associated
with allochthonous ornamental plants, including several pest species (Bella 2013). Most of the species
reported by Bella (2013) were specialists, limiting the risk of their further successful dispersal, but this
limitation may not apply or be so stringent in the case of generalist species such as D. suzukii. Notably,
most species in our study, with the exception of V. album, are ornamental plants. The only plant species
not infested by D. suzukii in our study was M. aquifolium (but see Poyet et al. (2015), who reported low
levels of infestation in this species) and we provide the first record of infestation in M. japonica. The
highest infestation rate was observed in E. xsubmacrophylla, whose fruit availability takes over from
V. album and A. japonica fruit in April and, in turn, are succeeded by commercial strawberries and
cherries. We suggest that the presence of E. xsubmacrophylla in the vicinity of commercial crop sites

gives this plant species a pivotal role in the early initiation of D. suzukii infestation in cultivated fruit.
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To limit the risk of D. suzukii infestation in spring, pruning of E. xsubmacrophylla could be carried out

after flowering in the autumn (Edwards 2017), which would reduce the amount of fruit formed.
Ecological filtering of Drosophila suzukii populations throughout winter

Figure 3 illustrates a global summary of the successive challenges that D. suzukii must face over
the seasonal cycle and which, in particular, shape the dynamics of its populations subjected to winter
conditions. Based on existing conceptual studies of species assembly rules in plant communities linked
to environmental filtering (Grime 1998; Rahel 2002; Lortie et al. 2004; Lake et al. 2007; Kraft et al.
2015; Germain et al. 2018), this theoretical framework is adapted here to insects at the population scale.
It summarises the hierarchy of ecological filters identified as influencing fruit infestation by D. suzukii
in the present study and in other relevant studies (Poyet et al. 2014, 2015; Ulmer et al. 2020, 2021, 2022,
2024; Deconninck et al. 2024b). Here, environmental filtering refers to ecological factors that prevent
the establishment and/or persistence of D. suzukii individuals in a particular location. The large set of
influencing factors are grouped into three types of ecological filter (i.e., dispersal, abiotic and biotic
filters; Rahel 2002; Lortie et al. 2004) that act at different spatial and temporal scales and may affect the
fly’s migration, activity, fitness and survival. The scheme is centred on the winter season bottleneck but
also integrates the upstream processes of population formation in autumn and the downstream

consequences of winter processes on the first cultivated fruit that mature in spring.

Regional D. suzukii populations increase throughout the summer months, reaching a maximum
in late autumn (Ulmer et al. 2024) coincident with the peak in diversity and abundance of fruit that are
compatible with the fly’s physiological requirements (peak in October in temperate regions; Poyet et al.
2014, 2015; Ulmer et al. 2022). In nature, about half of fruit bearing plants produce fruit that can be
utilised by D. suzukii (Poyet et al. 2015). However, some usually rare fruit in which the fly’s
development is impaired, named dead-end trap fruit (UImer et al. 2020), may reduce its population in
autumn (Ulmer et al. 2020; Fragniére et al. 2024). Drosophila suzukii may also suffer from competition
with other Drosophilidae in late cultivated fruit, such as apples (Deconninck et al. 2024b). Nevertheless,
globally, autumn-maturing fruit generate a large population of D. suzukii (Poyet et al. 2014), primarily
winter morphs (Panel et al. 2018; Ulmer et al. 2024) that are ready to face the winter season. This initial
large pool of overwintering adult flies is then subjected to three ecological filters during winter before
the first commercial fruit ripen in late spring or early summer. First, only a portion reaches locations
harbouring suitable winter-available fruit. This first “dispersal filter” immediately reduces the number
of arriving D. suzukii individuals, depending on landscape variables favouring or limiting access to fruit
sites and affecting connectivity between semi-natural habitats —that provide winter shelters (e.g., forests,
hedges, anthropogenic habitats; Rossi-Stacconi et al. 2016)— and sites that provide spring fruit. The risk

of fruit infestation increases with the extent of wooded habitats available in the surrounding landscape
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(Pelton et al. 2016; Urbaneja-Bernat et al. 2020; Ulmer et al. 2022). For individuals that successfully

pass this first filter, they then face two other ecological filters, abiotic and biotic.

During winter and the immediate post-winter period, the abiotic filter preventing fruit
infestation by D. suzukii, is primarily composed of macroclimatic and microclimatic variables.
Macroclimatic variables, as measured by free-air meteorological stations at a regional scale over several
months from the beginning of the year, determine the female's ability to start producing eggs and
oviposit. Female D. suzukii experience a reproductive diapause in winter (Rossi-Stacconi et al. 2016)
when their ovaries become atrophied (Zerulla et al. 2015; Langille et al. 2016; Toxopeus et al. 2016;
Wiman et al. 2016). The timing or cues for the end of this diapause period in nature are unclear.
However, post-diapause, the ovaries become mature as early as March in our study area (Ulmer 2022),
so that fruit attacks by flies can start at the very end of winter. Local microclimatic conditions differ
from those of the regional macroclimate (Suggitt et al. 2011) because of the shading and transpiration
provided by trees and shrubs (Geiger et al. 2003). Beneath the tree and shrub canopy, temperature
extremes are moderated, with higher minimum and lower maximum air temperatures (Gril et al. 2023b),
as shown in Figure S4. Conversely, air temperature extremes can be amplified near the ground in open
or sparse vegetation (with lower minima and higher maxima; Gril et al. 2023a), as shown in Figure S4.
Soil/litter surface temperatures can be amplified to an even greater extent (Pincebourde and Salle 2020).
Thus, during winter, the phenology of flies and fruit in open areas can be delayed by the microclimatic
amplification of cold, while it can be advanced in warmer sites protected by a forest canopy (Pelton et
al. 2016).

Finally, local biotic filters must be surpassed. In particular, predation must be avoided (Siffert
et al. 2021; Ulmer et al. 2021), most likely through habitat choice, as suggested by the influence of the
grass cover in a radius of 20 m for D. suzukii. They may also face competition for available fruit
resources with birds (Briggs 2011). Having overcome these filters, infestation success will then depend

on the quantity and quality of suitable fruit (Figure 2), which varies depending on the plant species.

This integrated and multiscale approach to the study of D. suzukii winter ecology highlights the
importance of understanding the winter season for the development and early application of effective
pest management strategies. The identification and quantification in time and space of winter host plants
in regions of commercial production of early maturing fruit will provide an important first step in the
control of this pest. Avoiding the inclusion of specific non-native ornamental plants in local hedgerows
and garden/shrub areas in the vicinity of fruit farms will also provide a benefit to producers. We further
recommend pruning these exotic fruit sources in autumn after flowering. Beyond the direct economic
benefits this would achieve for fruit producers, such actions could also limit bird dispersal competition

between native and non-native plants (Aslan and Rejmanek 2012).
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954  Figure 1 Variation of fruit infestation rate (FIR) (A) and plant infestation rate (PIR) (B) of Aucuba
955  japonica, Elaeagnus xsubmacrophylla, Mahonia japonica and Viscum album by Drosophila suzukii
956  between January and July 2022. Fruit Infestation Rate: FIR = 100 x number of emerged individuals
957  fromall fruit collected from a plant individual / number of fruit collected from the same plant individual.
958  Plant Infestation Rate: PIR = 100 x number of infested plant individuals in a month / number of sampled

959  plant individuals in the same month.
960
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Figure 2 Proportion of Drosophila suzukii individuals emerging from the different fruit categories of
Aucuba japonica (n = 1385), Elaeagnus xsubmacrophylla (n = 1357), Mahonia japonica (n = 2280)
and Viscum album (n = 16,232) between January and July 2022, in relation to their position and health
status: healthy on the plant (Healthy), damaged on the plant (Damaged) or fallen on the ground
(Ground).
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969  Figure 3 Conceptual summary of the successive ecological challenges that Drosophila suzukii must face over the seasonal cycle and which, in particular, shape
970  the dynamics of populations subjected to winter conditions. It provides an organised view of the hierarchy of ecological filters (“environmental filtering”,
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adapted from theories in plant ecology: Lake et al. 2007; Lortie et al. 2004; Rahel 2002) influencing vernal fruit infestations by D. suzukii and preceding the
arrival of the earliest commercial fruit (e.g., strawberries, cherries). First, in autumn, an initial large pool of D. suzukii individuals is produced as the result of
emergences from a high diversity of summer and autumnal fruit (Poyet et al. 2015) present in various habitats of the region (even if some of the fruit are not
favourable to the fly, Ulmer et al. 2020). Second, a dispersal filter determines the sub-pool of D. suzukii individuals (among the autumnal regional pool) which
arrives at a particular site, depending principally on the abundance of semi-natural (forests and hedgerows) or anthropic habitats in the surrounding landscape
(Deconninck et al. 2024a). Third, abiotic factors, mainly climatic conditions (e.g., frost, cumulative temperature, microclimatic refuges, recent rain events...),
affect flies’s activity (e.g., end of winter diapause, flight and oviposition) and survival in each local site. Fourth, biotic filtering can occur when a fly arrives at
a focal site but fails to lay eggs, produce offspring and persist, depending on biotic interactions with local plant (i.e., types of fruit, their availability and
suitability) and animal diversity (e.g., potential presence of enemies such as predators (Ulmer et al. 2021) or competitors (Deconninck et al. 2024b)). Finally,
the legacy of these multiscale ecological filters results in a reduced pool of D. suzukii at the end of winter (UImer et al. 2024). This spring fly population emerging
from vernal fruit (Elaeagnus xsubmacrophylla, Viscum album, Aucuba japonica, Mahonia japonica) is the main source for infestations of the first fruit crops
(Panel et al. 2018).
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Table 1 Number of plant individuals sampled in the study area between January and July 2022 with number of fruit sampled, total number of emerged D. suzukii
individuals, number of emerged D. suzukii individuals per fruit, per volume (cm?®) and per skin area (cm?) of fruit, mean + SE and max FIR and PIR. Fruit
Infestation Rate: FIR = 100 x number of emerged individuals from all fruit collected from a given plant individual / number of fruit collected from the same

plant individual. Plant Infestation Rate: PIR = 100 x number of infested plant individuals in the study area / number of sampled plant individuals in the study

area.
No No No No emerged No emerged per No emerged per Mean Max

Plant species plant  fruit emerged per fruit volume (cm?®) of fruit  area (cm?) of fruit FIR+SE (%) FIR (%) PIR (%)
Aucuba japonica 43 1385 24 0.0173 0.0121 0.0028 081+232  10.00 13.95
Elaeagnus xsubmacrophylla 25 1357 392 0.2889 0.3646 0.0683 17.68 £ 38.74 146.97 32.00
Mahonia aquifolium 8 690 0 0 0 0 0.00 0.00 0.00
Mahonia japonica 17 2280 4 0.0018 0.0071 0.0009 0.30 +1.07 4.41 11.76
Viscum album 119 16232 216 0.0133 0.0323 0.005 146 +587 4255 18.49
Total 212 21944 636 0.029 0.045 0.0084 3.09 +14.83
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989  Table 2 Fruit seasonality of winter and spring host plant species of D. suzukii in the study area in 2022.
990  Filled and empty bars correspond to months when adult flies emerged from fruit and to months when

991 ripe fruit were present and sampled but no flies emerged, respectively.

Plant species JAN FEB MAR APR MAY JUN JUL

Elaeagnus xsubmacrophylla |

Mahonia aquifolium |
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Table 3 Effect of environmental variables on fruit infestation rate (FIR) by Drosophila suzukii analysed
by GLMM. Host plant species were used as a random factor. Fruit Infestation Rate: FIR = 100 x number
of emerged Drosophila suzukii individuals from all fruit collected from a host plant individual / number

of fruit collected from the same host plant individual.

Model parameters

Dependent variables Explanatory variable F Estimates SE d.f. t p AlICC
EFU“ '”E?_Sta“‘)” Rate (FIR) by Model constant 54.061 04729 00643 19800 7.353 <0.001 206.97
. suzukii
(logio+1, n =204 plants RAIN7J 11.574 -0.0524 0.0154 198.00 -3.402 0.001
individual sampled,
random factor = plant species) NFH7Jh 12.890 -0.0109 0.0030 198.00 -3.590 <0.001
GRASS20 9.282 -0.0033 0.0011 198.00 -3.047 0.003
WATE100 17.461 0.0265 0.0063 198.00 4.179 <0.001
HETH3000 13.896 -5.8668 15738 198.00 -3.728 <0.001

Note: RAIN7J: cumulative precipitation in the last 7 days, NFH7Jh: number of frost hours in the last 7 days, GRASS20: cover of
grassland in a radius of 20 m, WATEZ100: cover of water in a radius of 100 m, HETH3000: cover of shrub land in a 3 km radius.

Table 4 Effect of environmental variables on fruit infestation rate (FIR) of each host plant species
(Aucuba japonica, Elaeagnus xsubmacrophylla, Mahonia japonica and Viscum album) by Drosophila
suzukii analysed by GLMs.

Model parameters

Dependent variables Explanatory variable Wald y Estimates SE d.f. p AICC
Fruit Infestation Rate (FIR) of Model constant 0.385 0.058 0.0929 38 0.535 -11.539
Aucuba japonica by D. suzukii
(logwe+1, n = 43 plant SOIL 17.247 0.011 0.0027 38 <0.001
individuals sampled) GRASS20 23.771 0009 00019 38  <0.001
RP_FC 26.718 0.320 0.0619 38 <0.001
WATE250 14.152 -0.151 0.0401 38 <0.001
Fruit Infestation Rate (FIR) of Model constant 50.310 1.141 0.1608 21 <0.001 35.000
El b hylla b
D s T SPmACTOPIYIa Y Nrp14gs 19,659 0190 00428 21 <0.001
(logso+1, n =25 plant RAIN7J 45.122 -0.327 00487 21 <0.001
individuals sampled)
ROAD250 7.019 0.290 0.1095 21 0.008
Fruit Infestation Rate (FIR) of Model constant 5.802 0.752 03122 15 0.016 -7.337
Mahonia japonica by D. suzukii
(logy+1, n =17 plant STRUNK 5.053 0051 00228 15 0.025

individuals sampled)

Note: SOIL: cover of bare soil in a radius of 10 m, GRASS20: cover of grassland in a radius of 20 m, RP_FC: richness of fleshy-fruited
plant species in a radius of 20 m, WATE250: cover of water in a radius of 250 m, NFD14Js: number of frost days in the last 14 days,
RAIN7J: cumulative precipitation in the last 7 days, ROAD250: cover of road in a radius of 250 m, STRUNK: trunk circumference.
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Table 5 Effect of environmental variables on fruit infestation rate (FIR) by Drosophila suzukii in Viscum
album analysed by GLMM. Host tree species parasitised by Viscum album was used as a random factor
(see Table S6 and Figure S3 for details on mistletoe host tree species). Fruit Infestation Rate: FIR = 100
x number of emerged individuals from all fruit collected from a Viscum album individual / number of

fruit collected from the same Viscum album individual.

Model parameters

Dependent variables Explanatory variable F Estimates SE d.f. t p AICC
Fruit Infestation Rate (FIR) of Model constant 28.678 -0.601 0.1123  20.676 -5.355 <0.001 58.013
Viscum album by D. suzukii
(logie+1, n = 119 host plants) GROUTOT 18.794 0.006 0.0015 113.961 4.335 <0.001
MLSURF 20.111 0.050 0.0112 13.968 4.485 0.001
RAIN_010122 20.844 0.007 0.0016 111.239 4.566 <0.001

Note: GROUTOT: % of fruit collected on the ground, MLSURF: mean leaf area index of Viscum album, RAIN_010122: cumulative
precipitation between 01/01/22 and the sampling date.
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1014  Figure S1 Map of the sampling locations of host plants of Drosophila suzukii in Amiens region in the
1015  north of France. Made with QGIS using OpenStreetMap base map.

39



1016  Table S1 List of the variables assessed in the study. Abbreviations: h: local air temperature measurement from HOBO, s: measurement from weather station, 7J
1017  and 14J: measurements taken 7 and 14 days before fruit collection. The columns ‘Ecological relevance’ and ‘Expected correlation’ give information about what

1018  was the expected link between the potential explanatory variables and the fruit infestation by Drosophila suzukii.

ECOLOGICAL EXPECTED
CATEGORY CODE DESCRIPTION UNIT RELEVANCE CORRELATION
DROSOPHILIDAE SPECIES
Fruit Infestation Rate = 100 x number of emerged Drosophila
FIR individuals from fruit collected from target species individual / total %
INFESTATION number of fruit collected from the same target species individual
INDICES Plant Infestation Rate = 100 x number of infested target species
PIR individuals in a region or month / total number of target species %
individuals sampled in the same region or month
FRUIT CATEGORIES
HEAFRUIT Number of healthy fruit collected on a plant individual Number Developmental substrate +
DAMFERUIT Numb_er pf_damaged fruit (rotten or with open skin) collected on a Number Developmental substrate +
plant individual
NUMBER PLAFRUIT Sum of healthy and damaged fruit collected on a plant individual Number Developmental substrate +
GROFRUIT _Nur_nt_)er of fruit collected on the ground under the canopy of a plant Number Developmental substrate )
individual
TOTERUIT _Sur_n _of fruit collected on the canopy and on the ground of a plant Number Developmental substrate +
individual
%HEALPLA 100 x HEAFRUIT / PLAFRUIT % Resource quality +
%DAMAPLA 100 x DAMFRUIT / PLAFRUIT % Resource quality +
%HEALTOT 100 x HEAFRUIT / TOTFRUIT % Resource quality +
PERCENTAGE -
%DAMATOT 100 x DAMFRUIT / TOTFRUIT % Resource quality +
%FPLANT 100 x PLAFRUIT / TOTFRUIT % Resource quality +
%GROUTOT 100 x GROFRUIT / TOTFRUIT % Resource quality -
LIFE TRAITS OF THE D. SUZUKII’S HOST PLANT INDIVIDUALS
MFWIDTH Mean fruit diameter (n = 5 fruit measured per plant individual) cm Resource quantity +
FRUIT TRAITS - -
MFVOL Mean fruit volume (4/3 x © x mean radius®) (n = 5 fruit measured) cmd Resource quantity +
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MFSURF Mean fruit skin area (4 x 1 X mean radius?) (n = 5 fruit measured) cm? Resource quantity +
MLLENGTH Mean' IeaE‘ length (from the basis of the_pet'lo'le to the top/apex of the om Protectlc_)n against weather +
blade; n =5 leaves measured per plant individual) disturbances
LEAVE TRAITS MLWIDTH Mean leaf width (n =5 leaves measured) cm Protect|c_)n against weather +
disturbances
Mean leaf area index (area index = length x width; n = 5 leaves Protection against weather
MLSURF measured) cm? disturbances +
LENGTH Maximum diameter of the target species individual m Attractiveness / shelter +
WIDTH Minimum diameter of the target species individual m Attractiveness / shelter +
INDIVIDUAL STRUNK Circumference of the largest trunk (not measured for Viscum album om Attractiveness / resource +
MORPHOLGY individuals) permanence
INDFRUITS Total number of fruit present on a sampled target species individual Number Resource quantity +
HEIGHT Height of Viscum album individual from the ground m Resource accessibility +-
MISTLETOE HOST TREE
HOSTSPE Viscum album host species Species
HHEIGHT Height of the host tree m Attractiveness / resource +1-
accessibility
HLENGH Maximum diameter of the host tree canopy m Attractiveness / shelter +
HWIDTH Minimum diameter of the host tree canopy m Attractiveness / shelter +
MISTLETOE HOST  HTRUNK Circumference of the host tree trunk cm Altractiveness / resource +
TREE permanence
HFRUITS Number of fleshy fruit of the host tree Number Resource quantity +
HMISTLETOE Number of Viscum album individuals on the host tree Number Resource quantity +
HMISTLETOE20 tl\rlel;e:nber of Viscum album individuals in a 20 m radius around the host Number Resource quantity +
SUMHMIST20 Sur_n of Viscum album individuals on the host tree and in a 20 m Number Resource quantity +
radius around the host tree
SITE AND LANDSCAPE CHARACTERISTICS
LOCAL ALTM Site altitude m +/-
ENVIRONMENT -
(in a5 m radius around SLOM Site slope Degree +/-
the sampled plant) CTREE Cover of tree layer (height > 8 m) % Shelter +
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Shelter or resource /

CSHRUB Cover of shrub layer (1-8 m) % - +/-
predator reservoir
CHERB Cover of herb layer (<1 m) % Shelter / predator reservoir +/-
HHERBMEAN Height of herbaceous layer cm Shelter / predator reservoir +/-
HTREE / HSHRUB Height of shrubs / trees m Shelter / predator reservoir +/-
COMP Cover of biowaste composter % Resource +
Reduced presence of
SOIL Cover of bare soil % potential resource / -
anthropogenic disturbance
indicator
DWOOD Cover of dead wood debris on the ground % Shelter +
TLITTER Depth of leaf litter cm Shelter +
LITTER Cover of leaf litter % Shelter +
Reduced presence of
RIVER Cover of stream % potential resource / water +/-
availability
Reduced presence of
POND Cover of pond % potential resource / water +/-
availability
PATH Cover of (unpaved) pathway % Reduce(_j presence of -
potential resource
ROAD Cover of road and paved surface % Reduceq presence of -
potential resource
BUILD Cover of building % Shelter / anthropization +/-
ORC20 Cover of orchard area (fruit trees and their associated grassland) % Resource reservoir +
FOREST20 Cover of woodland % Shelter / predator reservoir +/-
PASTURE20 Cover of grazed grassland % Shelter / predator reservoir +-
'LOCAL HABITATS  Mowz20 Cover of mown grassland % Shelter / predator reservoir +-
(ina20 m radius around -
the sampled plant) GRASS20 Cover of grassland (PASTURE20+MOW20) % Shelter / predator reservoir +-
SWAMP20 Cover of swamp % Reduceq presence of -
potential resource
CROP20 Cover of conventional agriculture crop % Resource reservoir / +/-

pesticide risk
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Shelter or resource

VEGGAR20 Cover of market garden % - +
reservoir
GARDEN20 Cover of private garden % Shelter or resource +
reservoir
SHRUB20 Cover of shrub % Shelter or resource / +/-
predator reservoir
BUILD20 Cover of building % Shelter / anthropization +/-
HEDGE20 Cover of hedgerow % Shelter or resource / +/-
predator reservoir
Reduced presence of
RIVER20 Cover of river % potential resource / water +/-
availability
Reduced presence of
POND20 Cover of pond % potential resource / water +/-
availability
POPLARP20 Cover of poplar plantation % Resource reservoir +
GREESP20 quer of urban green space (small urban planted herbaceous or shrub % Shelter or resource / -
strips) predator reservoir
Shelter or resource /
0 -
PARK20 Cover of park % oredator reservoir +/
GGSP20 Total urban vegetated area (sum of garden, green space and park % Shelter or resource / -
cover) predator reservoir
RP_FC Fleshy-fruited plant species richness Number Resource reservoir +
CROP% Cover of conventional agriculture crop % Resourc_ed_ reservolr / +/-
LANDSCAPE pesticide risk
COMPOSITION Reduced presence of
(from OSO 2022 data ~ WATE% Cover of river and other water surfaces % potential resource / water +/-
basis; cover percentages availability
calculated within the 0 o Shelter or resource /
following radii around FORE% Cover of woodland % predator reservoir +-
the sampled plant: 10 m, Shelter or resource /
0 0, -
205r0T8 50 %0100 2'802050 HETH% Cover of heathland Y% predator reservoir +/
m, m, m, m,
1250 m, 1500 m, 1750 m, MOW% Cover of grassland % Shf:gtg: :eessé’r‘:,rgler / +-
2000 m, 2500 m and 3000 P oot
m) ROAD% Cover of road and paved surface % Anthropization -
URB% Cover of urban area % Shelter / anthropization +/-
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ORC% Cover of orchard area (fruit trees and their associated grassland) % Resource +
INDU% Cover of industrial area % Anthropization -
METEOROLOGY
Sum of positive temperature hours (Growth Degree Hours) in the 7 R Larval development and
GDH7J . C - +
days before sampling adult activity
SMTH7J Sum of negative temperature hours in the 7 days before sampling °C Larval development and +
adult activity
HOURLY NEH7J Number of hours with negative temperatures (<0 °C) (Number of Number Larval development and i
METEOROLOGY freezing hours) in the 7 days before sampling adult activity
(hour scale, from h: o ) ) . Larval development and
HOBO data) MINMINTH7J Minimum temperature in the 7 days before sampling C adult activity +
MAXMAXTH7J Maximum temperature in the 7 days before sampling °C Larval developrr_]ent and +
adult activity
. o Larval development and
MEANTH7J Mean temperature over the 7 days before sampling C adult activity +
GDDMC Sum of daily positive temperature (Growth Degree Days) calculated oc Larval development and +
from the mean temperatures of the 7 or 14 days before fruit sampling adult activity
NED Number of days with negative temperature (< 0°C) during the 7 or 14 N Larval development and
i i umber - -
days before fruit sampling adult activity
. AT - - Plant growth / adult
DAILY RAIN Sum of daily precipitation in the 7 or 14 days before the fruit sampling cm activity +/-
METEOROLOGY
(day scale, from h: SNOW Sum of daily snowfall in the 7 or 14 days before the fruit sampling cm Larva;éijl\;e;gtpi)\r/?f;t and -
HOBO data, s: weather . - :
stations data; meanings  MMIN Mean minimum temperature during the 7 and 14 days before fruit oc Larval development and +
of suffixes added to sampling adult activity
variable names: 7J = data . . . . o Larval development and
from the 7 days MMAX Mean maximum temperature during the 7 days before fruit sampling C adult activity +
preceding fruit sampling, Calculated mean of dail
- y mean temperatures of the 7 or 14 days o Larval development and
lﬁ‘;y_s %?t;;g?:; tf?z# MMEANCALC before the fruit sampling c adult activity *
sampling) MINMIN Lowest minimum temperature during the 7 or 14 days before fruit o Larval development and +
sampling adult activity
MAXMAX nghe_st maximum temperature during the 7 or 14 days before fruit o Larval developrr_]ent and +
sampling adult activity
SUMT 010122 Sum of daily positive temperature (Growth Degree Days) between oc Plant growth, seasonal +

01/01/2022 and the sampling date

progression / adult activity
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1019
1020
1021

RAIN_010122

Sum of rain precipitation between 01/01/2022 and the sampling date

Plant growth, seasonal
progression / adult activity

+/-
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1022
1023
1024
1025
1026
1027

1028

Table S2 Weather station information. Geographic area: city of the research laboratories, station city:

postcode and the municipality name of the weather station location, Station coordinates: geographic

location of the city where the weather station is located, Label city: postcode and municipality name

according to Historique-Météo.net, Label city coordinates: geographic location of the label city, Mean

distance: mean distance between the weather station and sampled sites (in kilometers). Geographic

coordinate system: WGS 84.

Geographic Station city Label city Mean
area Station city coordinates Label city coordinates distance (m)
Amiens 80260_Flesselles 50.0N,2.25E 80600_Doullens 50.15724 N, 16,288
2.34019E
80160_Essertaux 49.75N,2.25E 80000_Amiens 49.894067 N, 17,516
2.295753 E
80890_Condé-Folie 50.017 N, 2.017 E 80420_Flixecourt 50.01465 N, 22,404
2.08095 E
80300_Albert 50.0N, 2.65E 80300_Albert 50.00091 N, 28,868
2.65096 E
80140_Doudelainville 50.0N, 1.767 E 80100_Abbeville 50.105467 N, 30,264
1.836833 E
60130_Angivillers 495N,25E 80500_Montdidier 49.65N, 29,046
2.56667 E
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1029  Table S3 Number of plant individuals sampled in the study area between January and July 2022 with number of fruit sampled, total number of emerged D.
1030  subobscura and D. repleta individuals, mean = SE and max FIR and PIR. Fruit Infestation Rate: FIR = 100 x number of emerged individuals from all fruit
1031  collected from a given plant individual / number of fruit collected from the same plant individual. Plant Infestation Rate: PIR = 100 x number of infested plant

1032  individuals in the study area / number of sampled plant individuals in the study area.

D. subobscura D. repleta
No No No Mean Max No

Plant species plant fruit emerged FIR+SE (%) FIR (%) PIR (%) emerged
Aucuba japonica 43 1385 0 0.00 0.00 0.00 0
Elaeagnus xsubmacrophylla 25 1357 0 0.00 0.00 0.00 0
Mahonia aquifolium 8 690 0 0.00 0.00 0.00 0
Mahonia japonica 17 2280 0 0.00 0.00 0.00 0
Viscum album 119 16232 27 0.23+£1.58 16.67 6.72 1
Total 212 21944 27 0.13+£1.19 1

1033
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1034  Table S4 Fruit seasonality of winter and spring host plant species of D. subobscura in the study area in
1035  2022. Filled and empty bars correspond to months when adult flies emerged from fruit and to months

1036  when ripe fruit were present and sampled but no flies emerged, respectively.

Plant species JAN FEB MAR APR MAY JUN JUL

Elaeagnus xsubmacrophylla | |

Aucuba japonica | |

Mahonia japonica | |

Mahonia aquifolium | |

1037

1038
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1039

1040

1041
1042
1043
1044
1045

1046

FIR (%)

Figure S2 Variation of fruit infestation rate (FIR) (A) and plant infestation rate (PIR) (B) of Viscum
album by Drosophila subobscura between January and July 2022. Fruit Infestation Rate: FIR = 100 x
number of emerged individuals from all fruit collected from a plant individual / number of fruit collected

from the same plant individual. Plant Infestation Rate: PIR = 100 x number of infested plant individuals
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in a month / number of sampled plant individuals in the same month.
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1047
1048
1049
1050
1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

Table S5 Effect of environmental variables on fruit infestation rate (FIR) by D. subobscura in Viscum
album analysed by GLMM. Host tree species parasitised by Viscum album was used as a random factor
(see Table S6 and Figure S3 for details on mistletoe host tree species). Fruit Infestation Rate: FIR = 100
x number of emerged individuals from all fruit collected from a Viscum album individual / number of

fruit collected from the same Viscum album individual.

Model parameters

Dependent variables Explanatory variable F Estimates SE d.f. t p AICC
Fruit Infestation Rate (FIR) of Model constant 4.422 0.059  0.028 115 2103 0.038 -107.704
Viscum album by D. subobscura
(logyet+1, n = 119 host plants) HSHRUB 4.866 -0.015  0.007 115 -2.206  0.029
POPLARP20 4.986 0.003  0.002 115 2233 0.027
SNOW14)J 11.748 0.088  0.026 115 3428 0.001

Note: GROUTOT: % of fruit collected on the ground, MLSURF: mean leaf area index of Viscum album, RAIN_010122: cumulative
precipitation between 01/01/22 and the sampling date, HSHRUB: mean shrub height in a radius of 5 m, POPLARP20: % of poplar grove in
a radius of 20 m, SNOW14J: cumulative snow precipitation in the last 14 days.

Discussion of Drosophila subobscura infestation results

Drosophila subobscura infestation in V. album fruit was positively associated with the cover of
poplar in a radius of 20 m and the cumulative snow precipitation in the preceding 14 days, and negatively
associated with the mean shrub height in a 5 m radius (GLMM, Table S5; but see Table S6 and Figure
S3 for poplar influence on infestations). The association with snow is consistent with D. subobscura
ecology and phenology, given that it is a cold tolerant species and often found in winter (David et al.
2003; Delbac et al. 2020), when it can even be dominant (Deconninck et al. 2024b). Snow may also
provide an ephemeral shelter against freezing for the flies, as reported for some other arthropods
(Aitchison 2001; Pauli et al. 2013). Concerning shrub height, Argafiaraz et al. (2018) showed that a
vertical structure of vegetation at least up to 1 m in height contributes to higher richness and abundance
of insect predators in urban green areas, potentially explaining the negative association between
vegetation height and D. subobscura infestation. As D. subobscura mainly infests fruit on the ground,
this same feature of local vegetation architecture may have also masked the presence of small fallen
fruit of V. album to the fly. Conversely, as V. album is frequently found on poplars (Briggs 2021), the
cover of poplar plantation might indicate the size of the mistletoe reservoir available for D. subobscura,
as this fly is known to overwinter in mistletoe (Deconninck et al. 2024a) and mistletoe on poplars are

the most heavily infested by D. subobscura (Table S6 and Figure S3).
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1070  Table S6 Host trees of Viscum album individuals sampled in the study and mean FIR + SE (%) by D.
1071  suzukii (Dsuz) and D. subobscura (Dsub).

1072
Species Code Number % Elsgz irrgt?r(l% ) Ef Igbirgtleza?% )
Acer campestre ACECAM 6 5.0% 0.00 £ 0.00 0.00 £ 0.00
Acer sp. ACER 3 2.5% 0.00 £ 0.00 0.00 £ 0.00
Crataegus monogyna CRAMON 59 49.6% 0.33+£0.15 0.08 £0.04
Malus domestica MALDOM 7 5.9% 0.00 £ 0.00 0.00 £ 0.00
Populus nigra POPNIG 33 27.7% 441+1.83 0.69 £0.52
Robinia pseudoacacia ROBSPE 11 9.2% 0.81+0.74 0.00 = 0.00
TOTAL 119 100.0% 1.46 + 0.54 0.23+0.15

1073
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1075
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1078  Figure S3 Mean FIR + SE (%) by D. suzukii and D. subobscura in Viscum album individuals according
1079  to its major host tree species. CRAMON: Crataegus monogyna, POPNIG: Populus nigra, ROBSPE:
1080 Robinia pseudoacacia. Significant differences (p < 0.05) between months are represented by different
1081  lowercase and capital letters for D. suzukii and D. subobscura respectively (Kruskal-Wallis tests).
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1084
1085
1086
1087
1088

1089

Mean temperature 7d (°C) Min temperature 7d (°C) GDD 7d

Max temperature 7d (°C)
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Figure S4 Difference in Growth Degree Days (a-d), minimum (e-h), mean (i-1) and maximum (m-p)

temperatures (°C) of the last 7 days preceding fruit sampling between regional weather stations

(“Station’; macroclimate) and local dataloggers under plant canopy (‘Hobo’; microclimate) throughout

the months and according to plant species (Aucuba japonica: a, e, i. m; Elaeagnus xsubmacrophylla: b,

f, j, n; Mahonia japonica: c, g, k, 0; Viscum album: d, h, I, p).
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