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Abstract

In temperate regions, most insect species overwinter in diapause while others continue to be active, feed, and possibly repro-
duce despite adverse climatic conditions. For fruit flies which remain active winter long, the presence of winter-available
fruit is crucial for population persistence. This study aimed to disentangle the relative effects of climatic, landscape, and
local factors on infestation rates of an important winter trophic resource, mistletoe (Viscum album) fruit, by drosophilid flies.
Mistletoe fruits were sampled between January and July 2022 in seven regions of France, across a wide range of climatic
conditions from Mediterranean to temperate oceanic. The fruits were used both by the invasive Drosophila suzukii and by
the native D. subobscura in the latter part of winter and throughout spring, suggesting that this resource may assist these
species to overcome the winter bottleneck. Infestations by both flies were positively associated with the presence of fallen
mistletoe fruit on the ground and semi-natural (forest, hedgerow) and anthropogenic (garden, park) habitats. The mistletoe’s
host tree species also influenced the fruit infestation rate. Drosophila suzukii infestation rate was positively impacted by the
accumulated thermal energy (‘degree days’) in the previous 14 days. Mistletoe could act as a catalyst for the development of
spring D. suzukii generations and should be considered in the context of integrative pest management strategies to prevent
early infestation of crop fruit.
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Introduction

In temperate regions, many insect species successfully over-
winter through adopting specific strategies for synchronizing
their cycle with food availability, such as diapause (Bale and
Hayward 2010; Gill et al. 2017; Lehmann et al. 2017). Dur-
ing diapause, development is suspended, which means no or
little feeding during larval and adult stages (Sinclair 2015;
Gill et al. 2017) and reliance on food reserves acquired in
the pre-diapause phase for survival (Storey and Storey 2012;
Gill et al. 2017). Other species, however, continue to feed
and sometimes even reproduce throughout the winter (Danks
1978; Moore and Lee 1991; Wharton 2011), despite facing
unfavorable climatic conditions. Resource selection in these
species is therefore a crucial factor determining the extent to
which a population is maintained (Danks 1978). The ability
of insect herbivores to infest fruit resources during winter
remains largely underexplored. These resources may also
benefit invasive pest species, for which low temperature and
resource scarcity make winter a critical bottleneck (Storey
and Storey 2012).
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Drosophila suzukii (Matsumara 1931) is a globally
important invasive fly and a fruit pest (Asplen et al. 2015).
Contrasting with other Drosophila species, D. suzukii is
able to oviposit and develop in unripe and ripening fruit,
causing important economic losses (Walsh et al. 2011; Tait
et al. 2021). This fly is highly polyphagous and uses wild as
well as cultivated fruit (Lee et al. 2015; Poyet et al. 2015;
Kenis et al. 2016; Ulmer et al. 2022), including fruit of
invasive plants (Poyet et al. 2014). Winter is a demographic
bottleneck period for D. suzukii, mainly because the low
temperatures and the lack of trophic resources reduce the
population pool (Asplen et al. 2015; Hamby et al. 2016;
Stockton et al. 2019). Even if remaining D. suzukii individu-
als are active during winter (e.g., foraging, displacement;
Ulmer et al. 2024), so that they do not have a diapause sensu
stricto, cold temperatures cause an ephemeral reproductive
diapause (quiescence), which is reversible when climatic
conditions become more favorable (Toxopeus et al. 2016;
Wallingford et al. 2018). A major challenge for the fly is thus
to find suitable hosts (usually wild fruit in natural habitats)
both to provide food to allow populations that developed in
the previous year to persist between winter and late spring
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and to initiate the establishment of new generations (Poyet
et al. 2015; Panel et al. 2018) before cultivated fruit become
available as hosts. Among the few plant species bearing
fruit in winter and early spring, Viscum album (mistletoe)
is expected to be an important resource for D. suzukii since
the fly can develop in the berries it produces (Panel et al.
2018; Poyet et al. 2015; Kenis et al. 2016) and because V.
album and closely related species are widely distributed and
often abundant across temperate regions worldwide (Watson
2001).

Viscum album L., 1753 is recognized as a keystone
resource for various animal species in most temperate forests
and woodlands (Watson 2001). It is an obligate hemipara-
sitic shrub that grows on a wide range of angiosperm and
gymnosperm trees (Barney et al. 1998; Zuber 2004; Thomas
et al. 2023). Native to Europe, it has a patchy distribution
which depends on host availability, bird dispersal of seeds,
and human management (Zuber 2004; Thomas et al. 2023).
Its fruits develop slowly, ripening from November to Decem-
ber in western Europe, with some remaining attached until
spring (Thomas et al. 2023). Depending on the host tree, the
number of berries per kg of mistletoe ranges between 96 and
237 (Preston 1977), providing resources for birds and small
mammals (Thomas et al. 2023). It could also represent a
potentially important breeding reservoir for insects in winter.
Several arthropod species take advantage of V. album stems
and leaves (Zuber 2004; Briggs 2011; Thomas et al. 2023).
However, only a few utilize the fruit, among which are the
larvae of D. suzukii (Thomas et al. 2023).

Viscum album is widely distributed across the area
invaded by D. suzukii in Europe (Hultén and Fries 1986)
and occurs in woodlands and hedges (Briggs 2021; Thomas
et al. 2023) where D. suzukii overwinters (Rossi-Stacconi
et al. 2016; Briem et al. 2018; Santoiemma et al. 2019).
The relationship between V. album and D. suzukii has been
explored using field monitoring of infestation at the end of
winter (Briem et al. 2016; Panel et al. 2018; Delbac et al.
2020a) and in laboratory experiments assessing the ability
of D. suzukii to infest V. album berries (Poyet et al. 2015;
Briem et al. 2016; Wolf et al. 2020). Its ability to utilize the
fruit suggests that D. suzukii is able to overcome the toxic-
ity of V. album berries (Gaidamashvili et al. 2012), as has
been shown with other toxic fruit (Poyet et al. 2015, 2017).
In winter and early spring, mistletoe fruit also constitutes a
food resource for adult D. suzukii females that are active but
with underdeveloped oocytes in ovaries (Briem et al. 2016).
As the fly’s reproductive diapause ends and the female’s
oocytes mature, the mistletoe fruit may provide suitable
breeding sites at a time when other commercial fruit are
not yet available (Poyet et al. 2015; Briem et al. 2016; Panel
et al. 2018; Delbac et al. 2020a). Seed populations of D.
suzukii in these fruit could therefore catalyze the develop-
ment of new generations in spring.

Drosophila suzukii is the only Drosophilidae species
known to oviposit and develop in V. album berries (Briem
et al. 2016; Thomas et al. 2023) which may, thus, represent a
low or free competition niche for the fly. This contrasts with
other fruits where D. suzukii is known to facilitate other fly
species: the fruit skin perforation by ovipositing D. suzukii
females accelerates fruit decomposition and provides a point
of entry for other species ovipositing preferentially in decay-
ing organic matter (Poyet et al. 2014; Rombaut et al. 2017).
This is the case for D. melanogaster in grapes (Rombaut
etal. 2017) or D. subobscura in Prunus serotina (Poyet et al.
2014). The same process may occur in V. album, with D.
suzukii facilitating other overwintering Drosophilidae spe-
cies. Among them, the native European species D. subob-
scura could be expected to share D. suzukii winter niche.
This species is highly cold tolerant (David et al. 2003; Del-
bac et al. 2020b), specialized on decomposing fruit (Begon
1975; Shorrocks 1975), often dominant in Drosophilidae
communities (Delbac et al. 2020b; Deconninck et al. 2024),
and has already been found associated with D. suzukii in
fallen Prunus serotina fruit (Poyet et al. 2014) and apple
fruit (Deconninck et al. 2024).

To date, the influence of environmental factors on V.
album infestation rate has not been explored, although they
are expected to act at multiple scales. Global warming,
resulting in mild winter temperatures, may promote early
winter fruit infestation, including those of V. album, by
shortening the reproductive diapause period of D. suzukii.
Thus, among climatic variables, those related to tempera-
ture may be important predictors of V. album infestation by
D. suzukii. Landscape variables are also expected to influ-
ence fruit infestation. As wintering D. suzukii find shelter
in hedges and woodland (Briem et al. 2018; Rossi-Stacconi
et al. 2016; Ulmer et al. 2022), V. album individuals close
to forest habitats are therefore likely to have a higher risk of
infestation. Local variables such as the quantity and qual-
ity of berries are also likely to influence infestation levels
(Ulmer et al. 2022). Conversely, bird foraging can reduce
the availability of V. album fruit, especially when tempera-
tures are low and alternative resources are scarce (Briggs
2021). There is, therefore, a risk that D. suzukii may face
a lack of this key resource in late winter, before the fly's
eggs mature in early spring. In general, D. suzukii prefers to
oviposit in ripening and ripe fruits (Walsh et al. 2011; Atal-
lah et al. 2014). In laboratory assays, flies laid more eggs in
artificially damaged than in undamaged berries (Briem et al.
2016). Damaged fruits are commonly observed in the field
after the birds have foraged or after a storm event, but the
distribution of D. suzukii between damaged or undamaged
mistletoe berries in the field remains unknown.

This study aimed to disentangle the relative roles of cli-
matic, landscape, and local factors that could affect infesta-
tion rates of a wild host plant by D. suzukii. We focused on
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Fig.1 Variation in Viscum album fruit relative abundance (number
of collected fruits divided by the number of plants sampled) between
January and July 2022, in relation to their position and status: on
the ground (Ground), on the tree damaged (Damaged) or healthy
(Healthy)

the mistletoe V. album because this major host plant is one
of the few species bearing fruit in winter and early spring.
This non-crop host plant could also support overwinter seed
populations of D. suzukii, catalyzing the development of new
generations in spring in advance of the availability of the
first commercial fruit crops such as cherries, strawberries, or
raspberries. We hypothesized that (i) D. suzukii presence in
V. album would be positively associated with the abundance
of natural habitats such as woodland, which provide winter
refuge for Drosophila species (Basden 1954) and particu-
larly for D. suzukii (Ulmer et al. 2024 ); and, (ii) D. suzukii
infestation of V. album fruit would facilitate infestation by
other Drosophila species such as D. subobscura (Poyet et al.

2014; Deconninck et al. 2024) or D. melanogaster (Rombaut
et al. 2017; Deconninck et al. 2024). We determined the
infestation rates across a large geographical area spanning
1000 km in France and including a large range of climatic
conditions. At each sampling location, we also measured
several local (e.g., mistletoe host tree and mistletoe traits)
and landscape variables (e.g., vegetation cover, proportion
of habitats) to identify the environmental drivers of mistletoe
infestations.

Methods
Sampling design

Mistletoe fruits were sampled in seven regions of France
across a wide range of climatic conditions from Mediterra-
nean in the south to temperate oceanic in the north (Fig. 1,
Table 1). In Amiens, Bordeaux, Rennes, and Tours, sam-
pling took place every month between January and July
2022, while in Caen, Clermont-Ferrand, and Nice, sam-
pling took place only once at the optimum timing of fruit
maturity in February/March. Indeed, no fruit remained at
these sampling locations after March, likely as a result of
bird foraging. An average of 10 mistletoe individuals were
randomly sampled at each location and on each sampling
day, with some variation depending on fruit availability.
Where possible, a minimum of 100 berries were sampled
from each individual mistletoe, but this number was not
always reached on some sites at the end of the fruiting
period.

Traits of mistletoe and host trees

Collected fruits were separated into three subsets to moni-
tor Drosophila emergence: undamaged (‘healthy’) and
damaged fruit collected on the plant and fruit collected

Table 1 Main features of the

) ons £ Region Latitude Longitude (east) ~ Mean daily T°C Rainfall Sampling
studied regions from north to (main city) (north) (mm) period (year
south of France

2022)
Amiens 49.843391 2.161312 12.8 154.8 26/01-19/07
Caen 49.098724 —0.167531 12.92 208.8 28/03-24/05
Rennes 48.168850 —1.743138 13.8 135.7 17/01-05/04
Tours 47.373393 0.818669 14.6 164.6 21/01-18/05
Clermont-Ferrand ~ 45.814265 3.205791 13.2 225.8 14/03-19/03
Bordeaux 44.787455 —0.595867 16.8 113.1 21/01-14/06
Nice 43.786175 6.802034 17.53 128.2 23/02-23/03

Latitude and longitude are the mean values of geographic coordinates (WGS84 projection system) of the
sampling locations in each region. Mean daily T°C and rainfall (mm): mean daily temperatures and cumu-
lative rainfall calculated with daily data from meteorological stations in 2022

@ Springer
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on the ground (if present). Several traits of the sampled
mistletoe individuals and their host trees were meas-
ured to characterize the local resources available for the
flies and the microhabitat. The following reproductive
and vegetative traits were measured: the maximum and
minimum diameter of the mistletoe individual sampled,
and an estimate of the number of fruits present. For each
sampled mistletoe individual, five berries were randomly
selected to measure their length and width and calculate
their volume (4/3 X 7 x mean radius®) and fruit skin area
(4 X 7 X mean radiusz). Five leaves were also taken; their
length and width were measured and the leaf surface index
(length X width; Ulmer et al. 2022) was calculated. The
height of the mistletoe individual on the host tree (from
the ground) was also recorded. The tree species hosting
the mistletoe was identified (Table S1) and its height,
crown diameter, and trunk circumference were measured.
The number of mistletoe individuals on the host tree was
recorded. Variables, units, and codes are listed in Table S2.

Environmental variables

Local environmental, landscape, and climatic variables were
measured at each sampling location or extracted from online
databases to examine the effects of regional and local envi-
ronmental conditions on infestation rates (Table S2).

Local environmental conditions were described as fol-
lows. First, within a 5 m-radius plot centered on the mis-
tletoe host tree, the cover, and height of the tree, shrub,
and herbaceous layers were estimated, as well as soil lit-
ter thickness (Table S2). Second, within a 20 m radius, the
percentage of local habitat elements surrounding the host
was recorded (e.g., orchard, woodland, grassland, swamp,
crop, garden, shrub, building, hedgerow, river, pond, poplar
plantation, park, road; see Table S2), as well as the number
of V. album individuals around the host tree (i.e., on other
trees than the host tree itself) and any presence of other plant
species with maturing fleshy fruit.

The landscape composition around each sampled mistle-
toe was then characterized. A geographic database was cre-
ated using a Geographic Information System (GIS; ArcGIS
Pro v.2.5, ESRI). The sampled host trees 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 com-
position. Landscape elements (crop, water, woodland, heart-
land, grassland, road, urban area, orchard, industrial zone)
were extracted from the OSO 2022 database (THEIA, 2023)
and updated using aerial photographs and field observations
(in buffers < 100 m).

Macroclimatic conditions were characterized for each
sampling site using regional measurements. The daily
meteorological data were retrieved from the three nearest

meteorological stations to each site, from January 1st 2022
to each day of sampling (https://www.historique-meteo.net/
france/, details in Table S3). Daily minimum, mean, and
maximum temperatures, rainfall, and snowfall were calcu-
lated for all sites using inverse-distance weighting (IDW)
interpolation (Willmott et al. 1985) from the data from the
three nearest weather stations (Table S3). Accumulated
degree days (“Growing Degree Days”, GDD) were calcu-
lated using a lower threshold of 0 °C between January 1st,
2022, and the day of sampling (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 (Iler et al. 2013). It was also chosen because active
D. suzukii can be observed even at very low positive tem-
perature (< 5 °C) during winter, including during periods of
snowfall (Ulmer et al. 2024 ; Ulmer et al. 2022) and because
mistletoe fruit can undergo freeze—thaw cycles before ripen-
ing ends. From daily precipitation values, we also calculated
mean daily and cumulative precipitation between January
Ist, 2022, and the day of sampling and within the 7- or
14-day periods before each fruit sampling day.

Emergence of Drosophila species

After collection, the mistletoe fruits were individually placed
on wet cotton wool in cylindrical plastic transparent contain-
ers (diameter =118 mm, height=135 mm, volume = 1476
cm3), covered with a nylon mesh, and maintained in a tem-
perature-controlled room at 20 °C under a 16:8 L:D regime.
Adult flies emerging from the fruits were placed in 70%
ethanol. They were identified to species level using Béchli
et al. (2005) and Withers and Allemand (2012). Individuals
of the two major species found (D. suzukii and D. subob-
scura) were sexed and counted using a Leica M205C ster-
eomicroscope equipped with a Leica MC170 HD camera
and the Leica Application Suite software.

Infestation variables

We examined the relationships between environmental vari-
ables and two common infestation variables (Benavidez
et al. 2021) that where either centered on the fruit (Fruit
Infestation Rate: FIR =100 X number of emerged Drosophila
individuals from fruit collected from a given V. album indi-
vidual / total number of fruit collected from the same V.
album individual) or on the plant (Plant Infestation Rate:
PIR =100 x number of infested V. album individuals in
a region or month / total number of V. album individuals
sampled in the same region or month). A high FIR indi-
cates that the majority of fruit on the plant are infested by
the fly and a high PIR indicates that the majority of the
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Fig.2 Variation in FIR (A) and PIR (B) of Viscum album by Dros-
ophila suzukii and D. subobscura between January and July 2022.
Fruit Infestation Rate: FIR=100Xnumber of emerged Drosophila
sp. from all fruits collected from a Viscum album individual / number
of fruits collected from the same V. album individual. Plant Infesta-
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Fig.3 Variation in FIR of Viscum album by Drosophila suzukii
(A) and D. subobscura (B) between January and July 2022, in rela-
tion to their position and status: on the ground (Ground), on the tree
damaged (Damaged), or healthy (Healthy). Fruit Infestation Rate:

Results
Dynamics of Viscum album fruit resource

A total of 33,536 fruits from 264 mistletoe individuals were
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tion Rate: PIR=100Xnumber of infested V. album individuals in a
month / number of sampled V. album individuals in the same month.
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respectively.
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FIR =100 X number of emerged Drosophila sp. from all fruits col-
lected from a Viscum album individual / number of fruits collected
from the same Viscum album individual, as described in Fig. 2

sampled across all regions between January and July 2022
(Table 2). The number of fruit decreased progressively over
the study period, from an average of 167 collected per mis-
tletoe in January to an average of only 26 in July (Fig. 1).
From January to June, the majority of fruit were healthy on
the plant (47-63%) and the proportion of damaged fruit on
the plant progressively declined from 33 to 16% over the
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Fig.4 Mean fruit infestation rate (FIR) in relation to plant infestation
rate (PIR) of Viscum album according to months between January and
July 2022 for (A) Drosophila suzukii and (B) D. subobscura. Inter-
pretation: high FIR+high PIR=dispersion+ auto-contamination;

same period. The proportion of fruit on the ground initially
decreased from 18 to 9% between February and March, then
increased by June to reach 37%. In July, no healthy fruit
remained on the plants and most fruits were either damaged
(88%) or on the ground (12%).

Regional infestation of Viscum album

A total of 735 D. suzukii, 53 D. subobscura and 1 D. repleta
individuals emerged from the fruits sampled in all regions
between January and July 2022 (Table 2). No flies emerged
from fruits sampled in Clermont-Ferrand, Nice, and Rennes.
Drosophila suzukii mean infestation rate (FIR) was the high-
est in Bordeaux (6.11 +1.83%), with a mean of 2.37 +0.53%
across all regions. Among regions showing fruit infestation,
the maximum fruit infestation rate (max FIR) by D. suzukii
ranged between 11.63% (Tours) and 72.86% (Amiens). Up
to 39.13% of the V. album individuals sampled were infested
by D. suzukii (Bordeaux), with a mean plant infestation rate
(PIR) of 20.08% across all regions.

Drosophila subobscura was only found in Amiens,
Bordeaux and Tours, with mean FIR ranging between
0.19+0.07% in Bordeaux and 0.31 +0.15% in Amiens. The
maximum FIR by D. subobscura ranged between 1.96% in
Bordeaux and 16.67% in Amiens. Up to 15.22% of the V.
album individuals sampled were infested by D. subobscura,
with a mean PIR of 7.20% across all regions. The single
individual of D. repleta was obtained in Amiens.
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high FIR+low PIR =auto-contamination; low FIR +high PIR =dis-
persion; low FIR+low PIR=Ilow auto-contamination / dispersion.
Dispersal and auto-contamination are maximized in May for D.
suzukii and in April for D. subobscura

Seasonality of Viscum album infestation

Drosophila subobscura was the earliest fly species to emerge
from V. album fruits, emerging from fruits sampled in Feb-
ruary in Amiens and Tours (Fig. 2A, B). In February, its FIR
was low (0.06 +0.04%) then increased significantly in April
and May to reach 0.67 +£0.33% and 0.28 +0.23%, respec-
tively (Kruskal-Wallis test, ;(2 =26.145, p<0.001; Fig. 2A).
This species did not emerge from fruits collected after May
and was mostly found in fruits collected on the ground (95%
of individuals), with only two individuals emerging from
healthy fruits sampled on the plant (Fig. 3B). The sex ratio
of emerging D. subobscura flies was unbiased (chi-squared
test: y° =0.647, p=0.42), with 30 females against 23 males.

Drosophila suzukii first emerged from fruits sampled
in March, showing a FIR of 0.79 +3.71%, with infestation
increasing significantly to reach 9.20 +3.05% in May, fol-
lowed by a decrease in June to 0.92 +0.66%, and no fur-
ther emergence in July (Kruskal-Wallis test, )(2 =37.951,
p<0.001; Fig. 2A). A majority (58.3%) of D. suzukii
emerged from fruits collected on the ground, then 36.8%
from healthy fruits on the plant, and 4.9% from damaged
fruits on the plant. The highest fruit infestation rate was
observed in May, with 15% for fruits on the ground, 8% for
healthy fruits on the plant, and 0.1% for damaged fruits on
the plant (Fig. 3B). Emerging D. suzukii flies had an unbi-
ased sex ratio overall (chi-squared test: )(2 =0.647, p=0.42),
with 374 females and 361 males.

In February, 10% of V. album individuals were infested
by D. subobscura, which decreased to 3% in March, then
increased to 23% in April, and finally decreased to 6% in
May (Fig. 2B). In March, 13% of V. album individuals were
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Table 3 Effect of environmental variables on Viscum album fruit infestation rate (FIR) by Drosophila suzukii and D. subobscura analyzed using

GLMMs

Dependent variables Explanatory variables

Model parameters

F Estimates SE daf t )4 AICC
Viscum album fruit Model constant 18.895 — 7.6485 1.7596 257.00 — 4347 <0.001  1848.96
infestation rate by GROUTOT 14.684 0.0797 0.0208 257.00 3.832 <0.001
Drosophila suzukii by 3933 02230 0.1124 25700 1983 0.048
(n=264 samples)
PATH 8.023 0.1402 0.0495 257.00 2.833 0.005
GARDEN20 15.847 0.1637 0.0411 257.00 3.981 <0.001
FOREST20 4.680 0.0887 0.0410 257.00 2.163 0.031
GDDMC14] 13.476 0.0402 0.0110 257.00 3.671 0.000
Viscum album fruit Model constant 3.075 -0.1829 0.1043 259.00 - 1.753 0.081 856.94
infestation rate by GROUTOT 12400  0.0101 0.0029  259.00  3.521 0.001
fc § ";"”h’l" subob-— \waTE20 17729 0.1980 0.0470 25900 4211 <0.001
(n=264 samples) HEDGE20 6.514 0.0125 0.0049 259.00 2.552 0.011
PARK20 9.348 0.0092 0.0030 259.00 3.057 0.002

GROUTOT: % fruit collected on the ground, HLENGH: Canopy width of the host tree (m), PATH: Path cover (in a 5 m radius), GARDEN20:
Garden cover (in a 20 m radius), FOREST20: Forest cover (in a 20 m radius), GDDMC14J: Growing Degree Days (of the last 14 days),
WATE20: Water cover (in a 20 m radius), HEDGE20: Hedgerow cover (in a 20 m radius), PARK20: Urban park cover (in a 20 m radius)

infested by D. suzukii, increasing to 39% and 40% in April
and May, respectively, and then decreasing in June to reach
22%.

Throughout the seasons, the dynamics of infestation by D.
suzukii and D. subobscura changed (Fig. 4A, B). In February
and March, both species had low FIR and PIR, suggesting
that both auto-contamination (local infestation) of V. album
individuals and dispersal were low. Then, in April, both spe-
cies started to disperse. In May, D. suzukii was both auto-
contaminating V. album individuals and dispersing while D.
subobscura infestation decreased. In June, local infestation
of D. suzukii increased again. Finally, starting from June for
D. subobscura and July for D. suzukii, no further infestation
was found in V. album fruit.

Effect of environmental variables on Viscum album
fruit infestation rate

Drosophila suzukii fruit infestation rate was positively asso-
ciated with the percentage of fruit collected on the ground,
the canopy width of the host tree, the path cover in a 5 m
radius, the garden and forest cover in a 20 m radius around
sampling points, and the GDD in the preceding 14 days
(GLMM, Table 3). Drosophila subobscura fruit infesta-
tion was positively associated with the percentage of fruit
collected on the ground, the cover of water, hedgerow, and
urban park in a 20 m radius around sampling points (GLMM,
Table 3). The identity of the dominant host trees (Cratae-
gus monogyna, Malus domestica, Populus nigra, Robinia
pseudoacacia) significantly influenced FIR by Drosophila
species (Table S1 and Figure S1). Mistletoe growing on P.

nigra had the most heavily infested berries, with a FIR of
4.11+1.57% and 0.65 +0.32 by D. suzukii and D. subob-
scura, respectively. Drosophila suzukii FIR was significantly
reduced in M. domestica and R. pseudoacacia compared to
P. nigra, and the lowest FIR was for mistletoe growing on
C. monogyna (GLMM: F=3.00, p=0.04). Drosophila sub-
obscura FIR was also significantly decreased in mistletoe
growing on C. monogyna and R. pseudoacacia and was zero
on M. domestica (GLMM: F=2.63, p=0.05).

Discussion

Both D. suzukii and D. subobscura emerged from Viscum
album fruit in the latter part of winter and throughout spring,
confirming that this food resource likely helps them to over-
come the winter bottleneck induced by low temperatures
and limited availability of fruit of other species. Below, we
address (i) how local and landscape factors affect Drosophila
infestation, (ii) the potential role of V. album as a catalyst for
the development of spring D. suzukii generations, (iii) the
potential for D. suzukii to impact trophic fluxes in the con-
text of invasion and climate change, and (iv) the relevance
of our findings in the context of pest management strategies.

Local and landscape drivers of fruit infestation
Levels of infestation by both D. suzukii and D. subobscura
were locally positively associated with the percentage

of fruit on the ground, most likely a result of wind, bird
foraging, or abscission due to fruit maturity. Drosophila
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subobscura has not previously been reported to complete
its life cycle in V. album, although it is known to utilize
fallen fruit for breeding (Shorrocks 1975; Poyet et al. 2014;
Deconninck et al. 2024). Begon (1975) showed that the den-
sity of berries in an area increased the chances of breed-
ing by D. subobscura. He studied D. subobscura’s peak of
abundance in November and sampled several fleshy-fruited
plants (e.g., hawthorn, rowan, woody nightshade), but not
mistletoe which matures later. These plants are also present
in our sampling regions (Poyet et al. 2015) and D. subob-
scura may have switched from them to V. album in February.
Drosophila subobscura is also known to favor soft fruit for
oviposition (Begon 1975), which is consistent with its pref-
erence for softer decaying fruit on the ground. In contrast,
D. suzukii is known for its ability to oviposit in ripening and
ripe fruit (Walsh et al. 2011) using its serrated ovipositor
(Atallah et al. 2014), although it was still more attracted by
damaged than intact mistletoe berries in a laboratory experi-
ment (Briem et al. 2016). The field patterns revealed by our
study are consistent with this experimental result as the larg-
est number of D. suzukii was found in fallen fruit (damaged),
even if, on the plant itself, healthy fruits were preferred over
damaged. Several hypotheses may support these observa-
tions: (i) the dietary requirements of D. suzukii may vary
seasonally (Rendon et al. 2019; Jiménez-Padilla et al. 2020);
ripe and rotting berries may be more suitable during winter
as winter morphs seek resources richer in sugar (Rendon
et al. 2019); (ii) the absence or low levels of interspecific
competition even in decaying V. album berries may allow
the larvae to complete their development; it has been sug-
gested that the presence of other drosophilids in other decay-
ing fruit may result in levels of competition that D. suzukii
cannot tolerate (Kidera and Takahashi 2020); and (iii) more
extreme winter environmental conditions may restrict the
ability of flies to reach mistletoe individuals higher in the
shrub or tree vegetation (Dillon and Frazier 2006; Frazier
et al. 2008); this will result in the flies staying close to the
ground where the temperature is buffered (Deconninck et al.
2024) and, therefore, in fallen fruit infestation.

Landscape features affected the two Drosophila species
differently. Garden and forest cover in the area of the sam-
pling locations positively influenced the levels of infestation
by D. suzukii, while the cover of water, hedgerow, and urban
park positively influenced those of D. subobscura. Semi-
natural habitats including woodland, grassland, hedgerow,
and shrubs are known to positively affect the abundance of
Drosophilidae species by providing food resources, breeding
sites, and shelters with beneficial microclimatic conditions
(Santoiemma et al. 2018; Delbac et al. 2020b). The differ-
ences between the semi-natural habitats affecting each spe-
cies may be due to their diet and breeding preferences, as D.
suzukii is mostly frugivorous (Walsh et al. 2011; Poyet et al.
2015; but see Stockton et al. 2019 for alternative resources),
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while D. subobscura is both frugivorous and fungivorous
(Begon 1975; Delbac et al. 2020b). The food and breeding
resources the flies are seeking may not be found in the same
semi-natural habitats. Similarly, the canopy width of the host
tree only affected D. suzukii, which has a strong preference
for the canopy layer (Tanabe 2002).

The importance of semi-natural habitats varied between
the two species, with D. subobscura less affected by their
presence than D. suzukii (Delbac et al. 2020b). This is con-
sistent with the ‘generalist’ ecology of D. subobscura, as it
is found across multiple habitats (Shorrocks 1975; Gross
and Christian 1994). This species is also considered a ‘core’
species invariably dominating fruit fly species assemblages
from autumn to early spring, at least in apples (Deconninck
et al. 2024). The impact of semi-natural habitats on Droso-
philidae abundance also varied between seasons.

Mistletoe as a host for seed populations catalyzing
new generations of D. suzukii in spring?

Viscum album fruiting commences in November and ber-
ries can remain on the plant until May (Thomas et al. 2023;
Delbac et al. 2020a). It is one of the few plant species pro-
viding resources to birds, mammals, and some insect species
in winter (Watson 2001; Thomas et al. 2023). Drosophila
suzukii adults have previously been reported to feed on V.
album berries in winter and to start using them as a breed-
ing substrate in April (Briem et al. 2016; Panel et al. 2018;
Delbac et al. 2020a). In our study, V. album started to be
infested by D. suzukii in March, slightly earlier than previ-
ously reported (Delbac et al. 2020a). Early infested V. album
berries could therefore generate the first generations of D.
suzukii that will later attack early maturing commercial fruit
such as cherries. In this part of Europe, cherries begin to
mature mid-April (Santoiemma et al. 2018) and are one of
the most heavily infested commercial plants by D. suzukii
(Beers et al. 2011).

The fruit infestation rate (FIR) was quite low in our data,
but the plant infestation rate (PIR) was very high (up to
40%). This discrepancy between the two metrics may be
explained by a combination of the low survival rate of D.
suzukii at the end of winter and by the high quantity of fruit
on each plant, diluting the overall infestation rate. Nonethe-
less, a host tree bearing numerous mistletoe individuals (e.g.,
a maximum of 110 mistletoe individuals was counted in a
single poplar tree in this study) will generate a high number
of flies even if its mean FIR is low. Therefore, commercial
fruit fields surrounded by trees bearing mistletoe individuals
may be exposed to a wave of D. suzukii around mid-April
once the first crop fruit mature sufficiently to attract these
flies, although this effect will depend on the location.

There were clear differences between the regions studied
in the persistence of mistletoe fruit across months and in
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infestation rates. Regional contrasts may primarily result
from overall climatic conditions impacting mistletoe phe-
nology (Fonttirbel et al. 2018), as it is the case for flower-
ing and fruiting periods of many plant species (reviewed by
Menzel et al. (2006, 2020)). More specifically, earlier and
more rapid fruit maturation in some regions may not match
the fly’s phenology, leading to a phenological mismatch
(Renner and Zohner 2018). Second, even if berries are at
an appropriate stage of maturity for the flies to oviposit, the
latter may not be able to do so due to reproductive diapause
(Abarca and Spahn 2021). Finally, in some regions, mistle-
toe berries may be more rapidly consumed by birds due to
a lack of availability of other resources (Visser et al. 2012).
In our study locations, wood pigeons (Columba palumbus)
and blackbirds (Turdus merula) were observed to eat mis-
tletoe berries. Thrushes are known dispersers (Thomas et al.
2023), while it is unclear whether wood pigeons generally
feed on berries or graze V. album leaves (Briggs 2021). Such
mismatches between fruit and Drosophila sp. physiology
and phenology have been reported between elderberries and
D. suzukii (Ulmer et al. 2022). In southern France, Sam-
bucus nigra produces fruits in July and experiences a low
infestation rate because the typically hot and dry weather is
unfavorable for D. suzukii (mismatch); on the contrary, in
northern France, S. nigra produces fruits in September and
experiences considerable infestation, as the mild and humid
weather is favorable for the fly (match). In the context of
contemporary climate change, which is already impacting
V. album distribution (Bertin 2008), any advance in timing
leading to an earlier match between fruit maturity and fly
ability to reproduce may amplify the possibility of infesta-
tion and damage to spring-cultivated commercial fruit, but
this requires further investigation.

Potential impact of D. suzukii on ecosystem
functioning

The timing and pattern of mistletoe utilization differed
between D. suzukii and D. subobscura. Both species initially
adopted a similar strategy of local infestation at the end of
winter, probably reducing energetic costs associated with
dispersal. In April, when temperatures are milder, dispersal
reaches a peak. As spring progressed, mistletoe utilization
started to diverge: D. suzukii showed both a high level of
local infestation and dispersal in May, coinciding with abun-
dance at that time when various cultivated fruits are matur-
ing (Estrella et al. 2007). Drosophila suzukii thus seemed to
favor dispersal strategies while D. subobscura continued to
infest at a local scale. Our data contrast with those of Poyet
et al. (2014), who suggested facilitation of D. subobscura by
D. suzukii in Prunus serotina fruits, thanks to the ability of
D. suzukii to pierce fruit skin with its serrated ovipositor, a

feature not possessed by D. subobscura. However, D. sub-
obscura started to emerge from mistletoe fruit in February,
one month earlier than D. suzukii, and was mainly found in
fruit on the ground. This is likely because of D. subobscura
oviposition requirements (Begon 1975; Shorrocks 1975) and
because this fly species is unusual among the Drosophila
community in being able to infest decaying fruit throughout
the coldest period of the year (Deconninck et al. 2024). As
D. subobscura emerged before D. suzukii, our results did
not provide evidence of a facilitating effect of D. suzukii
benefiting D. subobscura, at least up to March. Other envi-
ronmental factors (e.g., winds, birds, fruit maturity) caused
mistletoe fruit damage and/or fall, facilitating D. subobscura
infestation.

The number of GDD in the previous 14 days
(GDDMC14j, Table 3) strongly influenced D. suzukii infes-
tation rate. As temperature increases as a result of climate
change, the increased thermal energy available offers D.
suzukii the opportunity to start utilizing mistletoe fruit ear-
lier in the year. This resource diversion benefiting D. suzukii
is likely to impact fruit availability for other frugivores and
could have cascading consequences on the trophic network
equilibrium in the ecosystem (Roche et al. 2023). Decaying
fruit could be unattractive to some bird species (Manzur and
Courtney 1984; Poyet et al. 2014) and/or become attractive
to others (Greenleaf et al. 2023). Premature fruit abscission
because of D. suzukii-induced fruit decay may also reduce
ornithochoric seed dispersal (Biihlmann and Gossner 2022)
and, thus, the colonization capacity of mistletoe. Further
behavioral studies are required to experimentally test the
attractiveness of infested versus uninfested fruit and their
visual attractiveness and palatability for the birds that dis-
perse their seeds.

Considerations about pest management strategies

The data obtained in this study suggest that the use of mis-
tletoe fruit by D. suzukii could catalyze an increase in fly
populations available to infest early maturing cultivated fruit
in spring. Developing integrated pest management strategies
is essential (Tait et al. 2021) and the consideration of win-
ter processes in these will become increasingly important.
Better understanding of D. suzukii overwintering strategies
is required in order to identify the potential avenues for the
development of pest management strategies applicable in
winter (Panel et al. 2018). Viscum album fruit being an
important trophic resource not only for D. suzukii but also
for birds and mammals; it is not viable or acceptable to erad-
icate mistletoe generally. However, removal could be con-
sidered from trees adjacent to certain fruit crop production
areas (e.g., cherry, strawberry, raspberry, etc.), which could
help reduce or delay the initial crop infestation. Notably, V.
album host tree species influenced the fruit infestation rate:
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mistletoe on poplars were most heavily infested compared to
those on hawthorn, apple, or black locust which were eight,
two and 0.33 times less infested, respectively. Pest manage-
ment strategies should initially focus on the most heavily
infested host plant species.

Further research is now required to better understand the
differences in D. suzukii infestation between the various mis-
tletoe host tree species. They could be a result of the vari-
ability in biologically active phenolic compounds in mistle-
toe berries depending on the host tree species (Pietrzak et al.
2017). For example, mistletoe growing on Populus nigra
trees are particularly rich in phenolic acids (Pietrzak et al.
2017). Such compounds may act as repellents or attractants
for insects (Pratyusha 2022), including D. suzukii (Hussain
et al. 2023). Further research could improve monitoring and
behavior-based management tools. More generally, commer-
cial fruit cultivation should be revisited from the lens of
landscape structure, for instance, by integrating the configu-
rations that are least favorable for winter population growth
of this invasive pest insect.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11829-024-10073-6.

Acknowledgements This study was funded by the ANR (Agence
Nationale de la Recherche frangaise) in the context of the project ANR
DROTHERMAL (Grant Number: ANR-20-CE02-0011-01). We thank
Marie-Pierre Boley for administrative help in the project and Peter
Convey for proofreading the manuscript.

Author contribution Gwenaélle Deconninck: Writing and editing,
Methodology, Sampling, Data curation, Formal analysis; Méghan
Boulembert: Writing and editing, Methodology, Sampling, Data cura-
tion; Patrice Eslin: Writing—review and editing, Supervision, Sam-
pling; Aude Couty: Writing—review and editing, Sampling; Anne
Bonis: Writing—review and editing, Sampling; Nicolas Borowiec:
Writing—review and editing, Sampling; Inessa Buch: Writing—review
and editing, Sampling; Hervé Colinet: Writing—review and editing,
Sampling, Funding acquisition; Project administration; Lionel Delbac:
Writing—review and editing, Sampling; Francoise Dubois: Writing—
review and editing, Sampling; Vincent Foray: Writing—review and
editing, Sampling; Emilie Gallet-Moron: Writing—review and editing,
Data curation, Formal analysis; Servane Lemauviel-Lavenant: Writ-
ing—review and editing, Sampling; Stéphanie Llopis: Writing—review
and editing, Sampling; Jean-Francois Odoux: Writing—review and
editing, Sampling; Sylvain Pincebourde: Writing—review and editing,
Supervision, Sampling, Funding acquisition; Project administration;
Marcel Thaon: Writing—review and editing, Sampling; Iréne Till-
Bottraud: Writing—review and editing, Sampling; Olivier Chabrerie:
Writing and editing, Validation, Supervision, Methodology, Sampling,
Data curation, Formal analysis, Conceptualization, Funding acquisi-
tion, Project administration. All authors read and approved the final
manuscript.

Funding This work was supported by the grant ANR (Agence Nation-
ale de la Recherche francaise) in the context of the project ANR
DROTHERMAL (Grant Number: ANR-20-CE02-0011-01). The
authors have no relevant financial or non-financial interests to disclose.

@ Springer

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

References

Abarca M, Spahn R (2021) Direct and indirect effects of altered tem-
perature regimes and phenological mismatches on insect popula-
tions. Curr Opin Insect Sci 47:67-74. https://doi.org/10.1016/j.
€0is.2021.04.008

Asplen MK, Anfora G, Biondi A et al (2015) Invasion biology of
spotted wing Drosophila (Drosophila suzukii): a global perspec-
tive and future priorities. J Pest Sci 88:469—494. https://doi.org/
10.1007/s10340-015-0681-z

Atallah J, Teixeira L, Salazar R et al (2014) The making of a pest: the
evolution of a fruit-penetrating ovipositor in Drosophila suzukii
and related species. Proc R Soc B Biol Sci 281:20132840.
https://doi.org/10.1098/rspb.2013.2840

Béchli G, Vilela CR, Escher SA, Saura A (2005) The Drosophilidae
Diptera of Fennoscandia and Denmark. Leiden

Bale JS, Hayward SAL (2010) Insect overwintering in a changing
climate. J Exp Biol 213:980-994. https://doi.org/10.1242/jeb.
037911

Barney CW, Hawksworth FG, Geils BW (1998) Hosts of Viscum
album. Eur J Forest Pathol 28:187-208. https://doi.org/10.
1111/j.1439-0329.1998.tb01249.x

Basden EB (1954) The distribution and biology of Drosophilidae
(Diptera) in Scotland, including a new species of Drosophila.
Trans R Soc Edinburgh 62:603-654

Baskerville GL, Emin P (1969) Rapid estimation of heat accumu-
lation from maximum and minimum temperatures. Ecology
50:514-517. https://doi.org/10.2307/1933912

Beers EH, Van Steenwyk RA, Shearer PW et al (2011) Develop-
ing Drosophila suzukii management programs for sweet cherry
in the western United States. Pest Manag Sci 67:1386-1395.
https://doi.org/10.1002/ps.2279

Begon M (1975) Population densities in Drosophila obscura Fallén
and D. subobscura Collin to naturally-occurring fruits. Oeco-
logia 20:255-277. https://doi.org/10.1111/j.1365-2311.1978.
tb00898.x

Benavidez A, Ordano M, Schliserman P (2021) What is the level of
fruit infestation by pulp-feeding insects? An overview of their
meaning and measurement. Eur J Hortic Sci 86:520-531. https://
doi.org/10.17660/EJTHS.2021/86.5.8

Bertin RI (2008) Plant phenology and distribution in relation to recent
climate change. J Torrey Bot Soc 135:126-146. https://doi.org/
10.3159/07-RP-035R.1

Briem F, Eben A, Gross J, Vogt H (2016) An invader supported by a
parasite: Mistletoe berries as a host for food and reproduction of
Spotted Wing Drosophila in early spring. J Pest Sci 89:749-759.
https://doi.org/10.1007/s10340-016-0739-6

Briem F, Dominic AR, Golla B et al (2018) Explorative data analysis
of Drosophila suzukii trap catches from a seven-year monitoring
program in Southwest Germany. Insects 9:125. https://doi.org/10.
3390/insects9040125

Briggs J (2011) Mistletoe (Viscum album); a brief review of its local
status with recent observations on its insect associations and con-
servation problems. Proc Cotteswold Nat F Club XLV 11:181-193


https://doi.org/10.1007/s11829-024-10073-6
https://doi.org/10.1016/j.cois.2021.04.008
https://doi.org/10.1016/j.cois.2021.04.008
https://doi.org/10.1007/s10340-015-0681-z
https://doi.org/10.1007/s10340-015-0681-z
https://doi.org/10.1098/rspb.2013.2840
https://doi.org/10.1242/jeb.037911
https://doi.org/10.1242/jeb.037911
https://doi.org/10.1111/j.1439-0329.1998.tb01249.x
https://doi.org/10.1111/j.1439-0329.1998.tb01249.x
https://doi.org/10.2307/1933912
https://doi.org/10.1002/ps.2279
https://doi.org/10.1111/j.1365-2311.1978.tb00898.x
https://doi.org/10.1111/j.1365-2311.1978.tb00898.x
https://doi.org/10.17660/EJHS.2021/86.5.8
https://doi.org/10.17660/EJHS.2021/86.5.8
https://doi.org/10.3159/07-RP-035R.1
https://doi.org/10.3159/07-RP-035R.1
https://doi.org/10.1007/s10340-016-0739-6
https://doi.org/10.3390/insects9040125
https://doi.org/10.3390/insects9040125

Environmental factors driving infestations of a keystone winter fruit by an invasive and a native...

Briggs J (2021) Mistletoe, Viscum album (Santalaceae), in Britain and
Ireland; a discussion and review of current status and trends. Br
Irish Bot 3:419—454. https://doi.org/10.33928/bib.2021.03.419

Biihlmann I, Gossner MM (2022) Invasive Drosophila suzukii outnum-
bers native controphics and causes substantial damage to fruits of
forest plants. NeoBiota 77:39-77. https://doi.org/10.3897/neobi
ota.77.87319

Danks HV (1978) Modes of seasonal adaptation in the insects: I Winter
survival. Can Entomol 110:1167-1205. https://doi.org/10.4039/
Ent1101167-11

David JR, Gibert P, Moreteau B et al (2003) The fly that came in from
the cold: geographic variation of recovery time from low-tempera-
ture exposure in Drosophila subobscura. Funct Ecol 17:425-430.
https://doi.org/10.1046/j.1365-2435.2003.00750.x

Deconninck G, Boulembert M, Eslin P et al (2024) Fallen fruit: a
backup resource during winter shaping fruit fly communities.
Agric For Entomol. https://doi.org/10.1111/afe.12610

Delbac L, Rusch A, Binet D, Thiéry D (2020a) Seasonal variation of
Drosophilidae communities in viticultural landscapes. Basic Appl
Ecol 48:83-91. https://doi.org/10.1016/j.baae.2020.08.002

Delbac L, Rusch A, Thiéry D (2020b) Temporal dynamics of Dros-
ophila suzukii in vineyard landscapes. Entomol Gen 40:285-
295. https://doi.org/10.1127/entomologia/2020/0858

Dillon ME, Frazier MR (2006) Drosophila melanogaster locomo-
tion in cold thin air. J Exp Biol 209:364-371. https://doi.org/
10.1242/jeb.01999

Estrella N, Sparks TH, Menzel A (2007) Trends and temperature
response in the phenology of crops in Germany. Glob Chang
Biol 13:1737-1747. https://doi.org/10.1111/§.1365-2486.2007.
01374.x

Fontirbel FE, Lara A, Lobos D, Little C (2018) The cascade impacts
of climate change could threaten key ecological interactions. Eco-
sphere 9:€02485. https://doi.org/10.1002/ecs2.2485

Frazier MR, Harrison JF, Kirkton SD, Roberts SP (2008) Cold rearing
improves cold-flight performance in Drosophila via changes in
wing morphology. J Exp Biol 211:2116-2122. https://doi.org/10.
1242/jeb.019422

Gaidamashvili MV, Keburia ND, Khurtsidze EG (2012) Negative
influence of mistletoe lectin on survival of Apamea sordens and
Agrotis segedum (Lepidoptera, Noctuidae). Ann Agrar Sci 10:1-8

Gill HK, Goyal G, Chahil G (2017) Insect diapause: a review. J Agric
Sci Technol A 7:454-473. https://doi.org/10.17265/2161-6256/
2017.07.002

Greenleaf J, Holaskova I, Rowen E et al (2023) Arthropods associated
with invasive Frangula alnus (Rosales: Rhamnaceae): implica-
tions for invasive plant and insect management. Insects 14:913.
https://doi.org/10.3390/insects 14120913

Gross H, Christian E (1994) Drosophilid communities along an urban
gradient across Vienna. Zeitschrift Fur Okol Und Naturschutz
3:81-86

Hamby KA, Bellamy ED, Chiu JC et al (2016) Biotic and abiotic fac-
tors impacting development, behavior, phenology, and reproduc-
tive biology of Drosophila suzukii. ] Pest Sci 89:605-619. https://
doi.org/10.1007/s10340-016-0756-5

Hultén E, Fries M (1986) Atlas of North European Vascular Plants,
North of the Tropic of Cancer. Kénigstein, Federal Republic of
Germany

Hurvich CM, Tsai C-L (1989) Regression and time series model selec-
tion in small samples. Biometrika 76:297-307. https://doi.org/10.
1093/biomet/76.2.297

Hussain B, War AR, Pfeiffer DG (2023) Jasmonic acid and salicylic
acid induced defensive response in wine grapes against Drosoph-
ila suzukii (Diptera: Drosophilidae). Heliyon 9:e16505. https://
doi.org/10.1016/j.heliyon.2023.e16505

Iler AM, Inouye DW, Hgye TT et al (2013) Maintenance of tempo-
ral synchrony between syrphid flies and floral resources despite

differential phenological responses to climate. Glob Chang Biol
19:2348-2359. https://doi.org/10.1111/gcb.12246

Jiménez-Padilla Y, Ferguson LV, Sinclair BJ (2020) Comparing apples
and oranges (and blueberries and grapes): fruit type affects devel-
opment and cold susceptibility of immature Drosophila suzukii
(Diptera: Drosophilidae). Can Entomol 152:532-545. https://doi.
org/10.4039/tce.2020.36

Kenis M, Tonina L, Eschen R et al (2016) Non-crop plants used as
hosts by Drosophila suzukii in Europe. J Pest Sci 89:735-748.
https://doi.org/10.1007/s10340-016-0755-6

Kidera H, Takahashi KH (2020) Chemical cues from competitors
change the oviposition preference of Drosophila suzukii. Ento-
mol Exp Appl 168:304-310. https://doi.org/10.1111/eea.12889

Lee JC, Dreves AJ, Cave AM et al (2015) Infestation of wild and orna-
mental noncrop fruits by Drosophila suzukii (Diptera: Drosophi-
lidae). Ann Entomol Soc Am 108:117-129. https://doi.org/10.
1093/aesa/sau014

Lehmann P, Van Der Bijl W, Nylin S et al (2017) Timing of diapause
termination in relation to variation in winter climate. Physiol
Entomol 42:232-238. https://doi.org/10.1111/phen.12188

Manzur MI, Courtney SP (1984) Influence of insect damage in fruits of
hawthorn on bird foraging and seed dispersal. Oikos 43:265-270.
https://doi.org/10.2307/3544142

McNeil DJ, McCormick E, Heimann AC et al (2020) Bumble
bees in landscapes with abundant floral resources have lower
pathogen loads. Sci Rep 10:1-12. https://doi.org/10.1038/
$41598-020-78119-2

Menzel A, Sparks TH, Estrella N et al (2006) European phenological
response to climate change matches the warming pattern. Glob
Chang Biol 12:1969-1976. https://doi.org/10.1111/j.1365-2486.
2006.01193.x

Menzel A, Yuan Y, Matiu M et al (2020) Climate change fingerprints
in recent European plant phenology. Glob Chang Biol 26:2599—
2612. https://doi.org/10.1111/gcb.15000

Moore MV, Lee RE (1991) Surviving the big chill: overwintering strat-
egies of aquatic and terrestrial insects. Am Entomol 37:111-118.
https://doi.org/10.1093/ae/37.2.111

Panel ADC, Zeeman L, van der Sluis BJ, et al (2018) Overwintered
Drosophila suzukii are the main source for infestations of the first
fruit crops of the season. Insects 9:145. https://doi.org/10.3390/
insects9040145

Pietrzak W, Nowak R, Gawlik-Dziki U et al (2017) LC-ESI-MS/MS
identification of biologically active phenolic compounds in mis-
tletoe berry extracts from different host trees. Molecules 22:1-15.
https://doi.org/10.3390/molecules22040624

Poyet M, Eslin P, Héraude M et al (2014) Invasive host for invasive
pest: when the Asiatic cherry fly (Drosophila suzukii) meets the
American black cherry (Prunus serotina) in Europe. Agric For
Entomol 16:251-259. https://doi.org/10.1111/afe.12052

Poyet M, Le Roux V, Gibert P et al (2015) The wide potential trophic
niche of the Asiatic fruit fly Drosophila suzukii: the key of its
invasion success in temperate Europe? PLoS ONE 10:e0142785.
https://doi.org/10.1371/journal.pone.0142785

Poyet M, Eslin P, Chabrerie O et al (2017) The invasive pest Drosoph-
ila suzukii uses trans-generational medication to resist parasitoid
attack. Sci Rep 7:1-8. https://doi.org/10.1038/srep43696

Pratyusha S (2022) Phenolic compounds in the plant development and
defense: an overview. In: Hasanuzzaman M, Nahar K (eds) Plant
stress physiology—perspectives in agriculture. IntechOpen. p 224

Preston AP (1977) Effects of mistletoe (Viscum album) on young apple
trees. Hortic Res 17:33-38

Rendon D, Walton V, Tait G et al (2019) Interactions among morpho-
type, nutrition, and temperature impact fitness of an invasive fly.
Ecol Evol 9:2615-2628. https://doi.org/10.1002/ece3.4928

Renner SS, Zohner CM (2018) Climate change and phenological
mismatch in trophic interactions among plants, insects, and

@ Springer


https://doi.org/10.33928/bib.2021.03.419
https://doi.org/10.3897/neobiota.77.87319
https://doi.org/10.3897/neobiota.77.87319
https://doi.org/10.4039/Ent1101167-11
https://doi.org/10.4039/Ent1101167-11
https://doi.org/10.1046/j.1365-2435.2003.00750.x
https://doi.org/10.1111/afe.12610
https://doi.org/10.1016/j.baae.2020.08.002
https://doi.org/10.1127/entomologia/2020/0858
https://doi.org/10.1242/jeb.01999
https://doi.org/10.1242/jeb.01999
https://doi.org/10.1111/j.1365-2486.2007.01374.x
https://doi.org/10.1111/j.1365-2486.2007.01374.x
https://doi.org/10.1002/ecs2.2485
https://doi.org/10.1242/jeb.019422
https://doi.org/10.1242/jeb.019422
https://doi.org/10.17265/2161-6256/2017.07.002
https://doi.org/10.17265/2161-6256/2017.07.002
https://doi.org/10.3390/insects14120913
https://doi.org/10.1007/s10340-016-0756-5
https://doi.org/10.1007/s10340-016-0756-5
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1016/j.heliyon.2023.e16505
https://doi.org/10.1016/j.heliyon.2023.e16505
https://doi.org/10.1111/gcb.12246
https://doi.org/10.4039/tce.2020.36
https://doi.org/10.4039/tce.2020.36
https://doi.org/10.1007/s10340-016-0755-6
https://doi.org/10.1111/eea.12889
https://doi.org/10.1093/aesa/sau014
https://doi.org/10.1093/aesa/sau014
https://doi.org/10.1111/phen.12188
https://doi.org/10.2307/3544142
https://doi.org/10.1038/s41598-020-78119-2
https://doi.org/10.1038/s41598-020-78119-2
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1111/gcb.15000
https://doi.org/10.1093/ae/37.2.111
https://doi.org/10.3390/insects9040145
https://doi.org/10.3390/insects9040145
https://doi.org/10.3390/molecules22040624
https://doi.org/10.1111/afe.12052
https://doi.org/10.1371/journal.pone.0142785
https://doi.org/10.1038/srep43696
https://doi.org/10.1002/ece3.4928

G. Deconninck et al.

vertebrates. Annu Rev Ecol Evol Syst 49:165-182. https://doi.
org/10.1146/annurev-ecolsys-110617

Roche DP, Stoleson SH, Rota CT et al (2023) Fruit parasitism and
abundance of a non-native insect pest affects abundances of some
songbirds. Biol Invasions 25:2185-2198. https://doi.org/10.1007/
$10530-023-03033-3

Rombaut A, Guilhot R, Xuéreb A et al (2017) Invasive Drosophila
suzukii facilitates Drosophila melanogaster infestation and sour
rot outbreaks in the vineyards. R Soc Open Sci 4:170117. https://
doi.org/10.1098/rs0s.170117

Rossi-Stacconi MV, Kaur R, Mazzoni V et al (2016) Multiple lines
of evidence for reproductive winter diapause in the invasive pest
Drosophila suzukii: useful clues for control strategies. J Pest Sci
89:689-700. https://doi.org/10.1007/s10340-016-0753-8

Santoiemma G, Mori N, Tonina L, Marini L (2018) Semi-natural habi-
tats boost Drosophila suzukii populations and crop damage in
sweet cherry. Agric Ecosyst Environ 257:152-158. https://doi.
org/10.1016/j.agee.2018.02.013

Santoiemma G, Trivellato F, Caloi V et al (2019) Habitat preference
of Drosophila suzukii across heterogeneous landscapes. J Pest Sci
92:485-494. https://doi.org/10.1007/s10340-018-1052-3

Shorrocks B (1975) The distribution and abundance of woodland spe-
cies of British Drosophila (Diptera: Drosophilidae). ] Anim Ecol
44:851-864

Sinclair BJ (2015) Linking energetics and overwintering in temperate
insects. J Therm Biol 54:5-11. https://doi.org/10.1016/j.jtherbio.
2014.07.007

Stockton DG, Brown R, Loeb GM (2019) Not berry hungry? Discover-
ing the hidden food sources of a small fruit specialist, Drosophila
suzukii. Ecol Entomol 44:810-822. https://doi.org/10.1111/een.
12766

Storey KB, Storey JM (2012) Insect cold hardiness: metabolic, gene,
and protein adaptation. Can J Zool 90:456-475. https://doi.org/
10.1139/22012-011

Tait G, Mermer S, Stockton D et al (2021) Drosophila suzukii (Dip-
tera: Drosophilidae): a decade of research towards a sustainable
integrated pest management program. J Econ Entomol 114:1950-
1974. https://doi.org/10.1093/jee/toab158

Tanabe SI (2002) Between-forest variation in vertical stratification of
drosophilid populations. Ecol Entomol 27:720-731. https://doi.
0rg/10.1046/j.1365-2311.2002.00469.x

THEIA (2023) OSO 2022 database, Centre d’Expertise Scientifique
(CES) “Occupation des sols”, published: 2023- 07-06. https://
www.theia-land.fr/product/carte-doccupation-des-sols-de-la-
france-metropolitaine/

Thomas PA, Dering M, Giertych MJ et al (2023) Biological flora of
Britain and Ireland: Viscum album: No. 303. J Ecol 111:701-739.
https://doi.org/10.1111/1365-2745.14036

Toxopeus J, Jakobs R, Ferguson LV et al (2016) Reproductive arrest
and stress resistance in winter-acclimated Drosophila suzukii. J
Insect Physiol 89:37-51. https://doi.org/10.1016/j.jinsphys.2016.
03.006

Ulmer R, Couty A, Eslin P et al (2022) Macroecological patterns of
fruit infestation rates by the invasive fly Drosophila suzukii in
the wild reservoir host plant Sambucus nigra. Agric For Entomol
24:548-563. https://doi.org/10.1111/afe.12520

@ Springer

Ulmer R, Couty A, Eslin P, Dubois F, Gallet-Moron E, Lamotte N,
Pavis J, Samama A, Spicher F, Chabrerie O (2024) Urban ecology
of Drosophila suzukii. Urban Ecosystems, in press. https://doi.org/
10.1007/s11252-024-01554-w

Visser ME, te Marvelde L, Lof ME (2012) Adaptive phenological mis-
matches of birds and their food in a warming world. J Ornithol
153:75-84. https://doi.org/10.1007/s10336-011-0770-6

Wallingford AK, Rice KB, Leskey TC, Loeb GM (2018) Overwintering
behavior of Drosophila suzukii, and potential springtime diets for
egg maturation. Environ Entomol 47:1266—1271. https://doi.org/
10.1093/ee/nvy115

Walsh DB, Bolda MP, Goodhue RE et al (2011) Drosophila suzukii
(Diptera: Drosophilidae): invasive pest of ripening soft fruit
expanding its geographic range and damage potential. J Integr
Pest Manag 2:3-9. https://doi.org/10.1603/IPM 10010

Watson DM (2001) Mistletoe—a keystone resource in forests and
woodlands worldwide. Annu Rev Ecol Syst 32:219-249. https://
doi.org/10.1146/annurev.ecolsys.32.081501.114024

Wharton DA (2011) Cold tolerance of New Zealand alpine insects. J
Insect Physiol 57:1090-1095. https://doi.org/10.1016/j.jinsphys.
2011.03.004

White SN, Boyd NS, van Acker RC (2012) Growing degree-day mod-
els for predicting lowbush blueberry (Vaccinium angustifolium
Ait.) ramet emergence, tip dieback, and flowering in Nova Sco-
tia, Canada. HortScience 47:1014-1021. https://doi.org/10.21273/
hortsci.47.8.1014

Willmott CJ, Rowe CM, Philpot WD (1985) Small-scale climate maps:
a sensitivity analysis of some common assumptions associated
with grid-point interpolation and contouring. Am Cartographer
12:5-16

Withers P., Allemand R (2012) Les Drosophiles de la région Rhone-
Alpes (Diptera, Drosophilidae). Bulletin de la Société ento-
mologique de France. 117:473-482. https://doi.org/10.3406/linly.
1998.11222

Wolf S, Boycheva-Woltering S, Romeis J, Collatz J (2020) Trichopria
drosophilae parasitizes Drosophila suzukii in seven common
non-crop fruits. J Pest Sci 93:627-638. https://doi.org/10.1007/
$10340-019-01180-y

Zeeman L, van der Sluis BJ et al (2018) Overwintered Drosophila
suzukii are the main source for infestations of the first fruit crops
of the season. InSects 9:145. https://doi.org/10.3390/insects904
0145

Zuber D (2004) Biological flora of Central Europe: Viscum album L.
Flora 199:181-203. https://doi.org/10.1078/0367-2530-00147

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1146/annurev-ecolsys-110617
https://doi.org/10.1146/annurev-ecolsys-110617
https://doi.org/10.1007/s10530-023-03033-3
https://doi.org/10.1007/s10530-023-03033-3
https://doi.org/10.1098/rsos.170117
https://doi.org/10.1098/rsos.170117
https://doi.org/10.1007/s10340-016-0753-8
https://doi.org/10.1016/j.agee.2018.02.013
https://doi.org/10.1016/j.agee.2018.02.013
https://doi.org/10.1007/s10340-018-1052-3
https://doi.org/10.1016/j.jtherbio.2014.07.007
https://doi.org/10.1016/j.jtherbio.2014.07.007
https://doi.org/10.1111/een.12766
https://doi.org/10.1111/een.12766
https://doi.org/10.1139/z2012-011
https://doi.org/10.1139/z2012-011
https://doi.org/10.1093/jee/toab158
https://doi.org/10.1046/j.1365-2311.2002.00469.x
https://doi.org/10.1046/j.1365-2311.2002.00469.x
https://www.theia-land.fr/product/carte-doccupation-des-sols-de-la-france-metropolitaine/
https://www.theia-land.fr/product/carte-doccupation-des-sols-de-la-france-metropolitaine/
https://www.theia-land.fr/product/carte-doccupation-des-sols-de-la-france-metropolitaine/
https://doi.org/10.1111/1365-2745.14036
https://doi.org/10.1016/j.jinsphys.2016.03.006
https://doi.org/10.1016/j.jinsphys.2016.03.006
https://doi.org/10.1111/afe.12520
https://doi.org/10.1007/s11252-024-01554-w
https://doi.org/10.1007/s11252-024-01554-w
https://doi.org/10.1007/s10336-011-0770-6
https://doi.org/10.1093/ee/nvy115
https://doi.org/10.1093/ee/nvy115
https://doi.org/10.1603/IPM10010
https://doi.org/10.1146/annurev.ecolsys.32.081501.114024
https://doi.org/10.1146/annurev.ecolsys.32.081501.114024
https://doi.org/10.1016/j.jinsphys.2011.03.004
https://doi.org/10.1016/j.jinsphys.2011.03.004
https://doi.org/10.21273/hortsci.47.8.1014
https://doi.org/10.21273/hortsci.47.8.1014
https://doi.org/10.3406/linly.1998.11222
https://doi.org/10.3406/linly.1998.11222
https://doi.org/10.1007/s10340-019-01180-y
https://doi.org/10.1007/s10340-019-01180-y
https://doi.org/10.3390/insects9040145
https://doi.org/10.3390/insects9040145
https://doi.org/10.1078/0367-2530-00147

	Environmental factors driving infestations of a keystone winter fruit by an invasive and a native fruit fly
	Abstract
	Graphical Abstract

	Introduction
	Methods
	Sampling design
	Traits of mistletoe and host trees
	Environmental variables
	Emergence of Drosophila species
	Infestation variables
	Statistical analyses

	Results
	Dynamics of Viscum album fruit resource
	Regional infestation of Viscum album
	Seasonality of Viscum album infestation
	Effect of environmental variables on Viscum album fruit infestation rate

	Discussion
	Local and landscape drivers of fruit infestation
	Mistletoe as a host for seed populations catalyzing new generations of D. suzukii in spring?
	Potential impact of D. suzukii on ecosystem functioning
	Considerations about pest management strategies

	Acknowledgements 
	References


