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Abstract
& Key message Melolontha hippocastani is a major pest in European mixed and broadleaf forests. Investigating its
oviposition behavior, we observed that a dense shrub layer reduces the density of egg clusters and eggs in the soil.
Conversely, canopy openness and a large proportion of oak appear as favoring conditions.
&Context Melolontha hippocastani is a major pest in Europeanmixed and broadleaf forests. In north-eastern France, an epidemic
phase has been observed since 2007, characterized by a high mortality rate of seedlings and young trees, and by massive
swarming flights every 4 years.
& Aims We investigated the oviposition behavior of M. hippocastani in the northern Vosges Mountains.
& Methods We set up study plots in the infected area after adults had emerged and the females had laid their eggs. We excavated
pits and counted the eggs and egg clusters they contained. We also carried out dendrometric surveys.
& Results A dense shrub layer had a negative effect on the density of egg clusters and the number of eggs in the soil, while canopy
openness and the proportion of oak basal area had positive effects.
& Conclusion We hypothesized that a dense shrub layer could create a barrier for females. On the other hand, an open canopy may
improveconditions for the larvae in the soil, just as ahighproportionofoak trees in the surroundingareamayprovide agood food source
for both larvae and adults.We suggest several researchorientations andproposeguidelines for forestmanagement in viewof our results.
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1 Introduction

Cockchafers (Coleoptera, Scarabaeidae) are well known for the
significant damage they cause to plants and for the resulting
economic losses in agriculture, horticulture and forestry
(Wagenhoff et al. 2014). The forest cockchafer, Melolontha
hippocastani Fabr., is a major pest inmixed and broadleaf forests
in Europe. Outbreaks have been described in the Czech Republic
(Švestka 2010; Švestka and Drapela 2009), Germany
(Wagenhoff et al. 2014) and Poland (Niemczyk et al. 2017).
As a natural disturbance, M. hippocastani outbreaks can either
incite or contribute to forest dieback (Cours 2019a; Manion
1981; Nageleisen et al. 2015). In north-eastern France (Vosges
Mountains), forest cockchafer populations have been at epidemic
levels since 2007 (Nageleisen et al. 2015), and high larval den-
sities have been recorded (11.4 ± 0.7 3rd-instar larvae/m2 in 2018
(Cours 2019a) and 6.0 ± 0.3 2nd and 3rd-instar larvae/m2 in 2014
(Nageleisen et al. 2015)). Empirically, a density above five (2nd-
instar) or two (3rd-instar)/m2 ofM. hippocastani larvae induces a
high mortality risk for forest plantations (Späth and Schanowski
2007). High larval densities are associated with tree regeneration
mortality and, in the longer term, dieback in adult trees
(Nageleisen et al. 2015; Woreta and Sukovata 2014).

Damages result from the feeding activity of both larvae and
adults. Larvae are rhizophagous and can consume a large pro-
portion of the root system of seedlings and young trees, lead-
ing to mortality and ultimately hindering forest regeneration
(Serre 2017; Woreta and Sukovata 2014). Adults are
phyllophagous and feed on the leaves of broadleaf species
(mainly Quercus spp.; (Nageleisen and Cours 2020;
Wagenhoff et al. 2014)). Populations of M. hippocastani are
highly synchronized and follow 4-year cycles of massive
swarming flights. This can result in severe tree crown defoli-
ation, which can in turn significantly reduce radial growth
(Billamboz 2014; Huber 1982; Wagenhoff et al. 2014).

Cockchafer population control has been mainly achieved
by spraying tree canopies with pesticide during the adults’
maturation feeding and by spraying pesticide on the infested
soil around seedlings to control the larvae (Woreta 2016;
Woreta 2015). Currently, in order to reduce the adverse con-
sequences of pesticides such as their persistence in environ-
ment and pest resistance (Holmes and MacQuarrie 2016), the
application of insecticides is increasingly restricted in
European countries (Directive 2009./128/EC of the
European Parliament and of the Council). A better under-
standing of the pest’s ecology maymake it possible to develop
more sustainable and efficient population control strategies.
Understanding the factors underpinning oviposition prefer-
ence is therefore of central interest (Minkenberg et al. 1992).

After the adult females deposit their eggs in the soil, the larvae
spend 36 months underground feeding on plant roots. Their
growth phase is divided into three distinct instars (Fig. 2)
(Švestka and Drapela 2009; Woreta and Sukovata 2014). They
pupate in summer, the year before swarming, and spend their last
winter as adults (Wagenhoff et al. 2014). The following year, in
late April or early May depending on the temperature, the adult
insects emerge from the soil and begin feeding on tree foliage
(Švestka and Drapela 2009; Wagenhoff et al. 2014). About 2
weeks after emergence, oviposition flights are observed.
Females land on the ground at dusk and burrow into the soil to
lay eggs in clusters (Fig. 2; Wagenhoff et al. 2014). Sandy soils
are highly preferred since they facilitate the females’ digging and
the larvae’s movement. Sandy soils also allow volatile com-
pounds from host to spread, which facilitates the larvae’s orien-
tation (Eilers et al. 2016; Johnson andGregory 2006;Weissteiner
et al. 2012). Moreover, sandy soils are often characterized by a
low pH, which has been shown to inhibit the development of
Beauveria spp. (Hypocreales: Cordycipitaceae), one of the main
fungal parasites of Melolontha spp. in natural conditions
(Niemczyk et al. 2019). Females lay an average of 24 eggs dur-
ing their first egg-laying phase and 15 during their second egg-
laying phase (Wagenhoff et al. 2014).

Soil properties as well as other environmental factors ap-
pear to influence oviposition behavior, leading to an uneven
distribution of M. hippocastani larvae in the forest
(Nageleisen et al. 2015; Niemczyk et al. 2017; Švestka and
Drapela 2009). Oviposition preference is an important aspect
of female behavior because it has a great influence on the
fitness of a species: the female insect’s choice of an egg-
laying site is generally one of the last decisions taken to ensure
her progeny’s survival (Cury et al. 2019). Several theories
have been proposed to explain the rationale governing egg-
laying site selection by insects.

(i) The “optimal oviposition theory” (a.k.a. the preference-
performance hypothesis; Jaenike 1978) assumes that the
choice of an egg-laying site is determined by a search for
maximized offspring development and survival (Bonebrake
et al. 2010; Jaenike 1978). It has been shown that weather
conditions can influence the egg-laying site decision taken
byM. hippocastani females: in cold and wet conditions, they
mainly lay in open sites while they lay in shady sites when
conditions are hot and dry (Švestka and Drapela 2009). These
changes in oviposition behavior could be linked to the search
for the best environment for progeny, as in the “optimal ovi-
position theory”. Another survey found that canopy openness
could be a significant predictor for larval density in the soil
(Niemczyk et al. 2017). A closed-environment oviposition site
could be chosen to avoid desiccation, as during dry, warm
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weather. For example,Hylobius abietis (L.) females choose to
deposit their eggs either in soil or in root bark depending on
the risk of desiccation (Nordlander et al. 1997). In contrast, in
context of low temperatures, M. hippocastani female could
avoid a very closed environment like dense shrubby to ensure
insolation of the oviposition site and thus higher soil temper-
atures for better larval development (Švestka and Drapela
2009). Other observations of flying swarms indicate that
dense shrubby clumps might hamper the females’ flight and
prevent egg laying (Cours et al. 2019; Niemczyk et al. 2017).
Furthermore, preferred egg-laying sites might be close to oaks
as their roots provide suitable growth and feeding habitat for
the larvae (Woreta and Sukovata 2014).

(ii) A second hypothesis, the “optimal foraging theory”
predicts that the egg-laying site will be close to the adult’s
food source (Scheirs and De Bruyn 2002). Oak leaves are
the best food for both the survival and fertility of adult
M. hippocastani (Woreta et al. 2018; Woreta et al. 2016;
Woreta and Sukovata 2010). According to the “optimal for-
aging theory”, egg-laying sites would logically be close to a
maturation feeding site.

(iii) A third hypothesis, partly related to the second hypothe-
sis, the “associational resistance hypothesis” predicts that the
choice of habitat for phytophagous insects and, by extension,
egg-laying sites, could be disturbed by the presence of non-host
species (Castagneyrol et al. 2014; Castagneyrol et al. 2013; Jactel
et al. 2021). High plant diversity generally correlates with high
pressure from natural enemies on insect herbivores while simul-
taneously diluting host species concentration (Castagneyrol et al.
2013; Plath et al. 2012). As a result, an areawith a high density of
oak trees would concentrate food resources for both
M. hippocastani adults and larvae, resulting in a population con-
centration in the forest landscape, while tree species mixture

could hinder M. hippocastani herbivory and, thus, egg-cluster
density (Jactel et al. 2021). However, M. hippocastani is a po-
lyphagous species (with a strong preference for oak species)
(Wagenhoff et al. 2014), and therefore mixing forest tree could
have only restricted effects on its population dynamic (Jactel
et al. 2021; Jactel and Brockerhoff 2007).

These diverging oviposition behaviors are related to the “par-
ent-offspring conflict”, and a trade-off between advantages to the
adult and advantages to the larvae could ultimately determine the
choice of egg-laying sites (Scheirs and De Bruyn 2002).

We therefore tested the following three hypotheses:

( i ) A dense shrub layer nega t ive ly inf luences
M. hippocastani oviposition in the soil.

(ii) Canopy openness positively influences egg-laying.
(iii) Increased oak proportion stimulates oviposition.

2 Material and methods

2.1 Study area

We installed 106 study plots in and around the Ingwiller Forest
(Fig. 1; north-eastern France; 48°54′26.9″N 7°25′13.4″E), which
is the site of the initial M. hippocastani outbreak in the Vosges
Mountains (Nageleisen et al. 2015). This region has a continental
climate with long, severe winters and short, hot summers. The
average annual temperature varies between 6 and 10 °C. Rainfall
is generally well distributed throughout the year, and the annual
average is 924 mm. The Ingwiller Forest is composed of 36%
Scots pine (Pinus sylvestris L.), 31% common beech (Fagus
sylvatica) and 13% oak (Quercus spp.).

Fig. 1 Map showing the study sub-plots in the Northern Vosges Mountains. Mapping was performed in QGIS 3.16
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In this region, M. hippocastani emergence flights take
place every 4 years, from April to June. Therefore, we con-
ducted our study from June 11th to July 11th 2019, during the
adult emergence period in the 4-year biological cycle. The
mass swarming period included several phases of low and
high temperatures: high temperatures in the second half of
April triggered the emergence of the adults, followed by low
temperatures in May when oviposition occurred, and finally,
rising temperatures in June (Appendix Fig. 6).

2.2 Field experiment

To select our plots, we targeted three environmental gradients: (i)
a gradient of oak proportion in the stand; (ii) a gradient of canopy
openness; and (iii) the presence or absence of a dense shrub layer.
Based on information from forest management documents, we
carried out a first selection to retainmature forests with amajority
of trees larger than 40 cm (diameter at breast height). The select-
ed stands were all managed as even-aged high forests. From this
first selection, we used information from forest management
documents to select 40 forest plots along a theoretical gradient
of oak proportion (Quercus spp.) (Appendix Fig. 7).We selected
these plots so that they were scattered throughout the territory but
still remained within the area infested by M. hippocastani (Fig.
1). In each of these forest plots, we set up two sub-plots: one in
the middle of the most open area and a second one in the middle
of the most shaded area (Fig. 1 & Appendix Fig. 7). For both of
these two sub-plots, the soil was bare of shrubby vegetation. If
canopy closure was homogeneous across the forest plot, we used
a randomly selected upstream point in the plot and set up sub-
plot on the nearest bare ground. Finally, when there was a dense
clump of shrub vegetation on the plot, we installed a third sub-
plot (second in case of homogeneous canopy cover) in the mid-
dle of the clump. Shrub-layer clumps were less than 5 m in
height, with a radius of at least 5 m, and dense vegetation cover
(> 90% of soil cover). They were mainly composed of young
common beech (Fagus sylvatica; 12 plots) or Norway spruce
seedlings (Picea abies (L.) H. Karst; 2 plots). Our objective

was to compare M. hippocastani oviposition behavior over the
largest possible gradient of environmental conditions in a same
geographical area. In the end, we installed 106 sub-plots in the
study area (including 14 located in shrub clumps).

In the center of each of these sub-plots, we excavated two
50 × 50 × 40 cm pits in a north-south direction 1 m apart from
each other. We counted the number of egg clusters and the
total number of eggs in each pit (Fig. 2) and averaged them to
the sub-plot.

We applied a relascope sampling protocol to measure the
basal area (BA) of each living tree species. Relascopic sam-
pling is characterized by a variable sampling radius and the
use of a dendrometer linked to a basal area factor (f = 1 in the
present study) (Bitterlich 1984; Piqué et al. 2011). In
relascopic sampling, the probability that each tree is included
in the plot is proportional to its diameter (Piqué et al. 2011).
Therefore, we calculated total plot BA, species BA and rela-
tive BA for each living tree species. In the center of each study
plot, we also took a hemispherical image to measure canopy
openness. We used the camera from an iPhone 6S with a
circular fisheye lens to create a 180° image. The photographs
were taken horizontally at a height of 1 m above the ground.
We manually changed the camera settings for each photo-
graph to adapt to the light conditions throughout the sampling
day. We ran the images through the Gap Light Analyser soft-
ware (Frazer et al. 1999) to separate the sky pixels from the
canopy pixels. The analysis provided the canopy opening as
the percentage of sky visible through the forest canopy.

We did not record any edaphic variables since soil structure
and texture were homogeneous in our study area (Nageleisen
et al. 2015); all the plots had brown sandy soil, which is glob-
ally favorable for the development of M. hippocastani larvae
(Nageleisen et al. 2015).

2.3 Data analysis

The statistical analysis was performed with the R free software
(R Core Team 2020). Our objective was to describe egg and

Fig. 2 Egg cluster (left) and eggs with 1st and 3rd instar larvae (right)
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egg-cluster density in the soil. Firstly, we calculatedMoran’s I
statistic to detect spatial autocorrelation with the “moransI”
function from lctools R-package (Kalogirou 2020); we did
not detect any spatial autocorrelation in our data (Morans.I =
0.044, P = 0.56). We then calculated the Shannon diversity
index with the basal areas for Quercus spp., F. sylvatica and
P. sylvestris.

Since we did not find any stands with a dense shrub layer
under a very closed canopy, we first analyzed the effect of a
dense shrub layer on a subset of plots including sub-plot with
a dense shrub layer. In addition, since F. sylvatica leaves can
be a food resource forM. hippocastani adults, we analyzed the
effect of shrub-layer species composition on the density of
eggs and egg clusters. We carried out two analyses: first, with
the full subset of data; and second, in order to test shrub-layer
composition, without the plots whose shrub layer was com-
posed of P. abies (2 plots) (Table 1).

In a second step, we analyzed the effect of other factors on
a subset that excluded the 14 plots with a dense shrub layer.
We selected certain non-colinear predictors from our data sub-
set and computed a variance inflection factor (VIF ≤ 3.62; Log
canopy openness + relative proportion of oak BA + total BA +
relative proportion of beech BA + relative proportion of Scots
pine BA + Shannon diversity index). We included the relative
proportion of common beech and Scots pine BA as well as the
Shannon diversity index in order to test the mixture effect. We
implemented a negative binomial error distribution because
our response variables were countable and over-dispersed.
Furthermore, in order to include the nesting effect of the
sub-plots, we preferred to use mixed models rather than an
ANOVA, and added “plot” as random variable. As a result,
we built a generalized linear mixed model with a
“glmmTMB” function (glmmTMB R-package; Magnusson
et al. 2020). We applied a global model using the non-
colinear predictors to our data sub-set and selected the best
model with a second-order Akaike information criterion
(AICc) from the “dredge” function in the MuMin R-package
(Bartoń 2020). The classification of the best models is pre-
sented in the Appendix section (Tables 3 and 4). Finally, we
implemented a classification and regression tree (CART)

analysis (Breiman et al. 1984) to examine the relationships
between egg and egg-cluster density and environmental fac-
tors with the “rpart” function from the rpart R-package
(Therneau and Atkinson 2019). We used a regression tree
method (“method = anova” in the rpart function) since our
response variables were continuous. We also split our
CART analysis in two: we first considered only the effect of
the presence of a dense shrub layer on the subset of plots
including sub-plot with a dense shrub layer; second, for the
data subset with no dense shrub layer only, we analyzed the
effects of the non-collinear predictors (canopy openness +
relative proportion of oak BA + total BA + relative proportion
of beech BA + relative proportion of Scots pine BA +
Shannon diversity index) on egg and egg-cluster density.
For the second regression tree, we limited the number of final
partitions in order to reduce the LOOVC cross-validation er-
ror. Data are available in Knowledge Network for
Biocomplexity (KNB) (Cours 2019b).

3 Results

Overall, we observed an average of 151 ± 14 (standard error
(SE)) M. hippocastani eggs/m2 and an average of 6.7 ± 0.6
(SE) egg clusters/m2. This gives an average of 22.3 ± 0.5 (SE)
eggs per cluster. Egg clusters were generally located at an
average depth of 15–20 cm. Egg number per cluster was gen-
erally constant over all the study plots. Therefore, the results
of the egg-density analysis and the egg-cluster density analy-
sis are nearly the same. We therefore only show figures for
egg clusters since the data are less over-dispersed.

The first analysis (on the subset of plots including sub-plot
with a dense shrub layer; see Methods) revealed that a dense
shrub layer negatively affected egg and egg-cluster densities
(Tables 1 & 2; Figs. 3 & 5). Egg and egg-cluster densities
were four times as high in plots without a shrub layer than
in plots with a dense shrub layer (egg-cluster density: P <
0.01, egg density: P < 0.05; Fig. 3). The second analysis
conducted to select the best model with the lowest AICc based
on the subset of plots without any dense shrub layer (see

Table 1 Results from the first step of the analysis: the effect of a dense
shrub layer on egg cluster and egg density and the mean egg number per
cluster. We first used the subset of plots including sub-plot with a dense
shrub layer; then, to test shrub composition, we excluded shrub layers

composed of P. abies. Chi2 and P values result from a type II ANOVA.
We implemented negative binomial distribution error in a generalized
mixed model with “plot” as random variable

Response variables Predictors Shrub composition d.f. Estimates ± se Chi2 P value

Egg-cluster density Dense shrub presence All 1 −1.5 ± 0.5 10.81 0.001 **

Dense shrub presence Beech 1 −1.4 ± 0.4 12.06 0.0005 ***

Egg density Dense shrub presence All 1 −1.3 ± 0.6 5.34 0.02 *

Dense shrub presence Beech 1 −1.2 ± 0.6 4.43 0.04 *

Eggs/cluster Null

*P < 0.05; **P < 0.01; ***P < 0.001
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Methods) highlighted two significant variables that strongly
influenced egg-cluster and total egg densities in the soil.
Canopy openness and relative proportion of oak BA both
had positive effects (Table 2; Figs. 4 & 5). These two variables
appeared in the five best models in our AICc-based selection
and were always significant, contrary to the other environ-
mental variables we used in the global model for egg and
egg-cluster density (Appendix Tables 3 and 4).

Egg and egg-cluster densities were twice as high in forest
stands with at least 50% oak BA as they were in forest stands
without oak (egg-cluster density: P < 0.001, egg density: P <
0.05; Fig. 4A). Furthermore, the more open the forest canopy,
the higher the egg and egg-cluster densities (Figs. 4B & 5).
Concerning regression trees, first tree (shrub layer effect) showed
an accuracy rate of 23%, while second tree had 39% of accuracy
rate (calculated with predicted values). We observed a minimal
average egg-cluster density in the regression tree for the study
plots with a dense shrub layer (1.9 egg clusters/m2). For the plots
without a shrub layer, we observed two analysis paths: relative
proportion of oak basal area (threshold value: 42%) followed by
canopy openness (threshold value: 23%; Fig. 5).

4 Discussion

4.1 A dense shrub layer acts as a barrier

Our results reveal that a dense shrub layer is the most critical
determinant of egg density and egg-cluster density in soils.
Indeed, the presence of a dense shrub layer induced the most
significant effect with the highest magnitude (Table 1).
Melolontha hippocastani egg cluster and egg density were
four times higher without a shrub layer than with one (Figs.
3 & 5); overall, despite the potentially greater root resource
under shrubs,M. hippocastani females did not lay eggs under
patches of dense shrubby vegetation.

Our field observations suggest that a dense vegetation layer
could be an impenetrable physical barrier for adults. Unlike
the members of the subfamily Cetoniidae (Coleoptera,
Scarabaeidae), which close their elytra during flight,
M. hippocastani can only partially close their elytra, and this
makes their flight imprecise, thus reducing their capacity to
pass through dense vegetation (Frantsevich 2010). In addition,
female insects generally use long-range sensing such as

Table 2 Results from the second
step of the analysis: the best
model from an AICc-based
selection to explain egg cluster
and egg density and mean egg
number per cluster. Chi2 and P
values result from a type II
ANOVA. We implemented
negative binomial distribution
error in a generalized mixed
model with “plot” as random
variable

Response
variables

Predictors d.f. Estimates ± se Chi2 P value

Egg-cluster
density

Log(Canopy openness) 1 0.39 ± 0.09 21.41 3.72e − 05 ***

Relative proportion of oak basal area 1 0.28 ± 0.09 10.72 0.0011 **

Marginal R2 = 0.36

Egg density Log(Canopy openness) 1 0.34 ± 0.1 10.81 0.0011 **

Relative proportion of oak basal area 1 0.26 ± 0.1 6.1 0.014 *

Marginal R2 = 0.26

Eggs/cluster Null

*P < 0.05; **P < 0.01; ***P < 0.001

Fig. 3 AMean (± se)Melolontha hippocastani egg-cluster density and B
mean (± se) egg density according to the presence-absence of a dense
shrub layer. Estimates (± se) indicate coefficients and “P <”, P values

from univariable generalized (negative binomial) linear models (egg-
cluster and egg density ~ dense shrub presence). “n =” indicates the
number of study plots in each category
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olfaction and vision to find an egg-laying site (Cury et al.
2019) so that shrubs could have a repellent effect or open areas
could have an attractive effect on M. hippocastani through
volatile compounds (olfactory barrier or attraction) or through
soil camouflage (visual barrier) (Dulaurent et al. 2012).
Foraging Melolontha hippocastani seem to rely mainly on

olfactory cues (Ruther et al. 2001), whereas the closely related
speciesM.melolontha is also very sensitive to light at 520 nm,
which characterizes tree canopy color at dusk (Hegedüs et al.
2006).

Forests affected byM. hippocastani outbreaks often harbor
dense game animal populations. For instance, the forests in

Fig. 4 Melolontha hippocastani egg-cluster density plotted against
relative proportion of oak basal area (A) and canopy openness (B) in
the study plots. The black line is the regression curve from the negative

binomial model (with a log-transformation of x for canopy openness) and
the gray area indicates the 95% confident interval

Fig. 5 Multivariate regression trees obtained by the classification and
regression trees (CART) method for our data set for the prediction of
mean egg-cluster density (“Nb egg-laying”). The grey scale in the
lower boxes (terminal leaf nodes) shows differences in the average

Melolontha hippocastani laying level from the lowest (light gray = 1.9
egg-clusters) to the highest (dark gray = 16 egg-clusters). “n =” indicates
the number of study plots, and percentages indicate plot proportion
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north-eastern France are often described as having an over-
abundance of wild ungulates (ONF 2017). The resulting im-
balance is defined by the failure of forest regeneration due to
damages caused by high ungulate populations (Bradshaw and
Waller 2016). Wild ungulates generally regulate the shrub
layer, thus favoring ruderal herbaceous species (Boulanger
et al. 2018). Therefore, we hypothesize that the overabun-
dance of wild ungulates could have favored the current out-
break of M. hippocastani in north-eastern France through the
reduction of shrub-layer cover.

In addition, biotic interactions related to the density of the
shrub layer could also influence the female M. hippocastani’s
choice of egg-laying site. Niemczyk et al. (2017) proposed that
a higher ground cover with shrubby vegetation increases soil
moisture and thus creates a more suitable habitat for entomo-
pathogenic organisms such as Beauveria brongniartii, a highly
host-specific pathogenic fungus of Melolontha spp. larvae
(Niemczyk et al. 2019). Moreover, the cold weather prevailing
inMay during most of the oviposition period (Appendix Fig. 6)
may have influenced oviposition site choice outside of the
densely vegetated areas, as Švestka and Drapela (2009) ob-
served, and in accordance with the optimal oviposition theory.

4.2 Canopy openness in the forest as a factor of choice
for egg-laying sites

In our study, canopy openness had a positive influence on the
choice of egg-laying site (Table 2; Figs. 4B & 5). Niemczyk
et al. (2017) had already observed higher larval occurrence in
forest environments near open areas, like forest-meadow eco-
tones. Open areas in the forest could benefit M. hippocastani
foraging through light polarization by tree canopies at dusk
(Hegedüs et al. 2006), which could make canopies more at-
tractive to adults. As a consequence, according to the optimal
foraging theory, females may preferentially choose open areas
as egg-laying sites simply because they usually feed nearby
(Scheirs and De Bruyn 2002). Nevertheless, open areas could
also provide better microclimate conditions for larval survival
and development, mostly during cold and wet weather condi-
tions, which would be in accordance with the optimal ovipo-
sition theory (Scheirs and De Bruyn 2002; Švestka and
Drapela 2009). The optimal oviposition theory is consistent
with the cold wet weather in May 2019 during most of the
oviposition period: open areas could ensure higher insolation
and therefore higher soil temperatures, thereby enhancing lar-
va development (Švestka and Drapela 2009).

We identified two factors that opened the forest canopy in
recent decades and may have par t ia l ly favored
M. hippocastani outbreaks. Many forests in north-eastern
France were heavily impacted by the Lothar windstorm
(1999), notably the forests in our study area (Appendix Fig.
8; Colin 2003). The resulting windfalls may have created fa-
vorable conditions for M. hippocastani development.

Additionally, a general rule of thumb in forest management
is to open stands up in order to improve resistance and resil-
ience in a context of climate change (Legay and Mortier
2006). These two factors combined could have created a larg-
er area of interesting potential egg-laying sites, thus promoting
M. hippocastani outbreaks in north-eastern France. In addi-
tion, severe defoliation of oaks by M. hippocastani adults
could increase canopy openness and thus improve the area’s
potential egg-laying sites. Overall, it seems impossible to con-
clude that one theory bests the other in explaining the site
preference for open areas we found in 2019. Further, more
precisely structured research should be conducted to better
describe the influence of weather and site openness on the
oviposition behavior of M. hippocastani females.

4.3 Egg-laying sites occur close to main adult food
sources and/or to abundant resources for larval
development

As expected, a high proportion of oak, as reflected by basal
area, around the center of the plots (and pits) promoted egg-
laying (Table 2; Figs. 4A & 5) regardless of the proportion of
other tree species (Appendix Tables 3 and 4). Oak leaves are
the best food source for M. hippocastani adults and improve
both their survival and fertility (Woreta et al. 2018; Woreta
et al. 2016; Woreta and Sukovata 2010). This is consistent
with field observations reporting a higher consumption of
young oak leaves than leaves of other species, although high
secondary consumption was also observed on Fagus sylvatica
(Wagenhoff et al. 2014). Moreover, M. hippocastani
swarming is generally synchronized with oak budburst, when
fresh young leaves with a higher nutritional value are available
(Wagenhoff et al. 2014).

Therefore, our results suggest that female M. hippocastani
lay eggs in the vicinity of their main food source, as expected in
the optimal foraging theory (Scheirs and De Bruyn 2002).
Female reproductive success is determined by the number of
eggs laid and offspring survival rate (Minkenberg et al. 1992).
By laying near oaks, females could avoid spending too much
energy looking for egg-laying sites and ensure a higher number
of eggs laid. In addition, M. hippocastani larvae generally sur-
vive and develop well when they feed on oak roots (Woreta and
Sukovata 2014). Therefore, laying eggs in the vicinity of oaks
may result in better subsequent development and survival of the
offspring, which would be in accordance with the optimal ovi-
position theory (Scheirs and De Bruyn 2002). Finally, both
theories, optimal foraging and optimal oviposition, could be
described within the framework of associational resistance
and the resource concentration hypothesis: a high concentration
of the host species induces better habitat, foraging and oviposi-
tion sites for the associated herbivore species than a low host-
species concentration (dilution of the host species among non-
host species) (Castagneyrol et al. 2013). Therefore, reducing the
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proportion of oak in stands in favor of other, phylogenetically
distant tree species could result in less susceptibility of stands to
M. hippocastani (Jactel et al. 2021; Jactel and Brockerhoff
2007). However, as the species has a polyphagous (non-host-
specific) diet, mixing oak with other phylogenetically related
species (such as F. sylvatica) may have no effect on the popu-
lation dynamics of M. hippocastani (Jactel et al. 2021; Jactel
and Brockerhoff 2007).

5 Implications for forest management
and future research

The present study highlights several factors involved in the
oviposition behavior of M. hippocastani that concern forest
management; notably, we highlight the sensitivity of the
early-succession stand phase to M. hippocastani overpopula-
tion. This phase is characterized by canopy opening (through
regeneration cuts or natural disturbances; Swanson et al. 2011)
and seedling recruitment, two important factors in oviposition
behavior (Tables 1 & 2, Figs. 3, 4 & 5). We also suggest some
caution in the regeneration phases (late and early-succession
phases) through the limitation of silvicultural interventions. In
addition, we emphasize the need to establish special monitoring
of stands with a high proportion of oaks, an open canopy and
the absence of a shrub layer (Fig. 5) within and nearby outbreak
areas.We show that, in a context of forest management adapted
to climate change (Legay and Mortier 2006), it is very impor-
tant to closely study the interactions between canopy opening

due to new silvicultural rules and wild ungulate densities. In
addition, it would be interesting to study the choice of egg-
laying sites in an outbreak area across several silvicultural sys-
tems (e.g. close-to-nature silviculture of uneven-aged stands
and even-aged high-forest stands).

Future research should focus on the interactions between
factors affecting forest dynamics and M. hippocastani popu-
lations: wild ungulates, natural and anthropogenic distur-
bances (droughts, storms, outbreaks of other secondary pests
(e.g. Jacquet et al. 2012 for processionary moth; Sallé et al.
2020, Sallé et al. 2014 for bark and wood boring species),
forest harvesting). Though we introduced questions
concerning the avoidance by female M. hippocastani of soils
infected with the fungus Beauveria spp; more research should
be carried out on predation, competition and parasite interac-
tions. The conditions for selecting the egg-laying site should
also be studied: is the strategy implemented by
M. hippocastani females closer to the “optimal foraging the-
ory” or the “optimal oviposition theory” (Scheirs and De
Bruyn 2002)? In parallel, how weather conditions influence
oviposition behavior, especially in a context of global
warming, should be further explored. According to optimal
oviposition theory, studies could be carried out on the rela-
tionship between egg abundance and the amount of roots in
the soil. Further research should investigate possible links
between recentM. hippocastani outbreaks and anthropogenic
climate change. As an example, dendroarchaeology has
highlighted that past phases of Melolontha outbreaks were
influenced by warming temperatures (Billamboz 2014).

Appendix

Fig. 6 From April 1st to June 30th

2019, temperature deviations
from the 1981–2010 average.
These data were collected at the
Strasbourg-Entzheim weather
station. The distance between the
weather station and our study site
is about 50 km
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Fig. 7 Distribution of values of canopy openness (top right) and relative proportion of oak (top left), common beech (bottom left) and Scots pine (bottom
right) basal area (BA) over the 106 sub-plots in the study

Table 3 Best models classified
according to an AICc-based
selection (with the “dredge” R-
function) to explain Melolontha
hippocastani egg-cluster density.
Chi2 and P values result from a
type II ANOVA

Model ΔAICc Variable name Estimates ± se Chi2 P value

1 0 Log(Canopy openness) 0.39 ± 0.08 21.41 3.7e − 05 ***
Proportion of oak BA 0.28 ± 0.09 10.72 0.0011 **

2 +1.10 Log(Canopy openness) 0.41 ± 0.08 23.48 1.26e − 06 ***
Proportion of oak BA 0.24 ± 0.09 6.80 0.009 **
Proportion of Scots pine BA −0.1 ± 0.09 1.19 0.28 ns

3 +1.50 Log(Canopy openness) 0.41 ± 0.08 23.08 1.56e − 06 ***
Proportion of oak BA 0.31 ± 0.09 11.22 0.0009 ***
Proportion of common beech BA 0.09 ± 0.1 0.78 0.38 ns

4 +1.95 Log(Canopy openness) 0.39 ± 0.09 20.24 6.8e − 06 ***
Proportion of oak BA 0.27 ± 0.09 9.4 0.002 **
Shannon diversity index 0.05 ± 0.09 0.34 0.56 ns

5 +2.21 Log(Canopy openness) 0.40 ± 0.09 19.48 1.02e − 05 ***
Proportion of oak BA 0.28 ± 0.09 10.83 0.00099 ***
Total BA 0.03 ± 0.09 0.08 0.78 ns

BA basal area

*P < 0.05; **P < 0.01; ***P < 0.001
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