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Abstract. Invasive ambrosia beetles, such as the black stem borer (Xylosandrus germanus), pose serious ecological and eco-
nomic threats to various natural, semi-natural and artificial ecosystems with suitable host plants. This study investigates the
temporal and spatial variation in X. germanus abundance within lowland, mostly oak-dominated forests of the West Carpathians,
focusing on the influence of tree species diversity, altitude, and forest stand age. Our findings reveal a strong positive correlation
between tree diversity and X. germanus abundance, suggesting that diverse forests provide favourable conditions for beetle es-
tablishment. Altitude also exhibited a significant positive effect, likely due to increasing humidity and more suitable microclimatic
conditions at higher elevations. In contrast, forest age had a small but significant negative effect, potentially due to reduced avail-
ability of stressed host trees in older stands. Beetle activity peaked in early to mid-June, in agreement with previous observations
of phenology of this species in Central Europe. These findings contribute to our understanding of the ecological factors shaping X.
germanus populations and provide valuable insights for forest management strategies aimed at mitigating the spread of invasive

ambrosia beetles.

INTRODUCTION

Many bark and ambrosia beetle (Coleoptera: Curculioni-
dae: Scolytinae) species pose a significant threat to forests
and various types of agroecosystems worldwide (Ploetz et
al., 2013; Biedermann et al., 2019). Unlike “typical” bark
beetles, which are phloephagous, roughly half of all mem-
bers of Scolytinae are xylomycetophagous — they bore
into the wood of host trees where they cultivate symbiotic
(ambrosia) fungi as a source of nutrition for both larvae
and adults (Batra, 1963; Biedermann & Taborsky, 2011;
Bussler et al., 2011; Dzurenko & Hulcr, 2022). Fungus-
cultivating Scolytinae, also called ambrosia beetles, are
becoming increasingly problematic as invasive pests. The
most successful and widespread ambrosia beetle invad-
ers comprise the clade Xyleborini (Smith & Huler, 2015;
Huler & Stelinski, 2017; Gomez et al., 2018). Apart from
the cryptic lifestyle and fungal mutualism characteristic
of all ambrosia beetles, xyleborines have a curious breed-
ing system (haplodiploidy and extreme inbreeding) which
facilitates their spread and establishment in invaded areas
(Kirkendall, 1983; Jordal et al., 2001; Peer & Taborsky,
2005). Thus, some non-native xyleborines have become
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economically important, and in a few cases, even destruc-
tive, pests in forests, tree nurseries, plantations, orchards,
and timber yards (e.g., Oliver & Mannion, 2001; Hulcr &
Dunn, 2011; Kendra et al., 2013; Ploetz et al., 2013; Galko
et al., 2015; Ranger et al., 2016)

Habitat structure, host resources, climate, management,
and antagonists (Park & Reid, 2007; Bussler et al., 2011;
Marini et al., 2011; Watanabe et al., 2014; Rassati et al.,
2016; Galko et al., 2019; Gossner et al., 2019) are among
the principal factors that influence the distribution and
abundance of invasive xyleborine populations. In Slova-
kia, two species of non-native xyleborines have become
well-established thus far — Xyleborinus attenuatus (Bland-
ford, 1894) (Knizek, 1988; Bjorklund & Boberg, 2017) and
Xylosandrus germanus (Blandford, 1894) (Galko, 2013;
Galko et al., 2019). However, it has been recently suggest-
ed that X. attenuatus may in fact represent a native spe-
cies with a wide Palaearctic distribution (Fiala & Holusa,
2023). The black stem borer, X. germanus, is a xyleborine
native to Eastern Asia and currently established in most of
Europe and North America (Gomez et al., 2018; Galko et
al., 2019). Genetic evidence indicates that its non-native
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populations are of Japanese origin (Dzurenko et al., 2021).
Xylosandrus germanus is a highly polyphagous generalist,
attacking over 200 species of woody plants, however, de-
ciduous trees are preferred as hosts (Weber & McPherson,
1983, Ranger et al., 2010). Several recent studies carried
out in Central European forests have shown that X. ger-
manus is significantly more abundant at low and medium
elevations in forest ecosystems dominated by oak and
beech compared to montane areas dominated by spruce
and fir, which are presumably less suitable for the species
due to low temperatures (Galko et al., 2019, Hauptman et
al., 2019, Fiala et al., 2020).

Although X. germanus has been established in Slovakia
for over a decade, the influence of tree species diversity on
its distribution and abundance within Central Europe has
not been investigated. In Italy, it has been shown that for-
est composition had a clear effect on the activity-density of
X. germanus (Rassati et al., 2016). We thus hypothesized
that tree species diversity would significantly impact X.
germanus numbers. Since most xyleborines, including X.
germanus, may be effectively captured in large numbers
by traps baited with ethanol, which is the primary volatile
cue aiding the beetles in host recognition and colonisation
(Ranger et al., 2010, 2021), we tested our hypothesis by de-
ploying ethanol-baited traps in 24 lowland closed-canopy
forests in the West Carpathians of Slovakia.

MATERIAL AND METHODS

Research area

Field research took place in lowland, managed, even-aged, and
closed-canopy forest stands with the majority dominated by oak
(Quercus spp.) with an admixture of hornbeam (Carpinus betu-
lus), European beech (Fagus sylvatica), maple (Acer spp.), lime
(Tilia spp.), black locust (Robinia pseudoacacia), wild cherry
(Prunus avium), Scots pine (Pinus sylvestris), rowan (Sorbus
aucuparia), and European aspen (Populus tremula). The forest
stands were situated in two areas in central and southern Slovakia
within an altitudinal gradient between 171 and 450 m a.s.l. (Fig.
1). See Table S1 for stand characteristics.

Trapping

Simple home-made traps were manufactured from 1.5 L plastic
bottles with a cutout window (10 x 20 cm) after Steininger et al.
(2015). Each bottle was inverted and baited with 85% aqueous
solution of absolute ethanol (Galvex, LLC) contained in a 100
ml plastic container suspended within the bottle on a metal wire.
Four circular openings (diameter 2.5 mm) were drilled evenly
along the circumference in the upper part of the container to per-
mit ethanol emission. Each container was filled with 75 ml of
absolute ethanol with a measured release rate of 0.73 £ 0.09 g per
day (n = 10) at 19 °C. The preservation solution (aqueous NaCl)
was contained within the bottle neck.

Traps were deployed at 24 forest stands within the two areas
(12 traps in central Slovakia and 12 in southern Slovakia) to cap-
ture Xylosandrus germanus females during peak flight activity
from April to August in 2016 and 2017. Part of the 2017 dataset
(trap captures only) was also used in a separate study (Dzurenko
et al., 2022), which focused on the effect of unusually cold winter
temperatures on the abundance of X. germanus. That publication
did not analyse any of the ecological predictors examined in the
present study (tree species diversity, altitude, or stand age). This
ensures transparency and avoids duplication of analyses. The
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Fig. 1. Sites of the 24 forest stands where traps were deployed.

traps were attached with a metal wire to the lower branches of
oak trees at 1.5—1.8 m above the ground. To ensure independence
of captures, each trap was placed at a minimum distance of 100 m
from the others. Traps were inspected and beetles collected at ap-
proximately two-week intervals. Trapped beetles were stored in
40% ethanol and subsequently counted in the laboratory. To char-
acterise tree species composition, trees were counted and identi-
fied to the species level within a circle around the trap with a 30
m diameter at each site. Shannon index was used as a combined
indicator of tree species richness and evenness.

Statistical analysis

Prior to analysis, the dataset was examined for data structure
and potential collinearity among predictor variables. Beetle
abundance, the response variable, was modeled using generalized
linear mixed models (GLMMs; Bolker et al., 2009) with a nega-
tive binomial error distribution to account for overdispersion, as
detected in an initial Poisson GLMM via the overdispersion test
in the performance package (Liidecke et al., 2021). The predic-
tors included the number of tree host species, diversity of tree
hosts (Shannon index), altitude, forest age, and sampling period.
Sampling period was treated as a continuous variable to allow for
a seasonal trend in beetle abundance. The random effect struc-
ture was optimised by sequentially removing random effects with
near-zero variance, evaluated through changes in Akaike Infor-
mation Criterion (AIC; Akaike, 1974). Initial models included
year, area, and forest site as random intercepts. The variance esti-
mates of year were negligible, and its removal resulted in an AIC
decrease. Area also exhibited low variance and was subsequently
removed, with model selection based on the lowest AIC. The final
model retained forest site as the only random effect, reflecting the
repeated sampling of specific locations across sampling periods.

Given the expectation of a nonlinear seasonal trend in beetle
abundance, different transformations of sampling period were
tested. Polynomial terms were incorporated into the models using
orthogonal polynomials via the poly() function in R, comparing
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Fig. 2. Effect of sampling period (month), altitude, forest age, and tree diversity index on captures of Xylosandrus germanus.

quadratic and cubic representations. Model selection was based
on AIC values, with the cubic polynomial providing the best
balance between fit and interpretability. Although higher-degree
polynomials further reduced AIC, they were not considered due
to the risk of overfitting, as sampling period had only five unique
values. The final model retained a cubic polynomial for sampling
period, which adequately captured seasonal variation.

Similar transformations were explored for tree diversity, alti-
tude, and forest age to assess potential nonlinear effects. How-
ever, incorporating polynomial terms for these variables did not
consistently improve model fit, and in all cases, the second-order
term was not statistically significant. Given these results, linear
effects were retained for tree diversity, altitude, and forest age,
while a cubic polynomial was used exclusively for sampling pe-
riod.

Collinearity among fixed effects was assessed using the check
collinearity() function from the performance package, ensuring
that all variance inflation factors (VIF) remained below five (Zuur
et al., 2010). Model fit was evaluated using marginal and con-
ditional R?, where marginal R? represents variance explained by
fixed effects and conditional R? includes variance explained by
both fixed and random effects (Nakagawa & Schielzeth, 2013).
The assumptions of the final model were verified using DHARMa
residual diagnostics to check for normality, dispersion, and ho-
moscedasticity of residuals (Hartig, 2022). The overdispersion
test indicated that the dispersion parameter was not significantly
different from expectation (dispersion = 0.092, p = 0.344), sug-
gesting no overdispersion in the model. The zero-inflation test
showed that the observed ratio of zeros was consistent with
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model expectations (ratioObsSim = 0.952, p = 0.856), confirming
that a zero-inflated model was not necessary. Homoscedasticity
was evaluated using the Kolmogorov-Smirnov test, which indi-
cated no significant deviation from uniformity in the residuals (D
=0.062, p = 0.324). These results confirm that the model meets
the necessary assumptions for valid inference.

Predictions from the final model were generated to examine the
effects of tree diversity (Shannon index), altitude, sampling pe-
riod, and forest age on beetle abundance. To obtain model-based
predictions, a new dataset was created where each predictor was
systematically varied over its observed range while keeping the
number of tree host species constant at its mean value. Addition-
ally, predictions were made for all forest sampling locations,
allowing for the incorporation of random effect variability. The
predicted values were then averaged across all sampling locations
to derive an overall expected beetle abundance for each unique
combination of predictor values.

All statistical analyses were conducted in R (R Core Team,
2023) using the packages glmmTMB (Brooks et al., 2017) for fit-
ting generalized linear mixed models, Ime4 (Bates et al., 2015) for
additional mixed-model functionality, and mgev (Wood, 2017)
for smoothing splines and generalized additive models. Model
diagnostics, including checks for overdispersion, collinearity, and
residual patterns, were performed using the performance package
(Ludecke et al., 2021), while residual validation was conducted
with DHARMa (Hartig, 2022). Model predictions were visual-
ised using ggplot2 (Wickham, 2016) to illustrate the effects of key
predictors on beetle abundance.
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Table 1. Summary of the negative binomial GLMM predicting beetle
abundance.

Predictor Estimate (3) SE z-value p-value
Intercept -0.802 1.530 -0.524 0.600
Number of tree host species -0.237 0439 -0.539 0.590
Tree diversity (Shannon index)  3.047 1.227 2.484 0.013*

0.0119 0.0025 4.834 <0.001***
—0.0248 0.0117 -2.112 0.0346*

Altitude (m a.s.l.)
Forest age (years)

Sampling period -13.932 1.265 —11.016<0.001***
Sampling period 2 -10.511 1.255 -8.376 <0.001***
Sampling period *3 11.406 1.096 10.405 <0.001***

RESULTS

A total of 23,782 specimens of Xylosandrus germanus
were captured during trapping conducted in the 24 se-
lected forest stands in the West Carpathians of Slovakia.
Xylosandrus germanus was, by far (>95% of all captured
specimens), the most numerous ambrosia beetle species
captured. Other species of ambrosia beetles captured dur-
ing trapping included Anisandrus dispar (Fabricius, 1792),
Platypus cylindrus (Fabricius, 1792), Trypodendron do-
mesticum (L.), T. signatum (Fabricius, 1792), Xyleborus
dryographus (Ratzeburg, 1837), X. monographus (Fab-
ricius, 1792), and Xyleborinus saxesenii (Ratzeburg, 1837).
These other species were captured in much lower numbers
and were not considered in our analysis. See Table S1 for
details on trap captures.

The final GLMM included tree diversity (Shannon
index), altitude, sampling period, and forest age as fixed
effects, while accounting for repeated sampling across lo-
cations by incorporating forest spot as a random effect. The
variance estimate for the random effect of forest spot was
0.93, with a standard deviation of 0.96, indicating moder-
ate variation among sampling locations.

Among the fixed effects, tree diversity had a significant
positive effect on beetle abundance (z = 2.484, p = 0.013).
Altitude also showed a significant positive relationship
with beetle abundance (z = 4.834, p < 0.001). Forest age
had a small but significant negative effect (z = -2.112, p
= 0.0346). A third-degree polynomial term was used to
model the effect of sampling period, capturing nonlinear-
ity in seasonal patterns. All three polynomial terms were
highly significant (all p < 0.001; Table 1).

Beetle abundance increased with tree diversity and alti-
tude, while it declined with increasing forest age. The sea-
sonal trend showed a non-monotonic pattern, with beetle
abundance peaking around the first half of June and declin-
ing toward the later months. These trends were further vis-
ualised using quartile-based summaries, which provided
additional insight into the distribution of predicted values
across environmental gradients (Fig. 2).

DISCUSSION

Our study examined spatial and temporal patterns in the
abundance of the invasive ambrosia beetle, Xylosandrus
germanus, within oak-dominated forests of the Western
Carpathians, highlighting the role of tree species diversity
and environmental gradients. Supporting our initial hy-
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pothesis, we found a significant positive relationship be-
tween tree diversity, measured by the Shannon diversity
index, and X. germanus abundance. This finding suggests
that more diverse forest stands provide either a greater
availability of suitable host trees or more favourable en-
vironmental conditions for beetle establishment and pro-
liferation.

Our results are consistent with earlier research by Ras-
sati et al. (2016), who also reported increased activity-
density of X. germanus and related ambrosia beetles in
more diverse forest stands. While X. germanus is highly
polyphagous, its preference for certain host species may
be influenced by variations in the growth conditions for
its fungal symbionts within different host trees (Castrillo
et al., 2012). Thus, increased tree species diversity within
a forest stand may clevate the probability of suitable host
availability, thereby promoting reproductive success and
higher beetle densities.

Altitude emerged as another significant positive predic-
tor of beetle abundance. Previous studies conducted in
Central Europe have documented the highest abundances
of X. germanus occurring in mid-elevation, beech-domi-
nated forests, typically around 450—700 m a.s.l. (Galko et
al., 2019; Hauptman et al., 2019). Our investigation, set at
lower elevations within oak-dominated ecosystems, aligns
with these findings by demonstrating an increase in bee-
tle abundance along the elevational gradient, presumably
reflecting a convergence toward the optimal environmen-
tal conditions found at mid-altitudes. The observed lower
abundances at lower elevations could be attributable to the
drier microclimatic conditions prevalent in these stands,
given the dependence of ambrosia beetles on relatively
high moisture levels to cultivate their fungal symbionts
(Holusa et al., 2021). Xylosandrus germanus abundance
in Central European forests plateaus within the mid-eleva-
tion, beech-dominated optimum and decreases with both
decreasing and increasing altitude. Above this optimum, X.
germanus is probably limited by low temperatures, since it
is only rarely found in spruce-dominated montane forests
above 1,000 m a.s.l. (Galko et al., 2019).

Forest age showed a modest yet statistically significant
negative correlation with X. germanus abundance. Al-
though X. germanus can colonise host materials of vary-
ing thickness (Zach et al., 2001; Henin & Verstein, 2004),
evidence indicates a preference for thinner stems, gener-
ally less than 10 cm in diameter (Bruge, 1995; Reed et al.,
2015; Ranger et al., 2016). Younger forests often experi-
ence intense inter-tree competition, leading to higher mor-
tality rates and increased availability of smaller-diameter
woody debris (Lutz & Halpern, 2006), particularly in even-
aged stands (Westoby, 1984). Such conditions presumably
provide more abundant and suitable breeding substrates
for X. germanus, thus explaining their higher abundance
in younger forests. Conversely, older stands might harbour
increased populations of natural predators or competitors
that contribute to suppressing beetle populations.

Our analysis further identified distinct seasonal activity
patterns for X. germanus, with abundance peaking in early
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to mid-June and subsequently declining. This seasonal
trend is consistent with documented phenological patterns
of X. germanus flight activity in Central Europe (Galko
et al., 2014; Fiala et al., 2020). The inclusion of a cubic
polynomial term effectively captured this non-monotonic
pattern, providing robust predictive power and clarity re-
garding seasonal fluctuations.

Overall, our findings underscore the importance of tree
species diversity, altitude, and forest age in shaping the
abundance patterns of X. germanus in oak-dominated for-
ests of the Western Carpathians. The positive relationship
with tree diversity highlights the ecological role forest
composition plays in mediating invasive species dynam-
ics, while the impacts of altitude and stand age illustrate
the complex interactions among microclimatic conditions,
habitat availability, and host suitability. An improved un-
derstanding of these ecological drivers is crucial for accu-
rately predicting future spread and informing forest man-
agement strategies aimed at mitigating the impacts of X.
germanus invasions. Future research should further inves-
tigate the underlying ecological mechanisms and consider
longitudinal studies to better inform conservation and pest
management practices.
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Online Supplement S1 (http://www.eje.cz/2025/034/S01.xlsx):

Table S1. Total captures of ambrosia beetles per stand.

307


https://www.eje.cz/2025/034/S01.xlsx

