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Abstract: To identify general patterns in the effect of climate-driven changes in the outbreak frequency
of forest defoliating species, we examined 60 years of records (1950–2010) of outbreaks of five
defoliating species. Data on Lymantria dispar, Lymantria monacha, Bupalus piniarius, Panolis flammea,
and Operophtera brumata from five Central European countries (Slovakia, Czech Republic, Austria,
Hungary, and Germany), where the current climate is comparable with the projections of climate for
the Eastern Baltic region by the end of the 21st century, were analyzed. Time series approach was
applied to estimate the linkage between outbreaks and climate warming. Mean annual, summer, and
winter deviations for the period of 1850 to 1900 were assessed as proxies of warming. To estimate
the legacy effect, warming proxies were lagged by one year. Among those tested, warming proxies
showed a linkage with outbreaks. Three significant outbreaks occurred in the analyzed period (at the
beginning and end of the period). During the middle part of the analyzed period, the frequency and
magnitude of outbreaks were low, implicating a higher insect outbreak risk with warming in Central
Europe. In the latter part of the analyzed period, more frequent yet smaller outbreaks occurred,
which supports the outbreak linkage with one-year lag, summer, and annual temperatures.
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1. Introduction

Natural disturbances are key processes of forest ecosystem dynamics that change forest
structure at the spatial and temporal scales [1]. Thus, disturbances such as storms, fires, and
insect outbreaks are an inherent part of forest ecosystems [2]. The ongoing climate change
shifts the frequency and/or severity of natural disturbances as well as the means and
amplitude of meteorological parameters and thus has direct and indirect effects on insects
and trees [3,4]. The changing climate, particularly temperature, has a direct effect on insects,
which might facilitate their development and survival [5]. Therefore, global warming can
promote insect outbreaks; however, the ongoing increase in optimum temperature might
lead to the disruption of diapause requirements and spring development of insects. This
might lead to a decrease in outbreak frequency and severity [6]. Additionally, an indirect
effect of warming could influence the spatial distribution of host trees and their suitability
to insects [6,7].

Contrasting effects of temperature on insect population size and geographical ranges
have been reported [8]. Several studies show that the increasing temperature could force
species distribution towards higher elevations and/or latitudes, leading to a loss of species,
due to a small geographical range [8–10]. For many species, temperature changes might
expand their geographical range [8], increasing development, reproduction, and survival
rates [11,12]. Global warming might also have a negative impact on insects, as their thermal
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tolerance is to be exceeded, and extreme weather events could lead to a reduction in the
population size [13].

The accelerating warming in temperate and boreal zones is expected to promote insect
development and outbreaks that could amplify defoliation on trees [14,15]. Although re-
duced snow cover and earlier snowmelt might decrease winter survival, earlier and longer
vegetation periods may favor species development due to earlier food supplies and longer
growing seasons [16,17]. This appears particular for moths, for which the overwintering
conditions are significantly improving [14,16,17] due to increased temperature and less
frequent cold spells [14,15]. For instance in Finland, the outbreak of Operophtera brumata in
mountain birch forests has been reported [18].

It has been considered that warming might lead to the decoupling of phenological
synchrony between both pests and parasitoids [19]. The differences between their heat
limits can result in changed relative development rates that could affect their population
biology [20]; therefore, their host–parasitoid synchronization could be disrupted [20].
Climatic events such as drought and storms can weaken trees, which renders them to be
more susceptible to insect attacks [21]. However, the combination of drought periods and
increasing temperature, which weakens trees, and population size of insects vs. parasitoids
are the main drivers of outbreaks under the changing climate conditions [22]; however,
their interactions are complex. In this regard, retrospection can provide an insight into the
main factors affecting insect outbreaks, thus improving the accuracy of future projections.
Therefore, the aim of this study was to assess trends in outbreaks of defoliators in Central
European forests. We hypothesized that warming increases the frequency and magnitude
of insect outbreaks.

2. Materials and Methods
2.1. Data Selection

The data on outbreak history in five Central European countries (Slovakia, Czech
Republic, Austria, Hungary, and Germany) were acquired from FAO [23]. Additionally, a
literature survey via European Forest Institute (https://www.efi.int/ (accessed on 15 March
2019)), Global Invasive Species Database (http://www.iucngisd.org/gisd/ (accessed on
11 April 2019)), Fauna European Database (https://fauna-eu.org/ (accessed on 1 April
2019)), and Google Scholar (https://scholar.google.com/ (accessed on 21 May 2020)) were
obtained. From these databases, information on total defoliated area (km2) by each species
per year was acquired. The defoliating lepidopterans (moths)—Lymantria dispar, Lymantria
monacha, Bupalus piniarius, Panolis flammea, and Operophtera brumata, which are widespread
in Central and Northern Europe and have similar development cycles, cyclic population
dynamics, and frequent outbreaks—were selected. The selected species pose a significant
threat to economically important tree species, particularly increasing tree vulnerability and
mortality. The climatic variables, including monthly mean temperature, were obtained
from IPCC [24].

2.2. Data Analysis

The time series approach was used to analyze outbreak history and its linkage with
warming. The autocorrelation coefficients for the selected outbreak data were estimated
to evaluate autoregressiveness, hence the legacy effect of outbreaks. Subsequently, auto-
correlation was removed when establishing standard outbreak chronology. Deviations
in mean annual, winter, and summer temperatures from the mean values for the period
of 1850–1900 were calculated as the proxies for warming in the investigated countries.
To estimate the linkage between outbreaks and warming, linear regression was used. Addi-
tionally, the time series of warming proxies were lagged by one year to assess their legacies
on the interannual variabilities of outbreaks.

https://www.efi.int/
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3. Results and Discussion

Cyclic outbreaks of forest defoliators in Central Europe were observed. In total,
1,100,000 km2 (4600 km2 per year) of forests were defoliated by the selected species during
the studied period. Six significant outbreaks occurred during the assessed period—in 1957,
1965, 1996, 2001, 2003, and 2009 (Figure 1A). The affected areas by defoliators reached
82,000 km2 in 1957, increased to 140,000 km2 in 1965, and ranged from 10,500 to 38,200 km2

from 1995 to 2010 (Figure 1A). The large-scale outbreaks became more frequent in the latter
part of the analyzed periods. However, during the period from 1970 to 1990, no significant
defoliation events were recorded (Figure 1A), which might be related to the gradual
transition of stand compositions from pure to mixed in Central Europe [25], which can alter
(moderate) defoliator behavior [26]. As the projection suggests, the climate conditions of
the Eastern Baltic region are to become comparable to the current climate of Central Europe
conditions by the end of the 21st century [24,27], and similar trends in defoliator behavior
might be expected. This is also supported by the comparable composition of forests in
Central Europe and the Eastern Baltic region [28]. Therefore, if the ongoing warming and
forestry practices remain constant, the severity and frequency of outbreaks of defoliators
in the Eastern Baltic region are expected to increase. The increase in outbreak frequency
occurred only at the end of the twentieth century, suggesting a common trend in both
climate and forest conditions [25]. However, after each cycle, the decreased probability of
outbreaks was estimated after the peak in it (Figure 1B).

Figure 1. Area (A), interannual variability (B), and dependence of outbreak area on temperature
deviation (C) during the period from 1950 to 2010 of the studied forest insect pests.

The interannual variabilities of outbreaks (their area) were affected by temperature
deviations (Table 1). The mean annual (p = 0.03), one-year-lagged summer (p = 0.02), and
summer temperature (p = 0.007) had a significant effect on the mean outbreak area. For
a better illustration, summer temperature deviations were used (Figure 1C). This shows
that climate warming might have promoted insect outbreaks. However, the impact of
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drought periods on defoliating insects is ambiguous [25]. In several studies, insect survival,
density, and performance decreased due to drought conditions [29,30], and their decline in
performance was proportional to drought length and intensity [6,30–32]. Moreover, there
is a linkage (feedback loop) between the population densities of defoliator caterpillars
and great (Parus major) and blue tits (Parus caeruleus) [33]. Caterpillars of defoliators are
preferred food sources of tits, and insect population density peaks (outbreaks) match with
the hatching of chicks [33]. Therefore, predictions of the outbreak dynamic of defoliators
have many uncertainties, mainly because of conflicting evidence [6]. Still, it is complicated
to predict defoliator dynamics due to changing weather patterns, extreme climatic events,
and different plant–insect–parasitoid interactions [4,6].

Table 1. Regression analysis showing the effect of insect outbreaks and temperature deviations in
Central Europe during the selected study period.

Mean Temperature Deviations R2 p-Value

annual 0.06 0.03
winter 0.01 0.20

summer 0.10 0.01
one-year lagged

annual 0.03 0.10
winter −0.02 0.90

summer 0.07 0.02

4. Conclusions

A linkage between outbreak and temperature deviations was found, suggesting that
increasing temperature facilitates the outbreak frequency in Central Europe. However, the
increase in the proportion of mixed stands likely mitigated the outbreak activity, suggesting
that similar management practices might be effective for the reduction in defoliator damage
in the Eastern Baltic region. If the forestry practice remains the same (emphasis on pure
stands), an increase in severity and frequency is expected.
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