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Abstract: The magnitude and frequency of Extreme Weather Events (EWEs) are increasing, causing
changes in species distribution. We assessed the short-term effects of a late spring frost on beech
forests, using satellite images to identify damaged forests and changes in v-egetation phenology,
as well as to support the analyses on associated moth communities. The EWE caused crown dieback
above 1400 m of altitude, recovered only after several weeks. Nine stands for moth sampling, settled
in impacted and non-impacted forests, allowed us to study changes in moth communities and in
the wingspan of the most impacted species. The EWE modified community structures, reducing
the abundance of beech-feeder species, but leaving species richness unaltered. Operophtera fagata
and Epirrita christyi, dominant before the EWE, lost 93% and 89% of their population, respectively.
We found a general increase in the average wingspan for these species, caused by the loss of
small specimens in most impacted forests, suggesting a re-colonization from non-impacted forests.
According to our results, populations of some species could be more resilient than others after an
EWE due to their different dispersal ability. Forest ecosystems appear to be dynamic entities able
to cope with extreme weather events but, likely, only if they continue to occur in the future at the
current rate.

Keywords: climate change; Epirrita christyi; extreme weather events; Fagus sylvatica; Lepidoptera;
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1. Introduction

The relative importance of climate warming as a major driver of biodiversity and ecosystem
changes is expected to increase in the future [1]. The rate of change will likely exceed the ability of many
species to adapt, amplifying the risk of cascading effects through ecosystem interactions. Warming
is already changing the seasons in temperate zones, favoring milder winters and unpredictable
Extreme Weather Events (EWEs) [2–6]. Over the past few decades, EWEs have caused serious
economic/environmental damages [7], notably affecting ecosystems [8] and magnifying the negative
impact of gradual warming on biodiversity [9–11]. The most tangible evidence of these climatic events
is the alteration of species ranges due to extinctions and colonization processes, changing the structure
of entire ecosystems [12,13]. The long-term consequences of climatic events appear to be detrimental,
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especially to declining populations living at the edge of the species range, by shifting their distribution
and/or their phenology [14–18].

Mountain ecosystems are known to be highly sensitive to global warming as many biological
processes are strictly climate-dependent [19,20]. In particular, forest habitats are vulnerable to abrupt
EWEs due to the slow adaptation of trees to sudden environmental changes [21–23]. Occasional late
spring frosts are one of the most serious threats to mountain forests as they are even more frequently
preceded by mild winters, causing a strong reduction of the photosynthetic period due to the death of
blooms and fresh foliage [24,25]. This was reported in several studies concerning beech forests [26–30],
the broadleaved forest type distributed at the highest elevations in southern Europe.

The European distribution of the common beech Fagus sylvatica L. extends from southern England
and southern Sweden, where it is a lowland tree, to the Apennines of central-southern Italy, where
it is confined to mountainous regions occupying an altitudinal belt between 900 and 1900 m above
sea level [27,31–33]. Mediterranean beech forests are particularly precious as they are ecologically
and biogeographically older than in the rest of Europe [34], home to species of conservation concern
and biogeographic interest [34–36]. Then, the effects of heavy/frequent EWEs on the fauna associated
with Mediterranean beech forests can be detrimental to the biodiversity on a continental scale;
however, impacts of late frost events on beech ecosystems have only rarely been reported for southern
Europe [25].

Among other taxa, Lepidoptera are critical to the functioning of forest ecosystems as they represent
a relevant portion of biomass, playing several ecological roles as selective herbivores, pollinators,
and prey [37]. Extreme cold events could impact the structure and compositions of Lepidoptera forest
communities at different spatial scales [38], as well as affect life cycles of single species causing direct
or indirect mortality in young hectothermic larvae [39–41]. Direct mortality can occur when larvae
are exposed to unusual extreme cold during early stages [40,42]. Indirect mortality is mainly due to
the increase of antagonists after an EWE [43–45] and/or to starvation caused by the loss of trophic
resources [13].

Nowadays, assessing climate- and weather-driven natural hazards by improving proximal and
remote observational tools and by integrating data on different ecosystem components is a primary
challenge. Differently from drought and heatwaves, which can be predicted some weeks or months
before the events, frosts are largely unpredictable in time and in space. Their effects on biodiversity
are therefore studied by analyzing weather datasets and population measures of a given taxon several
years after the occurrence of EWEs [46–49], losing the possibility to investigate direct causal effects
and short-term responses of affected biota.

A multi-year study of forest moth diversity began in the spring of 2015 in different areas of
Calabria, southern Italy (see [50]). One of the investigated areas was Pollino National Park, which
was affected by an extraordinary late frost that occurred during spring 2016. The effects of this EWE
extended to the entire Apennine beech forest, from Tuscany to Calabria, and caused extensive crown
dieback, favored by a mild winter which promoted early bud flushing [25]. The availability of data
describing moth communities before the EWE, and the access to satellite image sequences capturing
the beech forest response to the EWE, allowed us to carry out pre- and post-event comparative analyses
in order to search for casual effects of the EWE on moth communities. In detail, we analyzed moth
diversity and abundance, focusing our attention on species trophically dependent on beech trees,
especially on those having young larvae feeding in springtime on the buds and immature leaves of
beeches. We carried out ad hoc elaborations of multi-temporal satellite data to delimit the impacted
forests, so as to link changes in moth communities to the crown dieback and therefore to the EWE.
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2. Materials and Methods

2.1. Study Area and the 2016 Spring EWE

The study area is entirely within Pollino National Park, an interregional park spread over the
Calabria and Basilicata regions, Italy (Figure 1). The Pollino Massif is the highest mountainous area
in the southern Apennines (2267 m). Forests cover 86,326 hectares, of which 39.6% are beech. There
are two main types of beech forests, according to the altitudinal range along which Fagus sylvatica
extends: one is more thermophilous (Aquifolium-fagetum), up to 1500–1600 m a.s.l., and one is more
mesophilous (Asyneumati-fagetum), up to the highest elevations [51].
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Figure 1. (a) Distribution of beech forests (green colored) of Italy, extracted from the Corine Land
Cover (CLC) 2012 Level IV—class 3115. (b) Study area within the Calabria region. (c) Sampling stands
(yellow dots) located on the Pollino Massif. Contour lines indicate elevation.
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In this area, very high temperatures occurred in the winter of 2015/2016, with a peak in
February 2016 (http://www.aer.com/winter2016). The positive trend observed in the Campotenese
meteorological station, the nearest to the study area, continued until the temperature dropped abruptly
on 26 April 2016 (Figure 2). The differences with 2015 and with the average estimated from 2002 to
2015 in the same meteorological station show the particular spring of 2016 to be warmer than usual
in the first part and colder than usual after the EWE, despite the fact that the mean values estimated
for the total period are comparable (~8.5 ◦C). As temperature values usually decrease with elevation
(about −6 ◦C/1000 m, e.g., [52]), the severity of cold spells increases accordingly and the most damage
is expected in the elevation range where the greening season of the forest was already under way on
the frost date. Temperature is not sufficient to determine the impacted areas; however, the evolution of
the temperature over time (Figure 2), which regulated the forest phenology [53] during 2016, provided
a guide for selecting the best periods to follow significant greening stages, to detect the adverse effects
of the EWE on crowns, and to evaluate the recovery from frost. The first image was selected early in
spring when the temperature values started to become higher than the 2002–2015 averages; the second
was selected in the period after the EWE when these values became lower than the 2002–2015 averages;
and, finally, the last one was selected when temperatures attained the average historical values.

Forests 2018, 9, x FOR PEER REVIEW  4 of 18 

 

In this area, very high temperatures occurred in the winter of 2015/2016, with a peak in February 

2016 (http://www.aer.com/winter2016). The positive trend observed in the Campotenese 

meteorological station, the nearest to the study area, continued until the temperature dropped 

abruptly on 26 April 2016 (Figure 2). The differences with 2015 and with the average estimated from 

2002 to 2015 in the same meteorological station show the particular spring of 2016 to be warmer than 

usual in the first part and colder than usual after the EWE, despite the fact that the mean values 

estimated for the total period are comparable (~8.5 °C). As temperature values usually decrease with 

elevation (about −6 °C/1000 m, e.g., [52]), the severity of cold spells increases accordingly and the 

most damage is expected in the elevation range where the greening season of the forest was already 

under way on the frost date. Temperature is not sufficient to determine the impacted areas; however, 

the evolution of the temperature over time (Figure 2), which regulated the forest phenology [53] 

during 2016, provided a guide for selecting the best periods to follow significant greening stages, to 

detect the adverse effects of the EWE on crowns, and to evaluate the recovery from frost. The first 

image was selected early in spring when the temperature values started to become higher than the 

2002–2015 averages; the second was selected in the period after the EWE when these values became 

lower than the 2002–2015 averages; and, finally, the last one was selected when temperatures attained 

the average historical values. 

 

Figure 2. Daily minimum temperature recorded at the Campotenese meteorological station (973 m 

above sea level, source: Regional Agency for Environmental Protection in Calabria (ARPACal)). 

Continuous line: values recorded during 2016; dashed line: values recorded during 2015; grey area 

profile: average values from 2002–2015. The low percentage of missing data allowed us to obtain a 

reliable reconstruction of the long-term averages in the study period. 

2.2. Satellite Images and Supplementary Data 

We used satellite images from two different sensors to characterize the phenology of the Pollino 

beech forest and to assess damage and potential recovery: 

- MODIS (Moderate Resolution Imaging Spectroradiometer) satellite time series were used to 

compare the greening season between 2015 and 2016. The MOD13Q1 NDVI (Normalized Difference 

Vegetation Index), available as a 16-day composite with 250-m spatial resolution (from the National 

Aeronautics and Space Administration Land Processes Distributed Active Archive Center, see 

https://earthexplorer.usgs.gov/), proved to be suitable for investigating ecological impacts of extreme 

events at regional scales [54]. 

Figure 2. Daily minimum temperature recorded at the Campotenese meteorological station (973 m
above sea level, source: Regional Agency for Environmental Protection in Calabria (ARPACal)).
Continuous line: values recorded during 2016; dashed line: values recorded during 2015; grey area
profile: average values from 2002–2015. The low percentage of missing data allowed us to obtain a
reliable reconstruction of the long-term averages in the study period.

2.2. Satellite Images and Supplementary Data

We used satellite images from two different sensors to characterize the phenology of the Pollino
beech forest and to assess damage and potential recovery:

- MODIS (Moderate Resolution Imaging Spectroradiometer) satellite time series were used to
compare the greening season between 2015 and 2016. The MOD13Q1 NDVI (Normalized Difference
Vegetation Index), available as a 16-day composite with 250-m spatial resolution (from the National
Aeronautics and Space Administration Land Processes Distributed Active Archive Center, see

http://www.aer.com/winter2016
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https://earthexplorer.usgs.gov/), proved to be suitable for investigating ecological impacts of extreme
events at regional scales [54].

- The most recent Sentinel-2 data (launch 23 June 2015), with a higher spatial resolution (10 m),
were suitable to carry out studies at the local scale. Three satellite images (Level-1C reflectance) were
acquired (from the European Space Acency Scientific Data Hub) in different periods: before the EWE
(20 April 2016), approximately one month later (23 May 2016), and two months later (29 June 2016).
These images were selected on the basis of the low percentage of cloud cover in the investigated areas
(completely free of clouds in the sampled sites).

To identify beech forests and differentiate elevation levels, we downloaded the 2012 Corine
Land Cover map (CLC-IV level) and a Digital Elevation Model (DEM) with 20 m × 20 m
grid cells from the Italian National Institute for Environmental Protection and Research (ISPRA)
(http://www.sinanet.isprambiente.it/it/sia-ispra/download-mais/).

2.3. Methods Devised to Identify Forest Areas Impacted by the EWE

Our study was fundamentally based on the analysis of the NDVI, which is a proxy for
photosynthetic activity [55], known to be valuable at different spatial scales for the investigated
Mediterranean mountainous ecosystems [56–58]. This index is calculated according to the following
formula:

NDVI =
(ρNIR − ρRED)

(ρNIR + ρRED)
(1)

where ρNIR and ρRED are the reflectances at the near-infrared and red wavelengths (respectively bands
8 and 4 in the case of Sentinel-2; available as MOD13Q1 product for MODIS).

To synthesize the shock-recovery process, we investigated the normalized differences between
Sentinel-2 NDVI maps by calculating the ∆NDVI as follows:

∆NDVIi =
NDVIfin − NDVIin

NDVIin
(2)

where fin = 29 June 2016 and in = 23 May 2016 for i = 1; fin = 29 June 2016 and in = 20 April 2016 for
i = 2; fin = 23 May 2016 and in = 20 April 2016 for i = 3.

An RGB composition was obtained using ∆NDVI1, ∆NDVI2, and ∆NDVI3 as the intensity
of red (R), green (G), and blue (B), respectively. This composition enabled the synthesis of the
shock-recovery process observed on three dates in a single image and the identification of areas with
different behaviors.

Finally, class 3115 (forest with a prevalence of beech) was selected from the CLC map to identify
beech forests, and contour lines with a step of 100 m were extracted from the DEM of the area.

2.4. Moth Sampling and Dataset Organization

The sampling stands for the monitoring of moth communities were located between 990 and
1475 m a.s.l. and covered a large area of the altitudinal belt of the Pollino (PO) thermophilous beech
forests. We selected nine stands grouped into three different elevation classes: low (PO_A1-2-3,
990–1035 m), medium (PO_B1-2-3, 1310–1370 m), and high (PO_C1-2-3, 1460–1475 m) elevation
(Figure 1). For each elevation class, the three stands correspond to different successional stages of
the beech forest: mature and unevenly aged beech (stand 1); young beech forests/mature coppices
converted to high forests (stand 2); and clearings and pastures surrounded by a forest matrix (stand 3).

Moths were sampled in each stand from May to November using one Ultra Violet Light
Emitting Diode (UV-LED) light trap powered by a portable battery (45 Ah, 12 V) (for further details,
see Reference [59]). Since moth sampling can vary significantly from one night to the next depending
on abiotic factors (e.g., temperature, wind speed, moon phase, rainfall), we turned on the traps in all
the stands simultaneously one night per month.

https://earthexplorer.usgs.gov/
http://www.sinanet.isprambiente.it/it/sia-ispra/download-mais/
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The sampling stands analyzed in this work represent a subset of a larger network originally
designed for monitoring moth communities in the whole Calabria region. Before the EWE, within the
Pollino sub-area, the experiment was designed to investigate the moth community composition of
selected stands during the first year, replicating the stands at the highest altitude (PO_C1-2-3) in the
following year. After the EWE occurrence, we hypothesized that the species with overwintering eggs
and larvae feeding on beech leaves during springtime were the most impacted. In order to test our
hypothesis, we integrated the original design with additional ad hoc samplings during the autumn
(September–November), including all the stands sampled before the EWE. For such ad hoc samplings,
we turned on the traps when meteorological conditions were optimal for moth activity to avoid
an underestimation of species abundances due to unfavorable collecting nights. Then, we selected
for community comparisons the most abundant sampling night per month, separated at least by
three weeks.

From the collected samples, three datasets were organized (see Supplementary Material, Datasets):

- Dataset 1 contained samples from the three stands of PO_C site collected from May to November
2015 and 2016; in total, we used 42 samples to compare species richness and abundance before
and after the EWE at high elevation.

- Dataset 2 contained samples from all of the stands of PO_A, PO_B, and PO_C sites collected from
September to November 2015 and 2016; in total, we used 54 samples to search for changes in
community structures and in abundance patterns of individual species.

- Dataset 3 contained wing measurements of all the specimens belonging to the two dominant
species collected during all sampling sessions.

2.5. Methods to Evaluate the EWE Impact on Moth Communities

The collected specimens were identified using specialized literature [60–69] and stored in the
collection of the Council for Agricultural Research and Economics, Research Centre for Forestry and
Wood (CREA-FL), Rende, Cosenza, Italy.

The three datasets obtained from the two-year field campaigns were analyzed separately, focusing
on the differences which can reveal EWE effects.

Dataset 1 was used to focus on the changes that occurred at the highest elevation (PO_C stands).
We compared the number of individuals (N) and species (S) before and after the EWE, as a whole
and partitioned into two guilds: beech feeders (BFs), which included species whose larvae can
feed on beeches; and non-beech feeders (n-BFs), which included species whose larvae have other
host plants. To depict the changes in abundance and richness of the entire communities and of the
feeding guilds, we built individual-based rarefaction curves, including standard deviations. We tested
differences in relative abundances of feeding guilds before and after the EWE using the non-parametric
Kruskal-Wallis test of medians, focusing the analyses on the 10 most abundant species for each guild
in 2015 and 2016.

Dataset 2 was used to evaluate the changes in community structures by performing a cluster
analysis based on a paired group algorithm and adopting presence/absence-based (Dice) and
abundance-based (Bray-Curtis) indices as similarity measures.

Dataset 3 was used to compare wingspans changes between 2015 and 2016 of the most abundant
species. To provide a proxy of wingspan, we measured the distance between the insertion point of
the forewing and its apex, analyzing males and females separately. The dataset was subjected to a
t-test with a 95% confidence interval to compare measures obtained before and after the EWE in the
same site.

Diversity and abundance values were compared using raw data (number of species and number
of individuals) as the same sampling effort was carried out during the same collecting nights.
All statistical analyses were performed using the free software Past, version 3.08 [70].



Forests 2018, 9, 388 7 of 18

3. Results

3.1. The Impact of EWE on Beech Forests

The analysis of the MODIS time series at 250 m was useful to evaluate the large scale phenology
response of the forest to the EWE. The greening season of the whole beech forest during 2016
significantly differed from 2015 (Figure 3).
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Figure 3. Pollino beech forest phenological profiles obtained from MOD13Q1 product (NDVI;
Normalized Difference Vegetation Index) data for 2015 and 2016. For the ordinates of NDVI values
(range 0:1), the abscissa dates correspond to the 16-day compositing periods of Moderate Resolution
Imaging Spectroradiometer (MODIS) data (using dates for 2016, which is a leap year; for the non-leap
year 2015, dates should be advanced by one day).

During 2015 the photosynthetic activity was accelerated between the first half of April and the
first half of May and showed a more gradual trend until June. Conversely, in 2016, we observed a
rapid increase in late March–early April followed by a growth break and a final restart in the first few
days of June. Due to the high temperature values recorded in the first period, the greening season
onset was about half a month earlier compared to 2015, making the EWE impact on beech trees more
severe for the presence of fresh foliage.

A more detailed local scale analysis, based on Sentinel-2 data at 10 m, was performed to
discriminate areas differently affected by the EWE. The sequence of the selected 2016 NDVI images
allowed us to display the evolution of the vegetation activity in the area (Figure 4a). In the NDVI map
before the EWE (Figure 4a, 20 April 2016), only beeches at a very high altitude were still dormant
(bluish areas), while the remaining forest showed a good level of vegetation activity (reddish areas).
In the images acquired approximately one month after the EWE (Figure 4a, 23 May 2016), a large
portion of beech forest showed a decrease in NDVI, which returned to high values two months after the
EWE (Figure 4a, 29 June 2016). These changes in NDVI values were synthesized in an RGB composition,
which allowed us to separate areas impacted by the EWE from areas that were not affected (Figure 4b).
The NDVI values of low elevation beech forests (grey-blue) increased in the EWE period as the frost
here was not particularly severe. The beech forests at highest altitudes (green-yellow) approached
greenness in June and did not suffer significant negative effects. Only the areas located at intermediate
altitudes (orange), characterized by a decrease in NDVI values from April to May and by an increase
from May to June, were negatively impacted by the EWE.
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Figure 4. (a) NDVI maps from high-resolution (10 m) Sentinel-2 satellite images acquired in different
periods: 1- before the Extreme Weather Event (EWE) (20 April 2016); 2- approximately one month
later (23 May 2016); and 3- approximately two months later (29 June 2016). Reddish areas (high NDVI)
enhance forests with a good level of vegetation activity, while bluish areas (low NDVI) indicate forests
that are dormant or damaged. (b) RGB composition map of ∆NDVI1, ∆NDVI2, and ∆NDVI3. Areas
severely impacted by EWE (orange) are separated from non-affected areas (yellow + grey). Contour
lines with a step of 100 m are in black.

According to the RGB composition (Figure 4b), the severely impacted area was delimited by two
elevation boundaries (1400 m and 1600 m). By overlapping this area and the three single-date NDVI
maps (Figure 4a), we can define an NDVI threshold (0.60) which can be associated with the vegetation
activity level characterizing the forest in an advanced greening phase. On 20 April 2016, the NDVI
values were greater than 0.60 up to 1600 m, whereas above this elevation lower NDVI values were
estimated. This upper boundary, therefore, identifies the forest which was already greening on the
EWE date. On 23 May 2016, the 0.60 NDVI threshold moved from 1600 m down to 1400 m, thereby
indicating that below 1400 m the severity of the cold spell was not sufficient to damage the forest.
Finally, on 29 June 2016, the NDVI values exceeded the 0.60 threshold for the entire area, showing that
the recovery was completed.

It is worth noting that the impacted area is not fragmented and elevation is therefore the basic
parameter to delimit the areas affected by the EWE.

3.2. The Impact of EWE on Moth Communities

On the basis of satellite analyses, the moth sampling stands most impacted by EWE corresponded
to PO_C1-2-3. Also, PO_B2 presented marginal effects, probably due to a partial loss of crown foliage
at the border of the impacted area.
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3.2.1. Diversity and Abundance before and after the EWE

We analyzed the most impacted stand communities, composed of 8557 individuals and 249 species
(Dataset 1), by rarefaction curves which showed a very similar trend between years in the sampled
open habitat (PO_C3) only. In contrast, rarefaction curves of the forest stands (PO_C1 and PO_C2)
showed evident differences, mainly due to the decrease of individuals, whilst species richness was
quite stable (Figure 5a). We found that the abundance of n-BFs slightly changed between years in all
stands, whilst the abundance of BFs strongly decreased in forest PO_C1 and PO_C2 stands during
2016. On the other hand, species richness was quite stable, showing only a substantial decrease of
n-BFs in PO_C1 (Figure 5a).
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Figure 5. Comparisons of moth communities sampled before (2015) and after (2016) the extreme
weather event (EWE). (a) Individual-based rarefaction curves with standard deviation (dotted lines) of
communities sampled within stands showing crown dieback (PO_C1-2-3). Communities were analyzed
as a whole and partitioned into beech feeders (BFs) and non-beech feeders (n-BFs). (b) Cluster analysis
(paired group) performed on autumn samples. Communities constituting a cluster before the EWE are
indicated by circles of the same color and maintained as a reference for a given stand. Snowflakes mark
stands showing crown dieback.

The 10 most abundant species of BFs and n-BFs represented 70.8% and the 13.1% of PO_C
communities during 2015, respectively. BFs decreased to the 33.6% and n-BFs increased to the
42.0% after the EWE. Nevertheless, this resulted in a non-significant change of the median of
relative abundances of BFs between years (Kruskal-Wallis test: BFs_2015 = 0.025, BFs_2016 = 0.022,
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p = 0.88), with the strong reduction being attributable to only a few species. The median of relative
abundances of n-BFs showed an increase just below the threshold of significance (Kruskal-Wallis test:
n-BFs_2015 = 0.010, n-BFs_2016 = 0.019, p = 0.059). On the other hand, we found a significant difference
between BF and n-BF medians only during 2015 (p = 0.013), as they were not significantly different
during 2016 (p = 0.60), showing an increased relative importance of n-BFs within moth communities
after the EWE.

At the species level, the BFs Operophtera fagata Scharfenberg and Epirrita christyi Allen, both in
flight in autumn, were the most abundant species before the EWE, with 2260 and 654 specimens,
respectively. These species suffered a strong decrease after the EWE, with an abundance loss of 93%
in the former and 89% in the latter. This decrease was registered in PO_C1 and C2 stands. Also, the
abundance of other BF species, such as Campaea margaritaria Linnaeus, strongly decreased (−81%).
Differently, the n-BFs Eilema lurideola Zincken and Lithosia quadra Linnaeus, both with lichenophagous
larvae, showed a marked increase in abundance (an increase of two and 12 times, respectively).

3.2.2. Consistency of Autumn Moth Communities between Impacted and Non-Impacted Sites

Cluster analyses (CA) performed on the autumn communities sampled before and after the spring
EWE were based on a dataset composed of 6177 individuals and 112 species (Dataset 2). The CA,
based on presence/absence data (Dice similarity index), produced identical clusters in both years.
We identified one group which included low-elevation stands (cluster 1), one which included open
habitats and one perturbed forest stand (cluster 2), and one which included unperturbed beech forests
(cluster 3) (Figure 5b). According to the presence/absence data, the EWE-impacted stands preserved
their identity over the study years. However, the CA based on abundance data (Bray-Curtis similarity
index) produced a different clustering between years. Before the EWE, the abundance data produced
clusters identical to those of the presence/absence data, whereas in the autumn following the EWE,
we observed a more confusing ordination, with only the first cluster remaining unmodified. Medium
elevation stands, which were near but outside the most impacted beech forests, were grouped together,
whereas stands that experienced crown dieback did not produce a cluster and showed a loss of defined
community structure.

The overall abundance of autumn communities strongly decreased in PO_C and PO_B stands,
remaining stable in PO_A stands, as similarly observed for BFs (Table 1). On the other hand, n-BFs
showed a general increase in all sites, but more evidently in PO_B and PO_C stands. As observed
in the previous paragraph, the abundances of O. fagata and E. christyi showed a significant decrease
in PO_C1+2+3. The abundance of O. fagata was substantially stable in PO_B1+2+3 and PO_A1+2+3,
whilst E. christyi showed a significant decrease in PO_B1+2+3 and a significant increase in PO_A1+2+3
(Table 1). The strong decrease of both species at a high altitude supported the hypothesis of causal
detrimental effects of the EWE in the most impacted forest area.

Table 1. Changes in abundance of autumn communities after the EWE in the investigated sampling
sites (PO_A, PO_B, and PO_C). In detail, we reported the number of individuals collected before and
after the EWE (2015/2016) and the differences between the two sampling years as a percentage (∆%)
regarding total community (TOT), beech feeders (BFs), non-beech feeders (n-BFs), and most impacted
species (Operophtera fagata and Epirrita christyi).

TOT BFs n-BFs Operophtera fagata Epirrita christyi

PO_A(1+2+3) 2015/2016 574/607 227/225 347/383 9/10 75/152
∆% 6 −1 10 11 103

PO_B(1+2+3) 2015/2016 828/480 759/377 69/103 400/338 257/23
∆% −42 −50 49 −16 −91

PO_C(1+2+3) 2015/2016 3188/500 3066/268 122/232 2260/161 654/70
∆% −84 −91 90 −93 −89
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3.2.3. Changes in the Wing Measurements of Epirrita christyi and Operophtera fagata

We measured nearly all of the specimens collected in 2016, whilst we measured only the stored
specimens from 2015 as the EWE was unexpected. Few reference specimens were spread, whereas
others were stored in paper envelopes. Measurements obtained from males and females of E. christyi
were analyzed separately; however, this was not applicable to O. fagata as the brachypterous females
did not enter the light traps. The dataset for O. fagata included a total of 1383 measurements, with 878
for 2015 and 505 for 2016. We measured a total of 1,223 specimens of E. christyi, including 504 males
(350 for 2015 and 154 for 2016) and 719 females (588 for 2015 and 131 for 2016) (Dataset 3).

After the EWE, the O. fagata wings were significantly larger in the forest portion affected by
crown dieback, whereas their dimensions were unvaried in the forest portion unaffected by foliage
death (Figure 6). This pattern was mainly determined by the loss of small specimens, whereas large
specimens were similarly represented before and after the EWE. Epirrita christyi showed a significant
increase in wing dimension in all surveyed sites, regardless of elevation. Nevertheless, a loss of
small specimens was observed after the EWE only in sites which experienced an evident decrease in
abundance. The species pattern was determined by females, whereas males significantly increased
only at a low elevation (Figure 6).
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Figure 6. Box and Jitter plots for wing measurements (distance between the insertion point and
apex of the forewings) of Operophtera fagata and Epirrita christyi. Red dots of Jitter plots indicate
2015 measurements that exceeded the 2016 range, and green dots indicate 2016 measurements that
exceeded the 2015 range. For each sampling site is given the numbers of measured specimens (n),
differences between years were evaluated using the t-test and p-level reported in parentheses; n.s.
means not significant.



Forests 2018, 9, 388 12 of 18

4. Discussion

We used meteorological and remote sensing data to study the effects of a frost event on the Pollino
Mediterranean beech forest in 2016. These results were integrated with moth biometric data to draw
some inferences of general value from the single-event observations [71].

Moderate-resolution MODIS satellite data allowed us to pick up the features of the greening season
of the whole forest during the total investigated period and high-resolution Sentinel-2 data enabled us
to single out the areas most damaged by the EWE, as the revisit time and spectral range of this Earth
observation mission are particularly suited to monitor plant health and growth [72,73]. Selected images,
investigated by an appositely devised multi-temporal analysis, allowed us to identify an elevation belt
where the already greening beech forest experienced a temporary phenology break/throwback before
recovery and where we expected major damage for moth species trophically dependent on beech trees.

Modifications in Lepidoptera were observed at both community and population levels,
as evidenced by changes in community structures and by an overall decrease of abundance, whereas
the number of species was quite stable. Forest Lepidoptera usually present periodic species-related
fluctuations in their populations due to several factors, and a decrease in one species generally
corresponds to an increase in another species with the same feeding habit. In our study, we observed a
population decrease in all the dominant beech feeder species, but only in the high-elevation forests
presenting crown dieback. Similar population crashes have been commonly observed after climatically
extreme years [49]. The death of beech-associated moths was likely caused by the exposure of larvae to
lethal cold temperatures at high elevation and/or to a long starvation period as leaves only appeared
several weeks after the crown dieback.

The vulnerability of lepidopteran life stages varies according to the type of climatic extreme under
consideration [48]; however, the sudden occurrence of an EWE and the magnitude of the event play a
key role in determining the effects on biota. The cold tolerance of Lepidoptera varies during their life
cycle, and it is higher in overwintering stages when they have time to acclimate to expected colder
temperatures [74]. During the investigated spring EWE, beech feeder larvae suffered unexpected cold
temperatures after a period with mild temperatures, having no time for acclimation. These larvae
belong to species that are in flight during the autumn and overwinter as eggs. In fact, in this study,
the species that were most abundant during the autumn before the EWE, i.e., Operophtera fagata
and Epirrita christyi, experienced a marked population reduction at high-elevation stands, where
the beech forest was strongly impacted by the EWE which caused the complete depletion of foliage.
At lower elevations, these species were stable or showed increased abundance. This asymmetric pattern
confirms the negative causal effect of the EWE on moth populations, supporting the hypothesis of a
high mortality of larvae feeding on young beech leaves in late April. In detail, O. fagata only showed
decreases in the forest area presenting crown dieback, whereas E. christyi also showed decreases in the
site outside the impacted forest but close to its borders. This pattern can be explained by the larval
behavior of the former species, being likely less susceptible to direct exposure to freezing temperatures
as larvae could be protected by a small cocoon of leaves in which they feed [68]. Then, for O. fagata,
starvation can be hypothesized as the main factor causing larval mortality. E. christyi was likely
more affected by low temperatures, such as those experienced during this extreme event in the forest
contiguous to the area presenting crown dieback, where mature leaves did not die as they were less
susceptible to extreme cold. Studies on the cold tolerance of the young larvae of these moths are not
available. Their altitudinal range in southern Italy supports the hypothesis that O. fagata, observed
only in the beech-dominated forests in the mountainous regions of this geographic area, should be
more tolerant to cold than E. christyi, which was also found at a lower elevation [18,75,76].

A generalized increase in the wing dimensions for O. fagata and E. christyi was found in 2016,
especially significant in the damaged forests and for females. This change usually occurs in Lepidoptera
as a consequence of increased food availability and/or increased habitat quality for larvae; however,
these reasons can only explain the larger dimensions of E. christyi at low elevations, where we recorded
higher abundance and larger individuals after the EWE. At higher elevations, where the foodplant
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was absent for several weeks, the increase of average wingspan can only be explained by a different
process, i.e., the presence of vagrant individuals from forests unaffected by the EWE, a hypothesis
which was also supported by the loss of the smallest specimens. Larger individuals can usually cover
greater distances [77,78] and are likely more able to re-colonize forests affected by EWEs. The most
recurrent significant increase in the E. christyi wingspan was observed for females. Larger females
are associated with a higher number of eggs [79,80], which supports a more rapid re-colonization of
impacted forest sites and population resilience. The same cannot occur for O. fagata, as brachypterous
females had a very low mobility. The dispersal of this species is likely wind-mediated and promoted
by the ballooning of young larvae, as observed for several taxa producing silk [81]. For this reason, we
expect a delayed recovery of pre-EWE population densities of O. fagata.

5. Conclusions

In this paper we discussed the short-term negative effects of a late spring frost on beeches and
associated moth communities.

To our knowledge this is the first empirical study documenting the effects of a late spring frost
on vegetation and associated moth biodiversity by the comparison of data collected before and after
the event.

Although the EWE caused an extended crown dieback in the 1400–1600 m altitudinal belt, the
beech forests recovered efficiently from the meteorological disturbance, likely thanks to the storage
of photosynthetic products in roots and latent buds [82]. This finding suggests that forests could
be prepared for a fast recovery after an EWE, but this response could become less efficient if EWEs
become more frequent in the future [5]. The late spring frost produced changes in the community
structures and abundance patterns of moths, leaving species richness almost unaltered. According to
our results, the populations of some species could be more resilient than others after an EWE due to
their higher dispersal ability. Populations of some of the most affected species could be able to recover
their pre-EWE abundance levels due to within-population dynamics, such as the movement of large
vagrant females with potentially higher fecundity.

The studied beech forests are not fragmented and cover a wide altitudinal belt, favoring the
movement of colonizers from unaffected to affected forest areas. Due to the large geographic range
impacted by the EWE [25], the occurrence of local extinctions of the most impacted species in areas
where the beech forests are smaller and more fragmented and moth populations are less abundant [83]
cannot be ruled out, especially for those with low dispersal abilities. Several authors have highlighted
the risk of local extinctions as a consequence of climate change and even more frequent EWEs [10,84,85];
however, our findings emphasize the possible role of a seamless forest cover as a factor that increases
the resilience of the associated biota. Some studies, based on the analysis of long-term impacts on
metapopulation metrics, such as occupancy, colonization, and extinction, have concluded that EWEs
do not have an effect on ectothermic animals [86]. Our study, which was based on the short-term effects
on communities and population patterns of moths, demonstrates that an EWE can affect communities,
and also shows that some species can apply strategies to conceal detrimental effects within a short
time, explaining why long-term population trends are not affected by EWEs [49,86].

Forest ecosystems appear to be dynamic entities able to cope with extreme weather events
occurring at the current rate. Unfortunately, the expected increase in the frequency and magnitude of
extreme events in the future could exceed the resilience of forest ecosystems.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/7/388/s1,
Excel file Datasets: sheet Dataset 1, data used to compare species richness and abundance before and after the EWE
at high elevation; Sheet Dataset 2, data used to search for changes in the community structures and abundance
patterns of individual species; sheet Dataset 3, data used to compare wingspan changes before and after the EWE
of the most relevant species.
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