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Simple Summary

Climate change can significantly impact insects, such as butterflies, by shifting their geographic
ranges, altering the number of generations they produce annually, or changing their flight
periods. To date, most evidence of these effects comes from Western and Central Europe,
where long-term monitoring programs have provided the necessary data to detect climate-
driven trends. In contrast, Eastern Europe—often considered a biodiversity haven due to the
relatively lower rate of land-use change—has lacked such data, making it difficult to assess
climate change impacts in the region. In this study, we utilize an alternative data source:
historical museum collections combined with contemporary records and long-term climate
data. This approach allows us to investigate how the phenological cycles of 16 butterfly
species with varying life history traits have responded to climate change. Our findings
reveal that butterfly species emerging in spring now begin their flight periods approximately
15 days earlier, while those active in autumn have extended their flight periods by an average
of 23 days. These shifts in flight periods may have significant ecological consequences,
particularly through altered synchrony with host plants and other critical resources.

Abstract

Insects can respond rapidly to climate change through population fluctuations, range shifts,
altered voltinism, life cycle changes, flight period adjustments, behavioural shifts, and
changes in habitat or food preference—often varying by region due to local environmen-
tal and anthropogenic factors. While the phenological cycles of diurnal lepidopterans
have been extensively studied in countries with large monitoring networks, eastern and
southeastern Europe remain under-researched. This study provides the first insights into
phenological shifts in 16 butterfly species in Cluj-Napoca (Transylvania, Romania) between
1921 and 2023, using a unique dataset combining historical and recent records. The species
studied include spring-emerging, multivoltine, and migratory butterflies. Phenological
trends were analyzed in relation to long-term climatic data. Results show that spring
species now emerge approximately 15 days earlier, and autumn species extend their flight
periods by up to 23 days. These changes correlate with multi-decadal trends in temperature
and precipitation. We also discuss changes in voltinism and migratory behaviour and the
potential impacts of climate change on butterfly populations in the study region.
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1. Introduction
An increasing number of scientific papers are being published from all corners of the

world, addressing the subject of climate change and its repercussions for insect popula-
tions [1–7]. Insects, such as Lepidoptera, exhibit high sensitivity to climate change, although
the degree and direction of their responses may differ [8–11]. Some of the most discussed
topics today are the impact of the annual increase in temperatures, earlier and persistent
droughts, as well as warmer winters on lepidoptera populations [12–17]. Negative impacts,
such as the overall decline of biomass of lepidopteran populations or even the extinction
of certain species, has been demonstrated and brought to the attention of the scientific
community and the general public repeatedly over the last 25 years [12–14,18]. Yet, positive
effects have also been observed [8,11]. With changes in climate predicted to exacerbate
over the next decades [19], there is a growing urgency to better understand the impact of
climate change on Lepidoptera, and other insect groups. However, most studies to date are
centred around similar geographic locations and habitats, mostly Western Europe [20–26]
(but see [27–30]). More research is needed in understudied regions to highlight the impact
of climate change on lepidopteran populations.

Phenological shifts in organisms serve as valuable bioindicators of climate change [31,32].
This is also true for Lepidoptera, which serve as valuable indicators for studying climate
change due to their sensitivity to climatic and environmental variables, rapid responses,
and extensive history of research [23,26,33,34]. As poikilothermic organisms, which evolved
close relationships with plants both as adults and as larvae, Lepidoptera are highly in-
fluenced by variations in temperature and precipitation [7,35]. In England, a 1–1.5 ◦C
increase in spring and summer temperatures was correlated with phenological changes by
6–8 days between 1976 and 1998 [17]. In the Mediterranean Basin too, a mean temperature
increase of 1–1.5 ◦C in specific spring or summer months between 1988 and 2002 led to
advances in the first appearance dates of all assessed butterfly species [36]. In contrast,
higher precipitation led to a delay in the life cycles of butterflies [36]. Similar patterns
have been observed across Europe, and are not restricted to butterflies, but also occur in
moths [21,37,38].

Despite these overall consistent patterns, not all species respond to temperature
changes in the same way, with responses varying depending on their evolutionary history,
life cycle traits (overwintering stages, voltinism, etc.), as well as the state of the habitats they
depend on and the extend of the induced climatic variation [8]. For example, a study on
Edith’s checkerspot butterfly (Euphydryas editha) and the winter moth (Operophtera brumata),
showed that species which evolved a less precise phenological match with their food plants
may be more strongly affected by climate change [39]. In turn, others have found that but-
terflies that overwinter in the pupal stage are most affected by temperature changes [40,41].
Moderate warming can also initially benefit certain species by speeding up their develop-
ment and broadening their distribution [42]. Unusual fluctuations in temperature, such as
unexpectedly high or low temperatures, can also impact flight durations and the number
of generations, a phenomenon that has been reported in the last 20–25 years [8,36].

In recent years, researchers from Western Europe have published their observations
regarding correlations between phenological shifts in the life cycles of butterflies and
climate change [9,23,43]. They have observed an extension of the period of flight, with
earlier occurrences at the beginning of the season and later occurrences in the autumn.
An earlier flight onset can lead to phenological mismatches between butterflies and their
food plants, which may not have synchronized their phenological cycles accordingly,
thereby affecting the survival of butterfly populations [43,44]. However, an extended
flight period can allow many species to increase the number of generations produced per
year [43]. Climate-induced shifts in phenological pattern can have seemingly beneficial
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effects, with enhanced late-season generations contributing to increases in the growth
rates of overwintering populations [43]. However, these late generations may not always
complete their development before winter, leading to “lost generations” [43]. Butterfly
species have also been shown to either shift or expand their ranges northwards or to higher
altitudes leading to changes in their distribution area, but potentially also a decline in
species diversity at more southern locations or lower elevations [15,26,45,46]. These shifts
can disrupt existing ecological relationships, as butterflies may not find suitable host plants
or microhabitats in their new areas. Despite some positive effects of climate change, the
combined pressures of climate change and habitat alteration are leading to significant
decrease in butterfly population size [10,46–48].

However, the papers that have appeared on this topic are concentrated in countries
that have a large amount of data, often obtained through citizen science [32]. But what is the
situation in most other countries, where the number of volunteers monitoring butterflies
and moths is low or very low? It is often suggested that the situation is better in eastern
and southeastern European countries. Pollution and habitat destruction are more moderate,
and insect declines are much lower than in central and western European countries. In
reality, however, the situation in countries, such as Romania is no better than in Central
European countries [34]. Due to the lack of extensive data provided by volunteers through
citizen science, the phenological response of insects to climate change in countries that do
not benefit from a large monitoring network is not known. However, historical data has
the potential to fill in this knowledge gap [49,50]. In the present study we integrated all
existing data—from historical collections to present day observations—on butterflies from
the most studied area in Romania, located in Transylvania, around the city of Cluj-Napoca.
Our aim was to analyze whether butterflies have undergone changes in their phenological
cycles, whether these changes differ among species and finally, whether any shifts in the
phenological cycles could be explained by climate change—defined as shifts in temperature
averages, snow cover on the ground, and precipitation.

2. Materials and Methods
2.1. Study Area and Period

Long-term data on butterfly populations is rare in Romania, mainly due to the lack
of national or regional butterfly monitoring programs. However, some areas of the coun-
try have benefited from decades of butterfly sampling, leading to considerable historic
collections, not yet assessed for their value in examining long-term population trends in
butterfly species. In the present study we focused on one such area surrounding the city of
Cluj-Napoca (Transylvania).

Transylvania is Romania’s largest province, located at the centre of the country. It
includes parts of the Carpathians and surrounding lowlands. Its varied topography and
land-use create a mosaic of habitats, that support high butterfly diversity [51]. Long-
standing low-intensity land-use has helped preserve species-rich habitats, though recent
agricultural intensification and climate change increasingly threaten local butterfly popula-
tions. Cluj is one of the major cities of Transylvania, located in its north-western region.
The climate of Cluj and its surroundings is temperate continental, with altitudes ranging
between 350 and 800 m. The natural meso- and mesoxerophilous grasslands are used as
pastures for sheep and cattle or as agricultural land. The few remaining deciduous forests
are dominated by beech, hornbeam and oak.

The region of Cluj has a long history of lepidopterological studies (and the availability
of long-term climate data), which allowed us to select three time periods for assessing the
long-term impact of shifts in temperature and precipitation on the phenological cycles of
butterflies. In the period before the Second World War and a few years after (1920–1948),
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several lepidopterologists were active in Cluj-Napoca (Transylvania), among which A. Os-
trogovich [52] and St. Peterfi [53] were the most famous. These collectors have contributed
to rich lepidopterological collections well preserved in the natural history museums in
Cluj-Napoca (The Zoology Mueseum of the Babeş-Bolyai University) and Bucharest (The
Grigore Antipa Natural History Museum). From these collections 202 specimens were in-
cluded in the study, specimens which represented the first or last observed individual of the
selected species for a particular year and not the entire collection. For the period 1965–1979
we used data from private collections and field observations of other lepidopterologists
from Cluj, namely Carol Bere, Antal Kovrig, Rudolf Nemes and Vladimir Marg Manoliu
(73 specimens). Finally, for the period 1980–2023 we used transect-based field observations
conducted by Vladimir Marg Manoliu, Marin Goia, and László Rákosy (250 observations).
The transects cover the same general area, as the historical collections. The data obtained
from historical and present-day collections and observations, was complemented with phe-
nological data for butterflies in the Cluj area extracted from the literature [53,54]. Although
our initial aim was to analyze a century of data, the inability to verify the accuracy of earlier
collection records and on limitations in the climate records led us to split the study period
into two main time intervals 1921–1960 and 1973–2023.

2.2. Data Acquisition
2.2.1. Butterfly Data

Historical collections and contemporary observations were used to determine the first
annual recording dates of spring-emerging butterfly species, as well as the last annual
recording dates for multivoltine species with extended flight periods, as documented in the
Cluj-Napoca area. From the total of 95 butterfly species known to occur in the area [51,54]
we selected 16 species, based on data availability, the period of emergence, the number
of generations per year, length of the flight period and migratory behaviour. For species
which emerge from the pupa in spring, 12 species were selected: Erynnis tages (Linnaeus,
1758), Pyrgus malvae (Linnaeus, 1758), Iphiclides podalirius (Linnaeus, 1758), Papilio machaon
(Linnaeus, 1758), Leptidea sinapis/juvernica (Linnaeus, 1758), Anthocaris cardamines (Linnaeus,
1758), Pieris napi (Linnaeus, 1758), Pieris rapae (Linnaeus, 1758), Colias alfacariensis/hyale
(Ribbe, 1905), Glaucopsyche alexis (Poda, 1761), Plebejus argus (Linnaeus, 1758), Erebia medusa
([Denis & Schiffermüller], 1775). The five butterfly species with multiple generations per
year and a long flight period which extends towards autumn were: Pieris rapae (Linnaeus,
1758), Colias alfacariensis/hyale (Ribbe, 1905), Colias croceus (Geoffroy in Fourcroy, 1785),
Polyommatus icarus (Rottemburg, 1775) and Coenonympha pamphilus (Linnaeus, 1758). Finally,
a migratory species, Vanessa atalanta (Linnaeus, 1758) was chosen, which previously was
not known to overwinter as an adult in Romania, but which is expected to do so under
changing climatic conditions change. Each observation was annotated with species name
(genus, species) and date of observation (day, month, year). To standardize the data, only
the first or the last date the species was observed was selected, with a single record. An
overview of the sample size and the species considered is given in Table 1.

Table 1. Overview of the assessed species and records per time period 1921–2023. Note that only
those records were considered which reflected the first or last date the species was observed (a single
record/species/year).

Species Group Total

Anthocaris cardamines Spring emerging 14

Colias alfacariensis/hyale Spring emerging 35

Erebia medusa Spring emerging 41
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Table 1. Cont.

Species Group Total

Erynnis tages Spring emerging 39

Glaucopsyche alexis Spring emerging 40

Iphiclides podalirius Spring emerging 34

Leptidea sinapis Spring emerging 44

Papilio machaon Spring emerging 46

Pieris napi Spring emerging 28

Pieris rapae Spring emerging 23

Plebejus argus Spring emerging 31

Pyrgus malvae Spring emerging 40

Coenonympha pamphilus Multivolitin, long flight period 49

Colias croceus Multivolitin, long flight period 50

Colias alfacariensis/hyale Multivolitin, long flight period 29

Pieris rapae Multivolitin, long flight period 16

Polyommatus icaurs Multivolitin, long flight period 54

Vanessa atalanta Migratory 13

Total 626

2.2.2. Climate Data

For both study periods, we used monthly average data for temperature (◦C) and total
monthly precipitation (L/m2), as these two climatic parameters are essential for influenc-
ing the emergence dates of butterflies [55], their flight duration as well as overwintering
patterns [36,40]. For a more precise interpretation of the observed phenological shifts in butter-
fly species, we also used the snow cover data, as snow cover impacts both the overwintering
larvae and adults [56]. Precipitation and temperature data were collected for the period 1921
to 2023. While average annual data was available for the whole period, the average monthly
precipitation and temperature could only be assessed for the period of 1973–2023. Snow cover
data were also available only from 1973 to 2023. For the first period, spanning from 1921 to
1960, we extracted data from climate catalogues, while for the period from 1973 to 2023, data
were extracted from the private archives provided by request by the National Meteorological
Agency in Romania. The data on climate, spanning the period from 1973 to 2023, were collated
from a single meteorological station situated in Cluj County. The geographical location of this
station is specified by the coordinates 46◦46′39.974′′ N, 23◦34′16.699′′ E, with an altitude of
410 m, and it is located 1.5 km northwest of the city of Cluj-Napoca.

2.3. Statistical Analyses

We used Python (version 3.13) to process and visualize the data with the pandas,
matplotlib, and seaborn libraries. We generated Kernel density estimation (KDE) plots to
visualize changes in phenological patterns between 1921 and 2023 by overlaying species-
specific scatter points, colour-coded by genus. To illustrate the changes in phenological
cycles of butterfly species we calculated deviations from the long-term species-specific
average appearance date, visualized as bar plots using matplotlib.pyplot.bar(), with earlier
and later appearances colour-coded accordingly. We chose to aggregate the date on decades
for datapoint between 1973 and 2023 only to reduce interannual variability and emphasize
long-term climatic and phenological trends. The reduced time span, relative to the Kernel
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Density Estimation (KDE) plots, resulted from an inadequate sample size for the 1921–1973
period. We opted for a visual assessment of patterns, rather than formal significance testing
due to the limitations in the quantity and distribution of the data.

For the period 1921–1973 annual average temperature and precipitation was calcu-
lated based on the available data. For the period 1973–2023, average monthly temperature
and precipitations were analyzed using data from the Cluj-Napoca meteorological sta-
tion, merged by decade as a heatmap, using seaborn.heatmap() to highlight seasonal and
long-term warming trends. We combined data on decades to show long-term trends while
minimizing the short-term fluctuations in weather, local microclimate effects, and obser-
vational inconsistencies for a clear visualization of climate change rather than episodic
weather events. We have also analyzed the trend and the impact of temperature on the snow
cover duration. In order to observe this relationship, a linear regression was performed
with scipy.stats.linregress(). The resulting scatterplot was visualized using matplotlib, with
points colour-coded for each decade and the coefficient of determination (R2).

3. Results
3.1. Species with Emergence in Spring

From the eleven butterfly species which emerge in spring, five species exhibited
phenological shifts in more recent records (post-1973), as evidenced by a concentrated
cluster of observations occurring earlier in the season (Figure 1). The observations of
the species P. napi, C. alfacariensis/hyale and L. sinapis/juvernica, show a drastic shift, with
peak observations moving from May to April and mid-March over the same time frame
(Figure 2). Data after 1973 being more numerous, the trend change is more evident for
the last 40 years. Not all species, however, show clear phenological shifts between 1973
and 2023, with some species exhibiting smaller or less consistent changes. For example:
P. malvae and E. medusa show only moderate shifts in their phenological cycles (Figure 2).
G. alexis and E. tages appear to show relatively stable emergence times, with peak first
observations remaining from late April to mid-May (Figure 2).

Figure 1. Phenological trends in the butterfly species which emerge in spring from 1921 to 2023.
Individual species are represented by different colours in the scatterplot and are part of the cumulative
data analyses for phenological shifts. Lines represent the KDE (kernel density estimation) fit through
the data, representing a 2D distribution of the data.
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Figure 2. Deviation of first observation dates of the 11 spring emerging species from the long-term
mean of the first observation (N = sample size; Average day = average day of first emergence). Green
bars represent later sightings = positive deviation; red bars represent earlier sightings = negative
deviation. The time interval between 1973 and 2023 was split by decades in order to highlight
breaking points in the observed trends.

3.2. Species with Multiple Generations and Long Flight Periods

The five species of butterflies chosen to capture the possible shift in the phenological
cycles for multivoltine butterflies, showed a real prolongation of the flight period towards
the end of October and beginning of November. The shift seems to have started around the
1970s–1980s and had a more pronounced shift in recent years (after the 2000s) (Figure 3).
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For C. crocea, P. icarus and C. pamphilus, the extending of the flight period towards the end
of October is documented for the whole period 1973–2023 (Figure 4). P. rapae extends its
flight period by more than 35 days between 1973 and 2023 (Figure 4). The most profound
phenological shift is recorded in the C. alfacariensis/hyale complex, which extended its flight
period from mid-September to early November between 1980 and 2023 (Figure 4).

Figure 3. Phenological trends in butterfly species with multiple generations and long flight periods
from 1921 to 2023. The individual species are represented by different colours in the scatterplot and
are part of the cumulative data analyzed for phenological shifts. Lines represent the KDE (kernel
density estimation) fit through the data, representing a 2D distribution of the data.

Figure 4. Deviation of last observation dates of 5 species with multiple generations and long flight
periods from the long-term mean of the last observation (N = sample size; Average day = average
day of last observation). Green bars represent later sightings = positive deviation; red bars represent
earlier sightings = negative deviation. The time interval between 1973 and 2023 was split by decades
in order to highlight breaking points in the observed trends.
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3.3. Migratory Species

V. atalanta was not previously known to overwinter north of the Southern Carpathians.
Earlier records from Transylvania showed that the first individuals appeared in collections
only after the 15th or 20th of May. Although it had been suspected that V. atalanta might be
able to overwinter in the southern and southeastern parts of the country, no concrete evi-
dence supported this assumption. However, over the past 15 years, sightings of V. atalanta
in Cluj have become increasingly common in April and, in the last 5–6 years, even as early
as March. This suggested the possibility that the species was beginning to overwinter
in Transylvania, likely due to the region’s increasingly mild winters. These assumptions
were confirmed when specimens were observed as late as mid-December during unusually
warm days over the past 4–5 years (Figure 5).

Figure 5. Deviation of last observation dates of the migratory species, V. atalanta from the long-term
mean of the last observation (N = sample size; Average day = average day of last observation). Green
bars represent later sightings = positive deviation; red bars represent earlier sightings = negative
deviation. The time interval between 1973 and 2023 was split by decades in order to highlight
breaking points in the observed trends.

3.4. Climate

In order to observe the phenological shifts in butterfly species, three major climatic
parameters were extracted: the monthly average precipitations, the average temperature,
and the snow cover for Cluj and its surroundings. The recorded annual precipitation
fluctuated; however, the long-term mean annual precipitation remained relatively constant,
with values between −11.20 and 21.40 (Figures 6a and 7a). A clear and consistent warming
trend was observed when analyzing the mean annual monthly temperatures, with the
warming becoming more pronounced from approximately 1980 onward (Figure 6b). The
warming of the climate becomes more evident if only the summer months are assessed,
with average temperatures increasing significantly, peaking in July and August between
2014 and 2023 at 20.9 ◦C and 21.0 ◦C (Figure 7b).

In order to correlate the life cycle changes in butterfly species with the change in
climatic conditions in winter, we also extracted the snow cover dynamics for the studied
interval (Figure S1). This shows a clear negative linear trend, with snow cover days
declining from approximately 66 days in 1973–1984 to around 36 days in 2014–2023, as
average temperatures increased by roughly 2 ◦C. The regression line highlights this trend,
with a high coefficient of determination (R2 = 0.97), indicating a robust correlation between
rising temperatures and decreasing snow cover.
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Figure 6. (a) Trend line of average precipitations (dark orange line) for the period 1921–2023. (b) Trend
line of average temperatures (light orange line) for the period 1921–2023.

Figure 7. (a) Long-term temporal trends in average monthly precipitations (L/sq. m.) for the period
1973–2023 in the Cluj area. (b) Long-term trends in average monthly temperatures (◦C) for the period
1973–2023 in the Cluj area.
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4. Discussions
In the absence of a standardized monitoring program for butterflies in Romania, we

used all available historical and current data for one of the best studies areas of the country
(Cluj-Napoca and its surroundings, Transylvania) from 1921 to 2023 to assess whether
butterfly species have undergone changes in their phenological cycles due to climate
change. The results show a phenological shift towards March-February for butterflies
hatching from pupae in spring and a shift in the flight period towards October-November
for species with multiple generations and long flight periods. This prolongation of the flight
period towards the autumn was, most likely, associated an increase in voltinism, with some
monovoltine species becoming bivoltine and some bivoltine species becoming consistently
trivoltine. In the case of the migratory species V. atalanta, it has also been shown that it can
successfully overwinter in Transylvania under the winter conditions of the last 10–15 years.

While there are relatively few studies conducted in Eastern Europe, Askeyev et al. [56]
observed that there are definite differences in phenological patterns between Eastern and
Western Europe, with Eastern regions exhibiting unique responses to climatic variations [57].
They noted that, even though many species are increasing their phenological occurrences,
the degree and type of these changes can vary significantly based on local environmental
conditions and species traits [56,57]. The variability in responses exhibited by different
species of butterflies underscores the intricate nature of these interactions. Notably, certain
species may either experience an early or delayed emergence or demonstrate no substantial
alterations at all [41,58]. Phenological changes driven by climatic warming cannot be corre-
lated with phylogenetic aspects in diurnal [41] or nocturnal Lepidoptera [38], the response
being a species characteristic (species-related) and not a kinship (phylogenetic) one [59].
Previous studies have identified specific characteristics, such as the overwintering strategy
or voltinism, that better predict how species will respond to climatic shifts [41,60–62].

Butterfly species which overwinter in the pupal stage, followed by those overwintering
as larvae, have been thus shown to be more sensitive to climatic changes and to show
more pronounced phenological shifts [17,63]. The response of species overwintering as
eggs is slower to climatic changes, with phenological time lags being smaller, but species
hibernating as adults have the fastest response, with their awakening to activity occurring
as soon as the temperature becomes acceptable. Some authors consider the higher reaction
speed of species overwintering as adults as an evolutionary advantage [64]. Rapid climatic
warming associated with the awakening from hibernation of adults can only be considered
an evolutionary advantage if synchronization with the trophic base (tree sap, nectar) is
achieved. However, most of the time, the awakening of adults from hibernation during
winter (December–February) does not coincide with the trophic supply, and therefore, the
phenomenon is most likely disadvantageous [49,65,66]. In contrast, studies have shown
that the extension of the flight period, can increase the number of generations multivolitine
species can successfully produce, leading to population increases [43]. These positive
effects of phenological shifts do not, however, seem to be able to counteract the negative
impacts of climate change [43]. More research is thus needed to understand how and when
particular butterfly species and communities respond to climate change.

In the present study an increase of +2 ◦C over the past 40 years was found, aligning
with global observations of anthropogenic climate change during the latter half of the
20th century and early 21st century [36]. The increase in temperature was, however, not
associated with any detectable changes in precipitation for the study region [67]. Instead,
a strong decrease in the days with snow cover was found. The impact of these climatic
changes was evident in the analyzed butterfly species, with the emergence and activity
of first-generation butterflies becoming earlier from year to year, with the emergence
dates shifting towards March-February by 2–3 weeks, compared to the 1921–1980 interval.
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For the species P. machaon, I. podalirius and the C. alfacariensis/hyale species complex, the
phenological shift observed was over 20 days. The impact of earlier emergence dates
on the populations of these species can manifest in multiple ways. The exposure of
diapausing butterflies to repeated intervals of high temperatures during winter followed
by late spring frosts have unfavourable effects on all overwintering stages, disrupting
their normal life cycle, leading to earlier emergence of adults from overwintering pupae or
premature activity in overwintering larvae and increased mortality rates when conditions
reverted to colder temperatures [14,47]. The weakening of the organism following repeated
metabolic activations during winter may also have implications on female (and male)
reproductive selectivity (selection on mate discrimination) [12,68]. Such ecological changes
caused by climate change have so far been little studied but could influence the decline of
butterfly diversity.

Repeated warm periods during winters that have become much milder can also gen-
erate a ‘trap’ effect of climate warming, when due to higher temperatures, overwintering
larvae become active but are out of synchronization with the trophic base [43,69–71]. The
same can happen when larvae hatch too early or when adults start foraging before their
feeding resource is available. In the much warmer winters of the last few years, the over-
winter stages may awaken several times between December–February, which results in the
consumption of energy reserves (especially lipids) without the possibility of replenishing
them [43]. After several such awakenings followed by an unsuccessful attempt to find
food sources, the organism loses the reserves needed for overwintering. In such situations,
the larvae pupate undernourished or die before the trophic supply appears [32,70]. Lepi-
doptera hatched from such pupae are weakened, mate discrimination is impaired, and the
females produce and lay fewer eggs. Similarly, in species that overwinter as adults, winter
awakenings and unsuccessful feeding attempts reduce energy reserves [43,63]. As a result,
butterflies emerge from the winter diapause, weakened, with low fertility, which will have
repercussions on the following generations. If this phenomenon repeats itself from one
year to the next, the impact on the populations is likely to be increasingly drastic, leading to
the decline of the affected populations. Observational data on both diurnal and nocturnal
species, support this. Thus, butterfly species such as V. atalanta, Aglais urticae, Aglais io or
Nymphalis polychloros were occasionally observed on warm and sunny winter days, looking
for, not yet available, food sources. Similarly, the moth genera Xylena, Orthosia, Conistra,
Litophane, Eupsilia, Jodia (Fam. Noctuidae) were frequently observed in light traps placed in
warm nights in December–February in the forests around Cluj-Napoca.

The consequences of climate change on the phenological cycles of butterflies can also
extend to evolutionary dynamics and species distributions [57,72]. In the context of climate
change, species may undergo rapid evolutionary changes, particularly those with shorter
generation time [73]. This evolutionary pressure may lead to altered life history traits, such
as changes in voltinism or reproductive strategies, which could help species cope with the
challenges posed by climate change [14,74,75]. Nonetheless, the adaptability of species is
not the same, and some may face greater risks of extinction if they cannot keep pace with
the rapid environmental changes [60,73]. Changing overwintering conditions may also
allow species which are adapted to milder conditions to persist in new areas. Our results
indicate that species active in late summer can extend their flight period considerably into
late autumn and early winter adapting to milder conditions in the winter or increase the
number of generations produced per year, such as the C. alfacariensis/hyale complex, which
extended its flight period by 45 days, from mid-September to early November between
1980 and 2023. This suggests that at least for some species, increasing temperatures may
show positive effects.
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An intriguing observation has been made for V. atalanta, a migratory species, which
until 1990 failed to overwinter as an adult in Transylvania. Between 1921 and 1990, there are
no records of hibernating or other, active, early spring individuals before May in Romania.
After 1990, but especially after 2000, active specimens of V. atalanta were observed in
Transylvania both on warm days in December and in February and March, which indicates
the possibility of that the species may be overwintering under the warmer and shorter
winters in Transylvania. From May onwards, overwintering specimens are joined by
migrated specimens from the south. It is likely that the wintering possibilities for adult
V. atalanta in the south of the country are much earlier, but we do not have such data
or observations.

Changes in voltinism over the last 20 years have also been observed in some other
butterfly species in Transylvania. Thus, Apatura ilia has changed its annual life cycle,
becoming regionally bivoltine as in France, Germany, Austria and Hungary [76–79]. Until
2015, no specimens were observed that could be attributed to a second generation. After
2015, such records started to appear, and since 2023 the second generation is constant
and stable. In Romania, south of the Carpathians as well as in Hungary, A. ilia has been
bivoltine for many years. Other species, in which the 2nd or 3rd generation was only
partial, have become constant and complete in the last 10 years. The increase in the number
of generations can be seen as an adaptation to the prolonged availability of resources. So
far there is no information to support the positive or negative effect of extending the flight
period into the winter months or increasing the number of generations. Apparently, these
changes can be considered as adaptive phenomena with positive effects. However, we
cannot exclude the negative aspect, i.e., the trap effect, in which, due to certain unfavourable
climatic conditions, additional generations have a low number of offspring [73]. The same
can happen in the case of species that extend their period of activity into the winter months.

The findings showed in the present study fit well with similar research conducted
across Europe. Scientists have found that in Germany, Austria, the Mediterranean region,
and the UK, butterflies are affected by climate warming through a shift in the onset of
their flight period and an increase in the number of generations per year [12,36,73,80–82].
However, while our study builds on an extensive dataset and highlights the impact climate
change can have on butterfly species in Transylvania, it is limited by a rather narrow
geographic and environmental range. Further studies are needed to expand the approach
presented here to other areas in Romania and to broader environmental gradients (i.e.,
altitudinal or land-use gradients). For a better understanding of the response of lepidopter-
ans to climate change (and other factors), a standardized monitoring network for both
butterflies and moths is needed. So far, such a program is in its infancy in Romania, but
may develop in the near future, led by the European Butterfly Monitoring Scheme [83]. To
draw general conclusions about the response butterflies to climate change, modelling and
predictions based on are needed solid regional knowledge, which can then be generalized
to create scenarios for the future development of butterfly and moth populations and drive
conservation action [57,61].

5. Conclusions
This study is among the few that, in the absence of long-term monitoring programs,

combines historical and contemporary to assess how butterfly phenological patterns are
shifting in response to climate change in Eastern Europe. We show that during the last
decades climate change appears to have altered both the onset and end of butterfly flight
periods and potentially to enable previously transitory species to establish viable popula-
tions. However, further research across broader environmental gradients is needed to fully
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capture the range of species-specific responses, both positive and negative, and to guide
conservation prioritization effectively.

More broadly, our findings, along with those from other recent studies in Eastern
Europe, challenge the long-standing perception that the region remains a safe haven for bio-
diversity due to historically lower rates of land-use change. While Eastern Europe may face
somewhat different pressures than Western Europe, increasing evidence shows that both
climate and land-use change are already impacting its once well-preserved biodiversity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects16101071/s1, Figure S1: Relationship between the decline in
snow cover and increasing average annual temperatures across decades (1973–2023). The interrupted
line represents the linear fit through the data with a coefficient of determination R2 proving a strong
negative correlation. Table S1: Raw data on spring emerging species and species with multiple
generations and long flight periods, as well as climate data and essential metadata.
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