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Abstract

Understanding the drivers of population dynamics in long-lived, K-selected species such as bats is
critical for conservation, particularly during vulnerable life-history stages like hibernation. We
reviewed winter mortality records from more than 109 monitored hibernacula in Bulgaria. We found
that significant die-offs (>30 individuals from at least three species) were recorded at only three sites,
suggesting that such events are rare but potentially consequential for local populations. To reveal
how habitat use shapes vulnerability during winter, we investigated hibernation preferences of cave-
dwelling bats in Bulgaria. We further analysed the age structure of deceased Miniopterus schreibersii
(Bonaparte, 1837) from Bulgaria’s largest hibernation colony following mortality events in winter
2022. Carcasses spanned a wide range of age classes, yet younger individuals predominated,
consistent with the idea that early-life mortality represents a key demographic filter in bats. These
findings emphasise the need for consistent mortality monitoring in bats, using standardised protocols
that account for detection biases, scavenger removal, and site-specific variation. Such efforts are
essential for clarifying the roles of environmental extremes, disease, and human disturbance in winter
mortality.

Keywords: bats; winter mortality; hibernation; age

1. Introduction

Understanding patterns of wildlife survival is fundamental to both population ecology and
conservation. However, for many species, particularly bats, obtaining reliable survival estimates is
challenging due to both biological and logistical constraints [1]. Bats are nocturnal, roost in concealed
or inaccessible locations, and have relatively long lifespans and low reproductive rates, necessitating
long-term studies to detect demographic trends. Traditional approaches, such as the Capture-Mark—
Recapture method, provide valuable estimates but are often limited by low recapture rates, mark
loss, and the need for long-term data [2].

As an alternative, direct observations of mortality events can provide critical —albeit episodic—
insight into population-level mortality and stressors, especially during biologically sensitive periods,
such as reproduction and hibernation. While mortality records alone cannot provide formal survival
estimates, they are particularly valuable in identifying acute threats and their demographic
consequences. The emergence of White-nose Disease (WND) in 2006 demonstrated the importance
of mortality surveillance, with the fungal pathogen driving unprecedented die-offs among
hibernating bats in North America [3]. Since then, monitoring efforts have increasingly focused on
detecting mortality events during hibernation, when bats are in a physiologically vulnerable state
and may be disproportionately impacted by disease and environmental stressors [4].

A comprehensive assessment of such mortality events requires not only documentation of
fatalities but also an investigation into their underlying causes and demographic impacts [5]. In
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particular, understanding which age classes are most affected is essential for interpreting population-
level consequences. Age-specific mortality can influence recruitment rates, recovery potential, and
long-term viability [6]. Incremental dentine layer analysis has emerged as a robust method for age
estimation, with a clear distinction between first-year individuals and adults, making it particularly
suited to assessing whether juveniles face higher winter mortality [7-9].

Here, we address the gap in knowledge on winter bat mortality by compiling records from
hibernation surveys across Bulgaria. Focusing on unusual mortality events (UMEs) [4], we assess
their frequency, distribution, and demographic composition. Additionally, we investigate how
hibernation preferences—specifically, altitude and roost temperature—may be related to mortality
risk. We further analyse the age structure of deceased Miniopterus schreibersii from Bulgaria’s largest
hibernation colony, using dentine layer analysis to test whether mortality disproportionately affects
younger individuals. We aim to provide new insight into the demographic consequences of winter
mortality and to highlight the need for systematic surveillance to inform bat conservation.

2. Materials and Methods

2.1. Hibernacula survey

We analysed winter roost monitoring records from the dataset “Bat occurrences from Bulgaria”
[10], which is openly available via the Global Biodiversity Information Facility (GBIF). The dataset
compiles observations from the National Biodiversity Monitoring System of Bulgaria (2003-2023),
coordinated by the Ministry of Environment and Water, together with earlier survey efforts dating
back to 1991. Monitoring was carried out annually between 1 December and 31 March, most
frequently in February when colony sizes peak.

During each survey, observers recorded species composition, colony size, environmental
parameters (temperature, humidity), evidence of disturbance, and carcass counts. These
environmental variables were also used to characterise species-specific hibernacula preferences
across sites. Carcasses were identified in the field based on external morphology [11]. Although
unusual mortality events (UMEs; > 7 individuals) [4] were noted, their systematic recording was
inconsistent across years and sites.

Across the 30-year monitoring period, more than 109 hibernacula were visited (Figure 1). Survey
frequency varied by site: priority caves such as Devetashka, Parnicite, and Ivanova Voda were visited
almost annually —some years more than once—while smaller or less accessible sites were surveyed
less regularly, often at intervals of two to three years (Table 1). This variation in survey frequency
should be taken into account when interpreting the occurrence and apparent rarity of mortality
events. Data management and statistical analyses were performed in R (version 4.1.1) [12].
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Figure 1. Geographic locations of the important hibernacula in Bulgaria (black dots), with sites where mortality

was most often recorded highlighted in red.

Table 1. Survey effort at the Bulgarian hibernacula where mortality events have been reported. Numbers

indicate the total visits per site and the years during which surveys were conducted.

Site Total visits Years covered Notes (e.g. multiple visits per year)

Devetashka 14 1997-2024 Several years with >1 visit

Parnicite (Dolen parnik) 14 1996-2023 Several years with >1 visit

Ivanova Voda 6 1997-2022 Surveyed every 2-3 years

Orlova Chuka 12 1991-2022 Several years with >1 visit
Pavla (Ravnogorskata Peshtera) 4 2008-2014 Occasional surveys
Skoka 2 2008-2016 Occasional surveys

Ponora 7 2012-2022 Surveyed every 2-3 years

2.2. Bat sampling

Our demographic analysis focused on Miniopterus schreibersii, an insectivorous and cave-
dwelling bat. The species is highly dependent on subterranean roosts, primarily occupying caves and
abandoned mine galleries throughout the year. Adults weigh 10-18 g, yet the species is unusually
long-lived for its size and individuals are known to reach 22 years in the wild (AnAge database).
Long-term mark-recapture studies in Bulgaria confirm survival beyond 12 years (NMNH-BAS
dataset). In Bulgaria, M. schreibersii forms some of the largest winter colonies across its range. Several
roosting sites are easily accessible, facilitating both the observation and collection of deceased
individuals. All samples for this study were collected at the end of the hibernation period during the
winter of 2022 from Parnicite (Dolen Parnik) Cave (N43°20’, E24°41’, altitude 232 m), which hosts an
estimated 53,468 individuals of the target species in a mixed-species colony. The tunnel-shaped
system extends 2.5 km, with continuous water flow and two entrances. Colonies occupy a section
near the exit, where slower water forms small pools. At the end of the hibernation period in February
and March 2022, 40 carcasses were collected from the water surface and stored at =20 °C. From each
individual, the upper canine tooth was extracted using metal tweezers under 10x magnification using
a Carl Zeiss STEMI 2000 stereomicroscope. The material is preserved in the collection of the National
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Museum of Natural History, Sofia, Bulgaria (NMNHS). Carcases were collected under a permit
issued by the Bulgarian Biodiversity Act (No 830/19.09.2020).

2.3. Laboratory processing and age determination

The age of adult individuals was determined using cross-sections of the upper canine tooth. The
growth layers in the dentine exhibited a complex structure, with the primary element appearing as
an intensely stained line of varying width, representing one full year of life [7,8,13-15]. A total of 34
individual samples of dead Miniopterus schreibersii were analysed.

Samples (upper canines) were fixed and stored in neutral buffered formalin for several months,
washed twice with phosphate buffer containing Triton™ X-100 (0.3%), decalcified in EDTA 0.15 M
for 10-14 days, rinsed, dehydrated through graded ethanol, cleared in xylene, embedded in Paraplast
Plus®, sectioned at 15 pm, and stained with haematoxylin and eosin (H&E). Age estimation was
conducted by counting dentine rings in the cross-sections (Figure 2), with ring counts performed
independently by three researchers. Final age assignments were based on a consensus estimate
derived from the counts. The samples were examined and photographed using an Amplival (Carl
Zeiss Jena) microscope under brightfield conditions with an EOS 2000D (Canon) camera attached.
Multiple images were stacked with Helicon Focus (Helicon Soft) to improve focus.

D E F

Figure 2. Cross-sections of upper canines from Miniopterus schreibersii. White arrows indicate dentine growth

layers used for age estimation. Panels A-F illustrate examples from different age classes.

3. Results

Winter mortality was recorded across seven bat species at nine hibernation sites in Bulgaria
(Figure 3; Table 2). The majority of unusual mortality events (UMEs) were concentrated in winter
2012, with additional events documented in later years at fewer sites. Mortality was unevenly
distributed, both taxonomically and geographically: Miniopterus schreibersii accounted for the
largest and most recurrent losses, particularly in Devetashka and Parnicite caves, whereas Myotis
capaccinii and M. myotis/blythii experienced substantial mortality at Ivanova Voda during the same
winter. In contrast, Rhinolophus euryale and R. ferrumequinum were only sporadically affected,
with small numbers scattered across sites and years. Taken together, these findings indicate that
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winter mortality was highly species- and site-specific, with M. schreibersii experiencing the most
frequent and severe losses.

Table 2. Summary of winter bat mortality events recorded at Bulgarian hibernacula (2012-2023), showing

affected sites, species, year of occurrence, and number of deseased individuals (n).

Site Species Year n
Devetashka Cave Miniopterus schreibersii 2012 75
Ivanova Voda Myotis capaccinii 2012 37
Ivanova Voda Myotis myotis/blythii 2012 65
Parnicite Cave Miniopterus schreibersii 2012 15
Parnicite Cave Miniopterus schreibersii 2022 40
Pavla Miniopterus schreibersii 2014 2
Skoka Cave Miniopterus schreibersii 2012 6
Parasinskata Propast Rhinolophus euryale 2012 8
Ponora Rhinolophus euryale 2012 6
Orlova Chuka Rhinolophus euryale 2021-2022 5
Morovitsa Rhinolophus euryale 2023 1
Parnicite Cave Rhinolophus ferrumequinum 2012 8
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Figure 3. Winter mortality events in hibernating bats across Bulgaria (2003—2023). Events were recorded in seven

species or species groups, with unusual mortality events (UMEs, >7 carcasses) documented at four sites.
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Abbreviations: Nnoc = Nyctalus noctula; Msch = Miniopterus schreibersii; Mcap = Myotis capaccinii; Mmyo/bly =
Myotis myotis/blythii; Rheur = R. euryale; Rhfer = R. ferrumequinum.

Across Bulgaria, species exhibited distinct preferences for hibernacula (Figure 4). Most bats
selected humid caves at lower altitudes, whereas others occupied colder, high-elevation roosts. These
patterns suggest that wet and stable microclimates are generally favoured for hibernation.
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Figure 4. Hibernacula preferences of Bulgarian bat species. Bars indicate mean roost temperature, altitude, and
humidity type. Most species were associated with wet, humid caves, while some occurred at colder, high-
altitude sites. Rhip = Nyctalus noctula; Msch = Miniopterus schreibersii; Mcap = Myotis capaccinii; Mmyo/bly = Myotis
myotis/blythii; Rhmed = R. media; Rfer = R. ferrumequinum.

The 34 M. schreibersii individuals aged from Parnicite Cave spanned 0-7 years, but the
distribution was skewed towards younger bats (Figure 5). The modal mortality age was 3 years, with
a mean of 2.68 + 1.63 years (SD).
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Figure 5. Age distribution of Miniopterus schreibersii carcasses from Parnicite Cave (n = 34). Ages ranged from <1
to 7 years, with a mode of 3 years and mean + SD = 2.68 + 1.63.

4. Discussion

In this study, we analysed records of winter mortality from bat hibernacula in Bulgaria. Mass
die-offs, defined here as events exceeding 30 individuals, were recorded at only three of the (>40)
important underground habitats that are regularly surveyed [16,17]. Although uncommon, such
events may affect local populations and should not be dismissed as anomalies. Their apparent
scarcity may reflect both a true low incidence and substantial under-reporting, owing to inconsistent
monitoring protocols and the rapid removal of carcasses by scavengers or floods within roosts.

Early bat research in Bulgaria focused mainly on colony assessments and the protection of
underground roosts [18], with systematic recording of mortality events emerging only later.
However, historical evidence supports the view that winter mortality events were under-
documented prior to the onset of regular monitoring. Unsystematic field observations from Ivanova
Voda and Parnicite cave describe dead bats observed during the winters of 1994-1995 and 1999-2000
(S. Delchev, in litt.). In Devetashka Cave, at least ten carcasses were recorded in the river and skeletal
remains were found beneath or around the colony before 2003 (N. Simov, pers. obs.). During a
subsequent visit to Ivanova Voda after 2003, additional carcasses were seen floating in the cave lake
(N. Simov, pers. obs.). Although these records lack systematic quantification, they indicate that
sporadic mortality events likely occurred earlier than documented, suggesting that such incidents
may long have formed part of the natural or environmental stress regime affecting bat colonies.

The mortality events documented here appeared associated with colony size; however, previous
models of UMEs indicate that size alone is not a reliable predictor of risk [4]. Environmental extremes
are more likely to account for sudden die-offs. For example, the winter of 2012 was marked by
prolonged cold snaps, coinciding with elevated mortality in our dataset. Similar effects were reported
across Europe in 2010/11, when mortality in Myotis bechsteinii increased twelvefold and severe
declines of Myotis nattereri populations were observed in the Netherlands, Belgium, and Poland,
implicating continent-wide weather extremes as the driver [19]. In some parts of Europe, certain bat
species have ceased storing fat for winter, leaving them particularly vulnerable to cold snaps [20].
However, recent evidence suggests that some species, including Miniopterus schreibersii, are actively
foraging outside hibernacula during winter as a potential compensatory strategy to offset energy
deficits [21,22]. Yet the degree to which prolonged cold snaps constrain this behaviour and affect
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population viability remains uncertain. Even though hibernation is a vulnerable period, modelling
studies suggest that extended hibernation may enhance bat longevity [23], but empirical evidence
linking hibernation duration to mortality risk remains limited and warrants further investigation.

Carcass preservation strongly influences how mortality is recorded in the field. In Devetashka
Cave, carcasses are rapidly decomposed by amphipods (e.g., Gammarus pulex cognominus and
Niphargus bureschi) or scavenged by shrews, whereas in Ivanova Voda they often persist afloat for
extended periods. By contrast, bloated carcasses may persist at the surface into spring in some sites
(e.g., Parnicite) but sink more rapidly in others. These differences between rivers and lakes
underscore how habitat type and post-mortem processes can bias detection, complicating cross-site
comparisons. Scavenger activity not only obscures mortality estimates but may also constitute an
overlooked pathway for pathogen transmission [24,25], highlighting the importance of incorporating
scavenger dynamics into future mortality assessments. In particular, mammals that enter bat caves
may contribute to both carcass removal and pathogen circulation within these environments.
Nevertheless, systematic data on their presence and behaviour in Bulgaria are still lacking.

A major challenge is the lack of systematic protocols for documenting winter mortality.
Historically, such events were often considered part of the “normal” losses in large colonies and
therefore went unrecorded. In many monitoring schemes, the extent of carcass collection was not
explicitly reported, limiting the reliability of quantitative inference. The sporadic occurrence of
mortality events further reduces the likelihood of detection. Addressing these gaps will require
coordinated, standardised approaches, including regular surveys of key hibernacula, systematic
carcass recovery, and the use of established post-mortem and necropsy protocols to distinguish
environmental from disease-related causes of death [26-28]. Novel techniques, such as dental wear
analysis, may provide additional insight into age structure, although their utility remains constrained
by sparse comparative datasets [29].

Species-specific differences in hibernacula use may also influence both vulnerability to winter
mortality and the likelihood of carcass detection. In our dataset, most bats were associated with wet,
humid caves at lower altitudes, whereas others occupied colder, high-elevation roosts. Such
preferences likely reflect trade-offs between energetic demands and microclimatic stability during
hibernation. Colonies in more variable and unfavourable environments may face greater risks from
extreme winters (e.g., Ivanova Voda), while those in more stable roosts may benefit from reduced
energetic costs [10]. However, mortality still occurs in such sites, as observed at Parnicite, although
detection can be biased as those sites are surveyed more often. Roost characteristics should therefore
be evaluated not only as potential refuges but also in terms of how they influence the visibility of
mortality events.

The use of incremental dentine and cementum lines to estimate the age of bats is subject to
considerable uncertainty. Line clarity varies among species, counts may differ between teeth or
sections, and external factors such as mechanical stress can generate non-annual increments [30,13].
In older individuals, rings may merge or become obscured, limiting the accuracy of age estimates at
advanced stages [31]. In some taxa, multiple layers may form within a single year [32], while in other
cases, counts may underestimate known ages [13]. Recent advances in epigenetics offer a promising
alternative. The development of bat methylation clocks now allows hypotheses about age-related
survival to be tested directly [33]. Epigenetic profiling provides accurate age estimates and has been
linked to variation in mortality risk across sexes and social groups [34]. Moreover, methylation clocks
supply an independent benchmark for evaluating tooth-based ageing methods, which remain largely
unvalidated and subject to significant uncertainty. Thus, while the method used provides useful
insights, it cannot yield precise chronological ages. However, the use of age classes neutralises this
drawback and makes the technique suitable for the study.

The age structure of deceased Miniopterus schreibersii from Bulgaria’s largest hibernation colony
revealed individuals spanning a wide range of classes, though younger bats appeared predominant.
Interpretation of this pattern is uncertain, however, as the colony’s true age distribution remains
unknown and reliable data on local longevity in the wild are lacking. One possibility is that younger
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bats dominate simply because they constitute the most common demographic, or plausibly because
adults that survive the early years exhibit relatively high persistence. Capture-recapture studies of
Pipistrellus pipistrellus support the latter view, showing juvenile survival to be approximately 20-25%
lower than that of adults, both before and after hibernation [35]. Similarly, Myotis bechsteinii exhibits
negligible senescence, with survival and reproduction remaining stable even into advanced age;
mortality in this species appears to be driven primarily by episodic severe winters rather than
intrinsic ageing [19]. Collectively, these findings suggest that early-life mortality is a critical
demographic filter in long-lived bats.

5. Conclusions

This study offers only a snapshot of winter mortality in Bulgarian bat populations, but it
underscores the broader need for refined census procedures. Even relatively small-scale mortality, if
systematically recorded, may reveal long-term trends and emerging risks that currently go
unnoticed. Understanding how age structure, environmental variation, and disease dynamics
interact to shape mortality will be critical for predicting population resilience. Robust mortality
surveillance and accurate age determination, strengthened by molecular tools such as epigenetic
clocks, will be essential for understanding demographic processes and ensuring the conservation of
bat populations across Europe.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Raw_data_dentine_growth_layers_Mschreibersii. Each sample was
independently examined by three observers (Nikolay, Nia, and Boyan). The number of visible dentine growth
layers (“rings”) was recorded and used for age estimation. The final age represents a consensus or averaged

value among observers. Remarks indicate sample condition, missing structures, or discrepancies in counts.
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