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Abstract
Wildﬁres shape ecosystems globally, yet little is known on their effects on wildlife
distribution and spatial behaviour. We used bats as models to test the effects of ﬁre
on ecosystems because they are multi-habitat specialists and feature ecological and
life traits such as behavioural plasticity and longevity that make them able to
respond to both short- and long-term environmental changes. We aimed at testing
the effects of a severe wildﬁre on a Mediterranean bat assemblage in terms of
occupancy, activity and individual ﬁtness. Here, we measure the effects of ﬁre on
activity levels and occupancy by a Mediterranean bat assemblage at the Vesuvius
National Park, in Southern Italy, over 4 years, encompassing a year when a severe
wildﬁre occurred. By comparing bat occurrence and activity at burnt versus
unburnt sites with a Before-After/Control-Impact approach, we found that bat
responses to wildﬁres are species speciﬁc and depend on the time elapsed since
the ﬁre. Species that rely more strongly on forest areas showed a strong short-term
adverse response in terms of occupancy and activity, while species adapted to open
habitats showed no response 1 year after the wildﬁre. However, most species
showed a general positive effect due to the passage of ﬁre 2 years after its occurrence, probably because of vegetation regrowth. The wildﬁre event was also associated with reduced reproduction in at least one species, and to worse individual
body conditions 1 year after the wildﬁre. Our results show that most bats in a
Mediterranean ecosystem show resilience to the occurrence of ﬁre, yet many species show negative short-term responses by altering their spatial behaviour and
decreasing their investment in reproduction. Future increases in ﬁre occurrence and
intensity due to climate change may alter bat assemblages and impair population
viability in the long term, hampering the fundamental ecosystem services provided
by structured bat communities.

Introduction
Fire is a powerful driving force of ecosystem changes, playing
a critical role in shaping wildlife assemblages worldwide (Bowman et al., 2009). Besides natural ignitions, anthropogenic ﬁre
has also a role in inﬂuencing the dynamics and functioning of
landscapes across the globe (Bowman & Haberle, 2010), drastically changing environmental conditions and eliciting a range
of responses by different organisms.
A limited number of biological communities are favoured by
the occurrence and passage of ﬁre (Cissel, Swanson, & Weisberg, 1999), whereas the survival of many others is jeopardized
by this type of disturbance, implying habitat loss and altered
environmental conditions to which organisms fail to respond
(McKenzie, Miller, & Falk, 2011). Moreover, even communities that are adapted to wildﬁres may be threatened should ﬁre
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be too frequent or affect especially large areas (Pastro, Dickman, & Letnic, 2011). Such effects, besides affecting people’s
safety and economy, make wildﬁre a prime global conservation
issue (Hardesty, Myers, & Fulks, 2005).
Ecosystem responses to both natural and prescribed ﬁre
have attracted researchers’ attention worldwide (Fernandes
et al., 2013), nonetheless little is still known on the effects
of ﬁre on faunal assemblages (Pastro et al., 2011). The
response of animal species to wildﬁres is usually complex
and non-consistent across case studies, resulting from the
interaction of landscape composition, habitat types, wildﬁre
extent, frequency and intensity, wind direction and speed,
local climate, and species’ ecological and biological traits
(Grifﬁths, Garnett, & Brook, 2015; Kelly et al., 2017).
Responses by vertebrates even differ according to whether
prescribed ﬁre or wildﬁres are taken into account, and
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recorded reactions are highly taxon-speciﬁc (Pastro et al.,
2011).
Bats make an interesting model to explore vertebrate
responses to environmental stressors, being sensitive and
reactive to even subtle habitat changes (Jones et al., 2001).
Bats are, therefore, deemed promising indicators of environmental conditions and trends (Jones et al., 2009; Russo &
Ancillotto, 2015; De Conno et al., 2018). Bats are potentially put at risk by wildﬁres because of direct mortality and
loss of key resources such as roost trees and foraging sites,
yet studies on prescribed ﬁre indicate that bats show high
plasticity in exploiting post-ﬁre availability of roosts and
insect prey (Lacki et al., 2009; Buchalski et al., 2013; Law
et al., 2018, 2019). In fact, wildﬁre may be beneﬁcial in the
long run, for example by opening up spaces that are used
for foraging by edge- or open-habitat specialists, or by killing trees which turn into snags suitable for roosting (Loeb &
O’Keefe, 2014). Overall, the effects of prescribed ﬁre on
bats are more studied (Boyles & Aubrey, 2006; Lacki et al.,
2009; Loeb et al., 2014; Cox et al., 2016), while still little
research addressed the reaction of bat assemblages to wildﬁres, especially over long periods of time.
Traits such as mobility (Bader et al., 2015), longevity
(Wilkinson & Adams, 2019) and behavioural plasticity (Salinas-Ramos et al., 2019) may allow bats to cope with habitat
modiﬁcations following wildﬁre through ﬂexibility in spatial
behaviour, or by compensating reduced resource availability
through a temporarily reduction in reproductive investment
(Adams & Hayes, 2008; Adams, 2010; Lucan, Weiser, &
Hanak, 2013; Amorim et al., 2015).
Ecomorphology of bats is strongly linked to habitat preferences, as traits such as wing loading and aspect ratio
(Bininda-Emonds & Russell, 1994) strongly differ between
species foraging in cluttered (e.g. forest) and open (e.g. pastures) habitats, respectively, and confer bats’ different abilities in terms of manoeuvrability, dispersal and long-distance
traveling (Norberg & Rayner, 1987).
The bat species that occur in Europe reproduce once a
year, with births occurring in late spring to early summer
(Dietz et al., 2009). The period of time between June and
August is, therefore, fundamental to raise offspring and store
fat reserves needed to overwinter, when such species reduce
active foraging and largely rely on energy reserves to hibernate. In many bat species, weather conditions during such
crucial months represent an important predictor of body condition and in turn short-term reproductive success (Heideman, 2000; Adams & Hayes, 2008; Lucan et al., 2013;
Amorim et al., 2015). In this study, we measure the effects
of a severe wildﬁre on insectivorous bats by assessing variation in species occurrence, community structure, activity
levels and reproductive output before and after the event
took place. We adopted a before-after control-impact (BACI)
design, respectively, 1 year before the occurrence of the
wildﬁre and in 2 subsequent post-ﬁre years. Speciﬁcally, we
formulate the following hypotheses and predictions:
1 Wildﬁre effects on bats are trait-biased (e.g. Blakey et al.,
2019). Fire in forest habitats creates open areas at the
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expense of clutter by burning underwood vegetation, shrubs
and tree crowns, thus, favouring activity of bat species
whose wing morphology, ﬂight style and echolocation call
design best-ﬁt ﬂight in open spaces (Russo, Ancillotto, &
Jones, 2017). These open- or edge-habitat specialists are usually species that may move over long distances and cope
with strongly modiﬁed habitats (Ancillotto et al., 2019; Santini et al., 2019), both potentially key features in responding
to an extensive wildﬁre like the one that occurred at the
Vesuvius National Park. Building up on previous work
(Bosso et al., 2018), we predict that a) species adapted to
dwell in dense vegetation (“clutter” specialists) such as forest
will be affected adversely by the wildﬁre, while open-space
or edge-foraging species will either show no response or
increase their activity and occupancy in burnt areas. Moreover, we predict that b) such effects will alter bat assemblages, that is, burnt sites will feature modiﬁed species
composition in terms of activity levels.
2 Because bats may compensate for a decline in food resources
due to sudden habitat modiﬁcations by reducing their reproductive output (Amorim et al., 2015), we hypothesize that
this will also hold true after the disappearance of foraging
habitat caused by a wildﬁre. We therefore predict that fewer
females will be pregnant or lactating and that fewer males
will be sexually active following the wildﬁre.

Materials and methods
Study area
We did our study at the Vesuvius National Park (hereafter:
VNP) and surrounding areas (40°490 N, 14°26 E). The VNP
covers an area of 84.82 km2: the main habitat types found
within the VNP are represented by mesophilic or thermophilic forests of broadleaved tree species (Castanea
sativa; Ostrya carpinifolia, Fraxinus ornus, Arbutus unedo,
Laurus nobilis, Alnus cordata, Quercus ilex and Q. pubescens), interspersed within large patches of typical Mediterranean scrubland (Cytisus scoparius, Spartium junceum and
Genista aetnensis), non-native pine plantations (Pinus pinea,
P. pinaster, P. halepensis and P. nigra) and black locust
standings (Robinia pseudoacacia). The VNP is also characterized by the massive presence of urban and agricultural
areas, falling within 13 municipalities and home to c.
352 000 people, and is surrounded by an extensive conurbation which makes it a biodiversity “island” (Bosso et al.,
2018; www.parconazionaledelvesuvio.it).
The area has a typical Mediterranean climate with mild winters and hot and dry summers, a mean annual precipitation of c.
1100 mm and mean minimum temperature of the coldest
month and mean maximum temperature of the warmest month,
respectively, of 5.7°C (January) and 21.7°C (July) (Ducci &
Tranfaglia, 2008). The bat species present at the VNP show
diverse foraging and roosting preferences, ranging from forest
specialists to extremely generalist taxa (Table 1).
Wildﬁres occur on a regular basis within the VNP, yet
those affecting >100 ha are relatively rare and occur on
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Table 1 Environmental variables used to predict associations with bat activity levels at 21 sites in the Vesuvius National Park (S Italy)
between 2016 and 2019
PCA

Variable name

Description

Unit/ type

Mean %; Range

PC1

Scrubland2016

Amount of scrubland habitat in a 200 m radius around recording station,
before the wildfire
Amount of forest habitat in a 200 m radius around recording station, before
the wildfire
Amount of scrubland habitat in a 200 m radius around recording station,
after the wildfire
Amount of forest habitat in a 200 m radius around recording station, after
the wildfire
Distance to the closest unburnt area
Distance to the closest permanent water site
Sampling in a site that did not burn
Sampling in a site that did burn, before the wildfire
Sampling in a site that did burn, 1 year after the wildfire
Sampling in a site that did burn, 2 years after the wildfire

%/ Continuous

42.4: 0–100

%/ Continuous

58.8; 0–100

%/ Continuous

5.33; 0–42

%/ Continuous

13.0; 0–87

km/
km/
NA/
NA/
NA/
NA/

1.9; 0.0–4.4
1.9; 0.1–5.3
NA
NA
NA
NA

Forest2016
PC2

Scrubland2018
Forest2018

PC3
NA

Dist firefront
Dist water
Fire control
Fire pre
Fire burn1
Fire burn2

Continuous
Continuous
Categorical
Categorical
Categorical
Categorical

PCA indicates how variables were ordered following a Principal Component Analysis; NA, non-applicable.

average every 5–6 years (Ministero dell’Ambiente e della
Tutela del Territorio e del Mare, 2016). In July 2017, a severe wildﬁre occurred in the Park, affecting c. 40% of its surface (c. 4000 ha), burning tree canopies and underwood on a
ring-shaped continuous area around Mount Vesuvius (i.e.
leaving no patch of untouched vegetation within the burnt
area); Fig. 1) and affecting extended portions of forest and
scrubland, as well as farmland and urban areas (Bosso et al.,
2018). The VNP hosts at least 12 species of bats (Bosso
et al., 2018), that is, 34.3% of the Italian bat species

Figure 1 Map of study area, illustrating the Vesuvius National Park
and its immediate surroundings, habitat types and sampling site
locations, and the boundaries of the area that burnt in 2017; X = location of mistnetting site.
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richness (Loy et al., 2019), and thus represents a stronghold
for the conservation of bats on a wider geographic scale.

Bat acoustic sampling
We recorded bat activity through acoustic surveys in June–
August 2016, that is, 1 year before the wildﬁre, and repeated
sampling in the same months of 2018 and 2019, respectively, 1 and 2 years following the event. In 2017, when the
wildﬁre took place, we could not sample bat activity because
the area was inaccessible for safety reasons. Sampling was
initiated before the wildﬁre as part of a VNP’s project on
bat monitoring, and the replications that followed the wildﬁre
were done with a BACI design.
The sampling resulted in a total of 21 sites covering all
major habitat types represented in the park; consecutive sites
were at least 250 m apart to reduce the risk of recording the
same individuals at nearby sites. Albeit such distance is relatively small in relation to bat movement abilities, it is usually longer than the mean foraging core areas within
individual bats’ nightly home ranges (e.g. Rainho & Palmeirim, 2011), which makes consecutive points relatively
independent. Each recording site consisted of a geo-referenced point location, which was selected to provide a complete coverage of the Park’s area, at the same time
representing the habitat types in proportion to their extension
within the study area (Fig. 1). Each site was classiﬁed in
2017 as burnt or unburnt by assessing the presence of wildﬁre signs on ground, such as extensive amounts of ash and
carbonized or blackened tree trunks in 50 m around each
location. The entire campaign led to a total of 63 (21
sites 9 3 visits) recording nights during 3 sampling years
(2016, 2018 and 2019); as each recording session lasted c.
4 h, totalling 252 h of recordings.
We placed automatically triggered bat detectors (D500x,
Pettersson Elektronik, Uppsala, Sweden) at each site and set
them to record continuously for 4 h since sunset, between
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June and August each year. Bat detectors were secured to
the vegetation or other structures 1.5 m above the ground
pointing towards likely ﬂight corridors or foraging spots,
with an upward 45° angle. The recordings were then stored
automatically as *.wav ﬁles onto CF memory cards. We
made recordings consistently on the same day across sampling years, and in all cases, recording nights had clear sky
and no precipitation. We identiﬁed echolocation calls manually by measuring frequency and time variables as in Russo
& Jones (2002) and identifying to species all calls for which
this procedure was unambiguous, which was the case for all
recordings except a few Myotis passes that we classiﬁed to
genus level. At each site we measured bat species richness
and both overall and single-species activity (Russo & Jones,
2003).

Mapping habitats and wildfire
Of 21 sampling sites, 12 burned in 2017: these lost 35–
100% of forest cover, and between 38% and 100% of scrubland cover, respectively, as assessed in 200 m circular plots
surrounding each site. The nine unburnt sites underwent no
signiﬁcant change in habitat composition between 2016 and
2018. To date, no Corine Land Cover map is available for
2019, but a visual assessment of burnt sites indicated a signiﬁcant vegetation regrowth, especially Mediterranean scrubland, holm oaks Quercus ilex and black locust Robinia
pseudacacia.

Effects of wildfire on bat activity
We built a set of generalized linear mixed models (GLMM)
with negative binomial error distribution and log-link function for the total bat activity and for each species separately.
We limited single-species analyses to those species for which
we recorded 30 or more passes and occurring in >20% of
recording sites in each sampling year. For each response
variable, we built a model including the following ﬁxed
effects:
a Sampling year, comprising three levels: pre-ﬁre (2016);
1 year after ﬁre (2018) and 2 years after ﬁre (2019);
b Treatment, comprising two levels: sites that burnt in
2017 and those that did not;
c Interaction term between year and treatment, which we
used to test whether any activity change occurred at a
burn site was a response to ﬁre rather than an effect of
the year when activity was sampled.
We ﬁrst checked all models for data overdispersion, and
site identity was used as a random factor to account for
inter-site variability.
To test the association between bat activity and several
environmental variables potentially shaping bat responses to
ﬁre, we also calculated the distance to the closest water site,
distance to ﬁre front (i.e. to the closest unburnt area, with
unburnt sites = 0 km) and the per cent amount of scrub and
tree cover, respectively, before (2016) and after (2018) the
wildﬁre. The latter, which may also be interpreted as an
4
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inverse proxy of site-speciﬁc ﬁre severity, was assessed
within 200-m-radius circular areas surrounding each recording point, and such areas were overlaid to the Corine Land
Cover IV level map (available from http://www.sinanet.ispra
mbiente.it/it/sia-ispra/download-mais/corine-land-cover). We
used the ArcGis software programme (rel. 10.2.2) to clip the
Corine Land Cover within the boundaries of the VNP and
quantiﬁed habitat composition by extracting the per cent
occurrence of each habitat type within the above-mentioned
circular plots (e.g. Ancillotto et al., 2019). All variables were
ﬁrst tested for collinearity by running a Variance Inﬂation
Analysis (VIF), which showed that none had VIF values
>10. We then ordered environmental variables by running a
Principal Component Analysis (PCA) and used the resulting
components as predictors in a Canonical Correspondence
Analysis (CCA) to visually assess the effects of environmental variables to bat activity (Table 1). We assessed the proportion of explained variance by selected predictors in the
CCA by running the “ANOVA” function on the CCA
model.

Effects of wildfire on bats’ occupancy
dynamics and assemblage structure
We calculated the observed na€ıf occupancy for each bat species, separately for each year, as the ratio between the numbers of sites where one or more passes of a given species
was recorded and the total number of sampled sites
(n = 21). We did not conduct occupancy/detection modelling
as our sampling protocol (one visit per site/year) allowed to
account for an assessment of species’ detectability under
stable environmental conditions. Instead, we assumed that
species’ detectability remained constant throughout each session, an assumption justiﬁed by the short duration of each
sampling season (Bader et al., 2015). Yet, the consistent protocol, as well as the temporal replication and the BACI
design, all contribute to make the use of na€ıf occupancy
acceptable.
Overall changes in bat occupancy were tested by running
a paired Student’s t-test on the numbers of occupied sites
between 2016 and 2018, as well as between 2018 and 2019,
using species as the pairing factor. The effect of the wildﬁre
on occupancy was then tested by comparing occupancy rates,
expressed as changes in the ratio of occupied sites, between
burnt and unburnt sites in 2016–2018 and 2018–2019. For
this analysis, we employed chi-square or Fisher’s exact tests
according to sample size, and considered signiﬁcant only
results for which P < 0.05.
To detect changes in the composition of local bat assemblages due to the wildﬁre, we also ran analyses of similarity
(ANOSIM) with 999 permutations on bat activity levels
using the interaction term between treatment and year as the
grouping factor, which thus led to six groups. ANOSIM tests
the ranked distances of assemblages among samples based
on a Bray-Curtis Dissimilarity matrix, as calculated from the
numbers of bat passes per species. The latter were ﬁrst log
transformed to reduce the effect of rare or very abundant
species, as well as reduce issue due to mean-variance
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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relationships (Warton et al., 2012; Duchet et al., 2019).
When assemblages were assessed as signiﬁcantly different,
we ran an analysis of similarity percentage (SIMPER) to
quantify the contribution of each bat species to such differences (Clarke & Warwick, 2001).

Effects of wildfire on body condition and
reproduction
We mist-netted bats four times during each sampling year at
the main bat drinking site, that is, an artiﬁcial circular pond
of c. 5.5 m diameter, located at c. 200 m from the closest
burnt area. This pond is the only permanent water source
within the boundaries of the Park, thus, it is likely to genuinely represent a sample of bats from a broader landscape
surrounding its location (e.g. H. savii captured at this site
were found roosting up to 5.5 km away; Ancillotto et al.,
2018). Numbers (n = 2) and size (6 and 12 m long 9 3 m
high) of mist nets used, their position and session duration
(c. 4 h per night) were consistent across all sessions. Captured bats were identiﬁed to species (Dietz et al. 2009), forearm length and body mass were recorded, and each bat was
assigned to an age class (considering juveniles all bats with
evident epiphyseal cartilages on wing bones), and to a reproductive status class. Speciﬁcally, following Kunz & Parsons
(2009), males were considered reproductive when they had
enlarged epididymes and evident buccal glands, while
females were considered as reproductive when they were
diagnosed as pregnant by palpation, as well as lactating or
post-lactating based on examination of the area of the mammary glands (Kunz & Parsons, 2009). Species identity of
bats belonging to cryptic complexes was assessed by collecting a - mm round wing tissue for molecular identiﬁcation
(Galimberti et al., 2012).
We concentrated our analysis on the most abundant species (Hypsugo savii), which was constantly present across
years with sample sizes suitable for analyses.
The effect of wildﬁre on H. savii body condition was
tested by running a LMM, using the scaled mass index to
express body condition (Peig & Green, 2009) as the
response variable, year as the explaining variable and sex as
the random effect. We did not calculate the Scale Mass
Index for pregnant females and juveniles.
We ran Chi-square tests to make comparisons between the
proportions of reproductive H. savii in different sampling
years. We ran paired comparisons between all years for
which data were available (2014, 2015, 2016, 2018 and
2019) to see whether reproductive rates in post-ﬁre years differed from those observed in the remaining years (total capture occasions: n = 20). As for the acoustic sampling,
capture sessions (ordinally numbered from 1 to 4) were conducted each year on the same date (5 days); as pairing factor, we used the ordinal number assigned to each capture
session each year.
We ran all tests in R 2.1.14 (R Core Team 2016), using
the vegan package (Oksanen et al., 2013) for CCA, SIMPER
and ANOSIM tests, and lme4 (Bates et al., 2007) for
GLMMs and GLMs.
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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Results
In 2016–2019, we recorded 4156 bat passes assigned to 12
species and one species group (Myotis spp.; Table 2). Total
bat activity was apparently only inﬂuenced by sampling year,
with a slight increase from 2016 to 2019 (Tables 2 and 3),
with no visible effect of treatment or wildﬁre.
We obtained sufﬁcient recordings to model bat activity separately for six species (Table 3; Fig. 2): H. savii, P. kuhlii, P.
pipistrellus, Tadarida teniotis, Plecotus austriacus and Rhinolophus ferrumequinum. Three of them (H. savii, P. kuhlii
and P. pipistrellus) were all more active in control sites, independently from the year considered. Three species increased
their activity across the years, namely, H. savii, P. austriacus
and R. ferrumequinum, while that of P. pipistrellus decreased.
Pipistrellus kuhlii, T. teniotis, R. ferrumequinum and P. austriacus also showed a signiﬁcant interaction between treatment
and year, meaning that they were affected by the wildﬁre.
Among these, P. kuhlii and T. teniotis showed a signiﬁcant
increase in activity in burnt sites post-ﬁre, while R. ferrumequinum and P. austriacus showed a signiﬁcant decrease after
1 year since the wildﬁre and a strong increase 2 years after the
wildﬁre, at burnt sites. For example, P. austriacus at burnt sites
showed almost no activity in 2018, but showed an over twofold
increase in the subsequent year. Finally, both R. ferrumequinum and P. austriacus showed a slight increase at control
sites 1 year after the wildﬁre (Fig. 2).
The PCA identiﬁed three main components which summarize the effect of environmental variables. Such components
Table 2 Numbers of passes and occupancy levels of 12 bat
species and one species group before (2016) and after (2018,
2019) a severe wildfire, as recorded at 21 sites within the Vesuvius
National Park (S Italy)
Activity

Occupancy

Species

2016

2018

2019

2016

2018

2019

Hypsugo savii
Pipistrellus kuhlii
Pipistrellus
pipistrellus
Tadarida teniotis
Plecotus austriacus
Rhinolophus
hipposideros
Rhinolophus
ferrumequinum
Myotis emarginatus
Myotis crypticus
Nyctalus leisleri
Pipistrellus
pygmaeus
Miniopterus
schreibersii
Myotis spp.
Total

440
316
191

436
299
150

554
468
141

90.5
100.0
85.7

95.2
95.2
76.2

95.8
100.0
79.2

98
50
45

109
29
33

121
59
49

57.1
47.6
19.0

62.5
19.0
12.7

66.6
41.7
14.3

23

20

39

33.3

23.8

38.1

28
16
14
4

9
6
4
4

20
17
10
3

28.6
23.8
38.1
9.5

19.0
14.3
14.3
9.5

20.8
16.7
20.8
9.5

2

3

3

4.8

4.8

9.5

15
1,242

18
1,110

11
1,495

–

–

–

Activity, total number of passes across recording sites; Occupancy,
per cent of recording sites with calls from the species.

5

Bats and wildfires

L. Ancillotto et al.

Table 3 Generalized linear mixed models (GLMM) for seven bat
species by sampling year (Year), fire treatment (Fire) and their interaction
Species/Group

Variable

Estimate (Error)

P

All species pooled

Year
Treatment
Year:treatment
Year
Treatment
Year:treatment
Year
Treatment
Year:treatment
Year
Treatment
Year:treatment
Year
Treatment
Year:treatment
Year
Treatment
Year:treatment
Year
Treatment
Year:treatment

0.111
0.095
0.234
0.258
0.114
0.012
0.023
0.134
0.282
0.110
0.451
0.640
0.010
0.192
0.541
0.788
0.201
0.139
0.871
0.173
0.325

**
n.s.
n.s.
**
*
n.s.
n.s.
*
***
**
*
n.s.
n.s.
n.s.
*
**
n.s.
*
*
n.s.
**

Hypsugo savii

Pipistrellus kuhlii

Pipistrellus pipistrellus

Tadarida teniotis

Rhinolophus ferrumequinum

Plecotus austriacus

(0.034)
(0.061)
(0.143)
(0.057)
(0.012)
(0.021)
(0.038)
(0.031)
(0.054)
(0.041)
(0.091)
(0.145)
(0.032)
(0.089)
(0.098)
(0.035)
(0.079)
(0.010)
(0.034)
(0.550)
(0.056)

n.s., not significant.
* P < 0.05.
** P < 0.01.

represent variation in landscape composition, in terms of
amount of remnant vegetation, before (PCA1) and after
(PC2) the wildﬁre, as well as distance from unburnt areas
and water sources areas (PC3), explaining 74.6, 15.2 and

9.4% of variance in bat activity levels respectively. A visual
assessment of the CCA biplot (Supporting Information Figure S1) also revealed species-speciﬁc associations with environmental variables. P. austriacus activity was associated
with both PC1 and PC2; that of N. leisleri with PC1; while
activity levels of M. emarginatus and R. hipposideros were
mainly related to PC2 only; all other species did not show
any particular association. Hypsugo savii and T. teniotis
showed a weak relationship with PC3 too (Supporting Information Figure S1.
Overall, species occupancy changed signiﬁcantly from
2016 to 2018 (t = 2.63, P < 0.05) and from 2018 to 2019
(t = 3.14, P < 0.05). In the ﬁrst year after the wildﬁre, 8 out
of 12 species showed a decrease in the proportion of occupied sites, whereas 2 (H. savii and T. teniotis) showed an
increase. Between 2018 and 2019, ten species showed an
increase in occupancy, but only one (R. ferrumequinum)
showed an increase in comparison to pre-ﬁre conditions.
Occupancy between 2016 and 2018 changed signiﬁcantly
between burnt and unburnt sites for all species in the Rhinolophus and Myotis genera, as well as for Plecotus austriacus, with a higher proportion of disappearance from burnt
sites than from control ones (all P < 0.05; see Supporting
Information Table S1). Between 2018 and 2019, a signiﬁcant
change in occupancy between burnt and unburnt sites was
evident only for R. ferrumequinum and P. austriacus, with a
higher proportion of burnt sites being re-colonized.
Bat species composition in the VNP as a whole did not
change across the study years, yet the ANOSIM showed signiﬁcant differences in the assemblages’ structure at sites
under different treatment*year conditions (R = 0.08,
P < 0.01). Such differences were mainly driven by contrasts

Figure 2 Bat activity trends (mean numbers of bat passes per site/night standard deviation) in burnt (black lines) and unburnt (grey lines)
sites (n tot = 21) at three time intervals (pre: 2016; post 1: 2018; post 2: 2019), in the Vesuvius National Park (S Italy). Species: hsav: Hypsugo savii; pkuh: Pipistrellus kuhlii; ppip: Pipistrellus pipistrellus; tten: Tadarida teniotis; rfer: Rhinolophus ferrumequinum; paus: Plecotus
austriacus. Dashed lines indicate the year when the wildfire occurred.
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Figure 3 Proportion (meanD) of reproductive males (black bars) and females (grey bars) of Savi’s pipistrelles Hypsugo savii before (2014–
2016) and after (2018–2019) the occurrence of a wildfire at the Vesuvius National Park (S Italy); error bars indicate standard deviation.

between burnt sites before and 1 year after the wildﬁre,
between control sites before and 1 year after the wildﬁre, as
well as between burnt sites in the ﬁrst and in the second
year after the ﬁre (all P < 0.025). Again, the differences in
question were mostly due to changes in the activity levels of
Rhinolophus spp., Myotis spp. and Plecotus, which cumulatively accounted for 83.1% of total dissimilarity (Table 4);
namely, the latter was mainly driven by relatively uncommon species such as R. hipposideros and M. emarginatus,
cumulatively accounting for 59.3% of sample dissimilarity.

Reproduction and body condition
We captured 208 bats of ﬁve species between 2016 and
2019, 182 of which were H. savii (72 males, 110 females);
all other species were not captured in sufﬁcient numbers for
quantitative analyses (P. kuhlii: n = 13; M. crypticus: n = 6;
P. austriacus: n = 5; N. leisleri: n = 1; M. schreibersii:
n = 1). Mean species richness at each capture session
Table 4 SIMPER per cent dissimilarity of bat assemblages in burnt
and unburnt sites at 21 sites in the Vesuvius National Park (S Italy),
across 1 pre- and 2 post-fire years

Species
Rhinolophus hipposideros
Myotis emarginatus
Rhinolophus
ferrumequinum
Plecotus austriacus
Myotis crypticus
Hypsugo savii
Pipistrellus pipistrellus
Nyctalus leisleri
Pipistrellus kuhlii
Tadarida teniotis

Av.
Dissimilarity

Contribution
(%)

Cumulative
(%)

27.50
14.31
12.23

39.02
20.31
17.35

39.02
59.33
76.68

4.51
4.49
4.03
3.41
0.00
0.00
0.00

6.40
6.37
5.72
4.84
0.00
0.00
0.00

83.08
89.44
95.16
100.00
100.00
100.00
100.00
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increased (n = 12, ANOVA: F1,11 = 2.35, P < 0.01) between
pre-ﬁre (1.17  0.41) and post-ﬁre years (3.250.96). The
mean numbers of captured H. savii did not vary between
paired sessions across years (n = 12, ANOVA: F1,11 = 1.34,
P = n.s.), yet their scaled mass index decreased from 2016
to 2018 (estimate: 0.01, P < 0.05). The same variable
increased signiﬁcantly between 2018 and 2019 (estimate:
0.01; P < 0.05), and reached values comparable to those
recorded in the years before the wildﬁre (estimate: 0.00;
P = n.s.). The per cent of H. savii reproductive females
decreased (P < 0.001) from 92%–95% in pre-ﬁre years to
17%–35% in 2018 (ﬁrst year post-ﬁre). The percentage of
reproductive males did not change signiﬁcantly across years
(pre-ﬁre: 46%–55%; post-ﬁre 35%–40%). The proportions of
reproductive males and females (Fig. 3), respectively, did
not differ signiﬁcantly between pairs of pre-ﬁre years (all
P = n.s.). We observed a signiﬁcant increase in the proportion of reproductive females (Chi-square: 11.65, P < 0.01)
from 2018 to 2019, while in 2019 (2 years after the wildﬁre), this proportion recovered to the values recorded in preﬁre years (see Supporting Information Table S2).

Discussion
The severe wildﬁre that occurred at the VNP in 2017
affected signiﬁcantly the use of space by bats, their occupancy patterns and reproductive output. Such effects were
species-speciﬁc in intensity and direction, yet in most cases
led to a fast recovery to the pre-ﬁre conditions, suggesting
that at least some bat species are resilient to environmental
alteration by ﬁre.

Bat activity in response to wildfire
Bat activity showed different responses depending on the
time elapsed since the occurrence of ﬁre. Edge specialists
(genera Pipistrellus and Hypsugo) were not apparently
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affected by ﬁre, or were even favoured in the long term,
showing higher levels of activity at burnt sites after 2 years
than before the wildﬁre. Bats adapted to clutter habitats
instead showed a strong decrease at burnt sites 1 year since
the ﬁre, and a subsequent signiﬁcant increase after 2 years.
Noticeably, clutter-adapted species also increased activity at
unburnt sites 1 year after the wildﬁre, respectively, conﬁrming their higher susceptibility to environmental changes when
compared to open habitats’ species (Saﬁ & Kerth, 2004),
and suggesting a relevant role of areas untouched by ﬁre as
alternative foraging sites when favoured ones were not available. In fact, the amount of untouched vegetation played a
major role in determining bat activity levels after the wildﬁre. Moreover, the positive effect of water accessibility is
well documented for bats (Adams, 2010; Ancillotto, Tomassini & Russo, 2016; Amorim et al., 2018), while that of the
distance into the burnt areas from the ﬁre front is likely a
proxy of disturbance intensity (Buchalski et al., 2013).

Bat assemblages differ between burnt and
unburnt sites
The responses of bat activity in terms of species composition
mainly consisted of modiﬁed assemblages occurring at burnt
sites, with differences mostly due to clutter-adapted species
such as the ﬁve bat species from the genera Rhinolophus,
Plecotus and Myotis. Clutter-adapted species are potentially
more exposed to habitat loss and local extinction risk (Saﬁ
& Kerth, 2004; Bosso et al., 2018). Although we did not
test any effect of species-speciﬁc roost preferences on bat
responses to the wildﬁre, these likely played a minor role,
probably because most species found in the study area are
not strictly dependent from single roost types, that is, they
use both buildings, underground sites (Rhinolophus spp.) and
tree cavities (all other species). We could not test the effects
of ﬁre on rare species, yet a visual assessment of their trends
indicates that the rarest species, such as Myotis crypticus, M.
emarginatus and R. hipposideros may have not fully recovered after the wildﬁre, as also suggested by the fact that
these species were those that most inﬂuenced the differences
among years. Namely, Myotis spp. and R. hipposideros were
also the species out of those we recorded that rely more on
cluttered habitats for foraging, and may thus take longer to
recolonize burnt sites following forest regrowth (Bontadina,
Schoﬁeld, & Naef-Daenzer, 2002; Flaquer et al., 2008;
Smith & Racey, 2008). Further studies applying integrated
methods (e.g. long-term roost survey schemes and radiotracking: Van der Meij et al., 2015; Ancillotto et al., 2018) may
be needed to assess the response of rarer species to wildﬁre;
yet, extensive or repeated wildﬁres may destabilize bat communities and, thus, jeopardize the ecosystem services that the
latter provide (Russo, Bosso, & Ancillotto, 2018).

Bat occupancy in response to wildfire
Bat response in terms of species’ occupancy reﬂected that of
activity levels, with two clutter specialists avoiding using
burnt sites after 1 year and apparently re-colonizing 2 years
8
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from the wildﬁre respectively. Shrubs appear only few years
after wildﬁres that affect Mediterranean forests (Ubeda, Outeiro, & Sala, 2006), and plant communities gradually show a
trend towards pre-ﬁre productivity levels, as quantiﬁed by an
increase in the Normalized Difference Vegetation Index,
which is linked with insect biomass (Sweet et al., 2015).
This means that bat food availability in such ecosystems
should recover relatively quickly, albeit the relationship
among bat activity, vegetation regrowth and insect abundance in forest habitats subjected to wildﬁres is not yet clear,
and probably not consistent among different habitats (Malison & Baxter, 2010; Cox et al., 2016; Lacki et al., 2017;
Austin et al., 2018; Moreira et al., 2019).

Wildfires affect bat reproduction
Capture data on H. savii showed that body condition
declined following the wildﬁre, and that some responses
were sex speciﬁc. In particular, fewer females were reproductive 1 year after the wildﬁre. H. savii is small (body
mass: 4–9 g) and an open-space/edge habitat specialist, yet
the habitat loss these bats faced probably did not allow them
to acquire sufﬁcient energy reserves to cope with pregnancy.
This is also in line with a radiotracking study conducted in
the VNP, highlighting the importance of forests as foraging
habitat for this species (Ancillotto et al., 2018). Similar
responses were recorded in other bat species under different
adverse conditions such as prolonged water scarcity (Adams,
2010; Amorim et al., 2015) and weather unpredictability due
to climate change (Adams, 2010; Lucan et al., 2013). In our
study area, summer monthly precipitation (June-August)
showed a minimum in 2017, that is, the year when the wildﬁre occurred (6.7  5.9 mm, vs. 20.7  18.9 and
36.1  23.1 mm in 2016 and 2018 respectively; http://agric
oltura.regione.campania.it/home.htm). Under physiological
stress such as overheating, H. savii may make more frequent
use of daytime torpor (Russo et al., 2017; Ancillotto et al.,
2018), and the same strategy might be used by bats that
cope with food shortage following wildﬁres (Doty et al.,
2016), at the expense of gametogenesis (McAllan & Geiser,
2014). Skipping a reproductive event may be an effective
energy-saving strategy for long-lived species to cope with
adverse environmental conditions (Pilastro, Tavecchia, &
Marin, 2003; Rivalan et al., 2005). Noticeably, female H.
savii recovered their average reproductive status as soon as
2 years after the wildﬁre, once again most likely reﬂecting a
quick return to sufﬁcient insect food availability associated
with fast vegetation regrowth at burnt sites.

Conclusions
Our study shows that Mediterranean bat communities
respond to wildﬁres and may alter their use of space and
reproductive output to compensate for the transient loss of
food or foraging habitat, re-establishing their pre-ﬁre patterns
as soon as favourable environmental conditions are restored.
The picture provided by the modelling assessment of the
same wildﬁre we dealt with in this study (Bosso et al.,
Animal Conservation  (2020) – ª 2020 The Zoological Society of London
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2018) was less optimistic because it could not account for
dynamic changes such as bat behavioural plasticity and
quick vegetation regrowth, nor could it unveil patterns at
smaller spatial scales than those typically covered in spatial
modelling exercises. Bosso et al. (2018) assessed speciesspeciﬁc habitat losses due to wildﬁre as irreversible, which
led to predictions of more adverse long-term effects on local
bat populations.
Our results on bat activity and reproductive success rest
upon a relatively small sampling effort in terms of survey
hours and numbers of sites; yet, the sampling design we followed and the fact that the capture site we investigated is a
very important drinking and foraging site attracting bats from
several kilometres (see Ancillotto et al., 2018) compensate
for such limitations, and may genuinely reﬂect a more general, broad-scale trend of bat populations.
The resilience to ﬁre shown by the bat community we
examined reﬂects long-term preferences of different bat
guilds found in other Mediterranean biomes, that is, Western
US (Blakey et al., 2019), where clutter-adapted species
favoured areas with less severe and less frequent wildﬁres.
Nonetheless, such results should not be taken incautiously as
a “general reaction” of bats to such events. First, the unpredictable nature of exceptional wildﬁres and the lack of information on bat activity on longer time scales in the past
make it difﬁcult to assess whether the resilience we found
actually represents a recovery to a “baseline” level. Secondly, numerous variables such as wildﬁre size, frequency,
post-ﬁre dynamics of vegetation and insect prey assemblages,
and bat species occurring in an area may all differ from case
to case, potentially leading to very different outcomes.
Fire may act as a ﬁlter to bat assemblages according to
species’ ecological preferences and traits such as wing morphology (as in Bosso et al., 2018). We cannot rule out that
in other situations, responses would differ; for example, Starbuck et al. (2020) found that pyrodiversity was a poor predictor of bat habitat preferences in an heterogeneous
landscape, while bats in mountainous conifer forests were
mostly favoured by both pyrodiversity and ﬁre severity, with
few species-speciﬁc exceptions (Steel et al., 2019). Moreover, species naturally occurring at low population sizes or
densities, and consequently more difﬁcult to monitor and
detect, may be less resilient, thus, how ﬁre affects them may
go unnoticed.
Our results highlight that remnants of untouched habitats
thus represent a fundamental resource for bats to cope with
critical environmental crises (Metcalf, Hampson & Koons,
2007), probably favouring prompt re-colonization of burnt
areas once these become suitable again (Zielinski & Gellman, 1999), and are thus pivotal targets for conservation.
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Table S1. Comparisons between burnt and unburnt sites
(n = 21) of the occupancy rates by 11 bat species in the
Vesuvius National Park (S Italy) before (2016) and after
(2018, 2019) the occurrence of a severe wildﬁre
Table S2. Signiﬁcance of Chi-squared tests on the proportions of reproductive males (orange) and females (green)
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Figure S1. Canonical correspondence analysis (CCA)
ordination of the activity levels by ten bat species in relation
to environmental variables ordered as Principal Components
(following Table 1).
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