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Abstract

Understanding ecological niches is essential to comprehend the processes that allow similar species to occur sympatrically.
Niche overlap can result in some degree of competition when resources are limited, and therefore, sympatric species must
differ to some extent at some niche level in order to co-exist. The two trawling bats that co-occur along the Mediterranean
region share their foraging strategy and feeding grounds, potentially consuming similar prey species. However, no research
has been conducted to elucidate their dietary niche similarities or differences to test whether these may shape their sympatric
foraging occurrence and distribution. We used DNA metabarcoding to study the dietary composition and niche overlap of
Mpyotis capaccinii (an exceptionally endangered species) and M. daubentonii (a relatively common species) during the breed-
ing season in northeastern Iberia. Unlike previous studies, Trichoptera was the most frequently consumed prey order for both
bat species, followed by Diptera (mainly Chironomidae). We also report, for the second time, fish consumption by M. capac-
cinii in the Iberian Peninsula, and provide the fourth report of piscivory for European bats. Although minor differences in
diet composition between both trawling bats were found, they presented highly overlapping dietary niches and similar dietary
niche breadths, suggesting that they exploit similar trophic resources. Overall, the current results suggest that both species
may have found a balance to co-occur in the same foraging niche without interspecific competition being a limiting factor.
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Introduction

A species’ ecological niche comprises all the interactions
between the species and the environment, including the
resources and required environmental conditions to survive
(Soberdén 2007). The range of these resources and condi-
tions is defined as the ecological niche breadth, and it has
profound implications influencing the species’ vulnerability
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and resilience in their habitats. In fact, the ecological niches
of similar and sympatric species may overlap, resulting in
some degree of competition for potentially limited resources.
Thus, in order to co-exist, they must differ, at least in some
niche dimensions: climatic tolerance, habitat or roost require-
ments, foraging strategies, or dietary preferences, for instance
(Hutchinson 1957; Pianka 1973). However, most differences
in niche dimensions between sympatric species remain unrav-
elled, especially for many rare and threatened species, hin-
dering the understanding of their conservation requirements.

Since the ecological niche represents such a broad
concept, many authors have focused on the study of the
dietary and the trophic niche overlap to understand the
biology and dynamics of similar organisms. However,
for many decades, the visual analysis of faeces, regurgi-
tates, or gut content was the only method to character-
ise an organism’s diet (Agosta et al. 2003; Kross et al.
2016; Montoya et al. 2021). The identification limits of
small prey items—mainly, the low taxonomic resolution,
the reliability of the identifier’s experience, and the lack
of hard body parts of some species—have resulted in a
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generalised underestimation of the diversity of consumed
prey items (Pompanon et al. 2012). Nowadays, with the
advent of high-throughput sequencing, even severely
degraded prey tissue can be identified at the species level,
and vast amounts of samples can be processed in a rela-
tively short time (Pompanon et al. 2012; Galan et al. 2018).
DNA metabarcoding techniques have allowed a wide
variety of studies, including detailed dietary niche analy-
sis for many different taxonomic groups such as fishes
(Albaina et al. 2016; Takahashi et al. 2020), birds (da Silva
et al. 2020; Cabodevilla et al. 2021), mammalian carni-
vores and herbivores (Kartzinel et al. 2015; Gebremedhin
etal. 2016; Berry et al. 2017; Havmgller et al. 2021), small
mammals (Iwanowicz et al. 2016; Biffi et al. 2017), and
bats (Edwards et al. 2019; Ingala et al. 2021).

Being the second-largest order of mammals, bats are
present in almost every habitat showing a wide range of
ecological niches. The 51 European bat species are primar-
ily insectivorous, which makes them especially targeted
organisms of diet studies because of the ecosystem ser-
vices they provide as pest controllers (Puig-Montserrat et al.
2020; Montauban et al. 2021). However, because many of
them present similar diets and foraging strategies, potential
competition for trophic resources may result (Arlettaz et al.
2000; Burles et al. 2008). In fact, different dietary studies
have found high levels of trophic niche overlap between
both sympatric and parapatric populations. For instance,
Arrizabalaga-Escudero et al. (2018) found similar dietary
niches for Rhinolophus euryale and R. mehelyi, which
widely shared their foraging habitats. And Ashrafi et al.
(2011) found that Plecotus macrobularis and P. austria-
cus, while foraging in different habitats, also showed high
dietary niche overlap.

Trawling bats present a unique behaviour among bats,
as they have specialised in catching insects directly from
the water surface using their large feet and uropatagium
(Aizpurua and Alberdi 2018). This behaviour makes them
ideal subject species to assess interspecific competition and
niche overlap, since they are strongly related to riparian
habitats and present almost identical foraging strategies. Of
these aquatic species, the long-fingered bat (Myotis capac-
cinii, Bonaparte, 1837) is exceptionally threatened all along
its distribution area (Paunovi¢ 2016). During the last dec-
ades, it is facing an extreme population decline, mainly due
to disturbance and loss of roosts, foraging riparian habitats,
and water body pollution (Hutson et al. 2001; Biscardi et al.
2007). In the northeastern Iberian Peninsula, M. capaccinii
shares its foraging habitat with the Daubenton’s bat (Myotis
daubentonii, Kuhl, 1817). However, whereas the first one is
discontinuously distributed along the Mediterranean basin
(Paunovic¢ 2016), M. daubentonii is not of conservation con-
cern since it is abundant and widespread throughout Europe
to Siberia (Kruskop et al. 2020).
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Sharing the same foraging habitats and other behavioural
and ecological similarities suggests that trophic niche over-
lap might be found between both species (Biscardi et al.
2007). In fact, Kriiger et al. (2012) already described it
for the other pair of sympatric European trawling bats, M.
daubentonii and M. dasycneme (the Pond bat, Boie, 1825).
Even though M. capaccinii represents a flagship species
within the Mediterranean rivers, few studies have accu-
rately described its feeding niche. In the Iberian Peninsula,
Almenar et al. (2008) reported Chironomidae as the most
preyed arthropod family for M. capaccinii, followed by other
Dipteran families, which supported what previous studies
showed in Italy and Israel (Levin et al. 2006; Biscardi et al.
2007), all using visual faeces inspections. Similarly, studies
conducted in Ireland and Germany and other studies using
metabarcoding technique in Finland showed that M. dauben-
tonii had high preferences for Dipterans, mainly Chirono-
midae and, in less frequency, Trichopterans, and Lepidop-
terans (Flavin et al. 2001; Nissen et al. 2013; Vesterinen
et al. 2013, 2016). Piscivory has been reported on several
occasions for M. capaccinii in nature (Aihartza et al. 2003;
Levin et al. 2006; Biscardi et al. 2007; Aizpurua et al. 2013),
while for M. daubentonii has only been exclusively reported
under experimental conditions (Siemers et al. 2001).

Understanding the ecological niches, dietary breadth,
and overlap of these species is essential to comprehend the
processes that allow M. capaccinii and M. daubentonii to
co-exist sympatrically. Studies conducted on their diet in
the past suggest a high similarity at a trophic level. However,
their niches may differ at some level and to a certain degree
in order to co-exist. The present study is aimed at studying
the dietary niche of the threatened M. capaccinii and com-
paring it with the sympatric and abundant M. daubentonii
in order to assess mechanisms for their co-existence. Using
molecular data, our specific aims are (1) describe the diet
of both species in a Mediterranean region; (2) compare prey
species richness and diet composition between both trawling
bats, and assess potential differences between sexes, ages,
reproductive status, months, and regions; (3) evaluate the
potential trophic niche overlap between them; and (4) assess
and compare the dietary niche breadth of both species.

Material and methods
Study area

Sample collection was conducted in northeastern Iberia
from June to August 2021, during the breeding season of
both target species. Sampling locations were selected around
known M. capaccinii breeding roosts, mainly located in two
different river basins, Segre and Fluvia, where both bat spe-
cies occur in sympatry. The Segre River originates in the
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Pyrenees and flows to the central depression, characterised
by a more continental climate and arid landscapes. The Flu-
via River, while it also rises in the eastern Pyrenees, flows
through 90 km to the northern Catalan coastline, surrounded
by milder climates and more humid forests. Both rivers have
been altered as a result of anthropogenic activities (hydro-
electric development, agriculture intensification, and water
channelling, among others), causing an impact on river
regimes and the associated biodiversity (Vicente-serrano
et al. 2017). Bat sampling sessions were undertaken in a
total of 27 sites situated along the Segre and Fluvia basins
(Fig. 1) and separated by a minimum distance of 1 km.

Bat trapping and sample collection

Trapping sessions were conducted using a minimum of 30 m
of mist-nets per night strategically placed over the water

® sampling points

0 2,970 m.a.s.l.

surface in pathway areas along the rivers. The sampling
effort was standardised to 5 h per night, starting at sunset
and checking mist-nets every 15 min. Capture sessions were
conducted with the official permission of the State Agency
for Environmental Policies of the Government of Catalo-
nia (SF/0137/21). Bats were identified following Dietz and
Kiefer (2016), and standard biometric measurements (sex,
age, reproductive status, forearm length, and weight) were
taken from every specimen. All data is currently included on
the online database www.batmonitoring.org (Supplementary
Table S1). Myotis capaccinii and M. daubentonii individuals
were kept separately in clean cotton bags to avoid cross-
contamination of the samples. Guano pellets were collected
from the bags and stored in 1.5-ml Eppendorf tubes filled
with silica gel granules to keep the samples dry. Before
release, bats were marked by cutting off a small patch of fur
on the back to avoid replicate sampling. A total of 403 faecal

é) Segre Basin

Fig. 1 Study area with the exact location of all sampling sites (black dots) along the Segre and Fluvia river basins. Map based on digital eleva-
tion model (DEM) and Catalan rivers (Catalan Water Agency; ACA), edited using QGIS v.3.16.4-Hannover
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samples were obtained, corresponding to 140 M. capaccinii
and 263 M. daubentonii individuals. Samples were stored
and refrigerated at 4 °C. All animals were captured and han-
dled under the standards of the American Society of Mam-
malogists (Sikes et al. 2011).

Laboratory procedures

DNA extraction was performed on one random faecal pellet
per bat capture (n=403) to balance all samples. A single
pellet per individual provides a representative record of its
dietary composition and reduces costs (Mata et al. 2019).
Mata et al. (2021) described the followed protocol with some
adjustments. Each pellet was homogenised with 650 uL of
lysis buffer (0.1 M Tris—HCI, 0.1 M EDTA, 0.01 M NaCl,
1% N-lauroylsarcosine, pH 7.5-8; Maudet et al. 2002) and
incubated at 70 °C for 30 min. Afterwards, samples were
short-spinned, and 500 pL was transferred to a new tube con-
taining 25 uL of OB Protease and 200 pL of BL buffer, fol-
lowed by a second incubation at 70 °C for 10 min. The last
steps of DNA precipitation and washing were performed fol-
lowing the instructions of the E.Z.N.A Tissue Kits (Omega
Bio-Tek, Norcross, Georgia, USA), except that DNA was
eluted twice in 50 pL into different tubes. One negative
control was processed for every 23 samples (in a total of
19 extraction blanks). DNA extracts were distributed in 96
well plates, with one well left empty in every plate to serve
as PCR blank (in a total of 5 PCR blanks).

Amplification of the DNA was conducted using the
primer set Leray-XT (by Wangensteen et al. 2018): forward
primer mlCOlIintF-XT (5'-GGWACWRGWTGRACWITI-
TAYCCYCC-3') and reverse primer jgHCO2198 (5'-TAIA-
CYTCIGGRTGICCRAARAAYCA-3"), both modified with
Illumina adaptors. Leray-XT is a highly degenerated primer
set designed to amplify a COI fragment of about 313 bp.
It serves as a universal primer of Metazoa, being able to
amplify both arthropods and vertebrates (e.g. bats and fish),
while sometimes also co-amplifying non-target groups like
fungi and bacteria. This primer has been evaluated and dem-
onstrated to be highly effective for studying insectivorous
animals and arthropod communities (Elbrecht et al. 2019).
Authors such as Kemp et al. (2019) and Montauban et al.
(2021) have already successfully detected insect pest species
on bat’s faeces using Leray-XT. To reduce the amplification
of bat DNA and maximise the proportion of reads belonging
to dietary items, a Myotis daubentonii/capaccinii blocking
primer targeting the forward primer mlCOlint-XT (5'-AGT
TTATCCTCCCTTAGCAGGAAATCTTGC-C3_spacer-3")
was designed.

The PCR mix contained 5 uL of Qiagen Multiplex Master
Mix (Hilden, Germany), 0.3 pL of each 10 nM primer, 0.3 uL
of 100 nM blocking primer, 2.1 uL of water, and 2 uL. of DNA
extract. PCR conditions were as follows: an initial denaturation
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at 95 °C for 15 min, followed by 35 cycles of 30 s denaturation
at 95 °C, annealing at 45 °C for 30 s, and extension at 72 °C
for 30 s, and completed with a final extension period of 10 min
at 72 °C. The extraction and PCR blanks were amplified along
with the samples. Amplification products were diluted 1:4 with
water and exposed to a second PCR reaction to incorporate
7-bp long identification tags and the [llumina P5 and P7 adap-
tors. PCR reactions and cycling conditions were similar to the
first PCR except that it used KAPA HiFi HotStart ReadyMix
(Rocher, KAPA Biosystems, Basel, Switzerland) and only eight
cycles of denaturing, annealing, and extension were performed,
with annealing at 55 °C. After PCR, the final products were
purified with Agencourt AMPure XP beads (Beckman Coulter,
Brea, California, USA), quantified using Epoch Microplate
Spectrophotometer (Agilent Technologies, Inc., Santa Clara,
California, USA), and then diluted to similar concentrations.
The tagged and cleaned PCR products were pooled together
into a single library that was quantified using qPCR (KAPA
Library Quant Kit gPCR Mix; Rocher) and diluted to 4 nM.
Library sequencing was performed using ~54% of a MiSeq
Kit v3 (600 cycles) for a target of 28 k reads/sample. All PCR
conditions described here follow the enzyme guidelines and
common practise standards in the literature for the Leray-XT
primer set (Wangensteen et al. 2018; Elbrecht et al. 2019).

Bioinformatic analysis

Bioinformatic processing was done using standard meta-
barcoding pipelines. Paired reads were merged using PEAR
(Zhang et al. 2014), followed by the removal of primer
sequences and tagging of reads with sample information using
the command ‘ngsfilter’ from Obitools (Boyer et al. 2016).
Then, reads were collapsed into exact sequence variants
(ESVs) using the command ‘obiuniq,” and singletons were
removed per sample with ‘obigrep.” Next, reads of the dif-
ferent samples were merged into a unique file, and sequence
headers were transformed for VSEARCH (Rognes et al. 2016)
compatibility. Reads were dereplicated again using ‘—derep_
fulllength’ and denoised with ‘—cluster_unoise,” assuming a
minimum sequence length of 300 bp and standard abundance
and alpha parameters. Resulting zero-radius operational taxo-
nomic units (zOTUs) were further filtered for chimaeras using
‘~uchime3_denovo’ and clustered at 99% similarity with
‘—cluster_size.” Reads were then mapped back again to the
retained OTUs with ‘—usearch_global’ at an identity level of
99%. Finally, LULU (Frgslev et al. 2017) was used to merge
similar OTUs (identity > 84%) with high co-occurrence levels
(>95% of samples), to reduce the number of retained PCR
artefacts, sequencing errors, as well as nuclear copies of the
mitochondria, that tend to artificially inflate the number of
OTUs present in each sample.

OTU identification was made with BOLDigger (Buchner
and Leese 2020) using the ‘digger_hit’ method, which uses



European Journal of Wildlife Research (2023) 69:90

Page50f13 90

different thresholds to select the assigned taxonomic level
(98% similarity to species level, 95% to genus level, 90% to
family level, 85% to order level, and < 85% to class level) and
find the best fitting hit, while flagging suspicious hits (all
sequences are available at the Zenodo repository: https://doi.
org/10.5281/zenodo.8036859). Arthropod OTUs were manu-
ally checked and curated taking into account species distribu-
tion in the Iberian Peninsula and further queried against the
NCBI database when no good hits were obtained. Finally,
OTUs were classified as ‘prey’ if they belonged to Insecta,
Araneae, Collembola, or Actinopterygii and ‘not prey’ in other
cases (e.g. fungi, bacteria, and nematodes), except when OTUs
were identified only to the class level (e.g. Insecta) or as known
external parasites (e.g. bat flies and fleas), in which case they
were classified as ‘not prey’ (a total of 4,630,431 reads were
assigned as not prey). To remove potential lab contaminations,
extraction and PCR blank reads were subtracted from the cor-
responding samples. Additionally, to further reduce residual
or cross-contamination, as well as cross-talk during sequenc-
ing, for each sample, all prey taxa with a read count < 1% of
the total number of prey reads of that sample were removed.
Finally, samples with less than 100 reads belonging to prey
items were considered to have failed and were removed from
further analysis, resulting in 369 samples (117 corresponding
to M. capaccinii and 252 to M. daubentonii).

Statistical analysis

Dietary analyses were conducted with both occurrence (pres-
ence/absence data) and relative read abundance (RRA) data
considering all the associated biases. While on one side, the
RRA is influenced by the differential recovery of markers from
prey taxa; on the other, the occurrence data tend to represent
rare items at similar weight as common ones (Deagle et al.
2019). Frequency of occurrence (FOO), weighted percentage
of occurrence (WPOQ) and average RRA were calculated at
species, family, and order levels. We defined FOO as the pro-
portion of samples containing the target item, expressed as a
percentage; wPOO as the proportion of each prey item within
each sample, expressed as a percentage and then rescaled to
100% across all prey items from all the samples; and aver-
age RRA rescaled to 100% across all prey items (Deagle et al.
2019). All statistical analyses were conducted in R version
4.1.1 (R Core Team 2021) and RStudio version 1.4.1717
(RStudio Team 2021).

Differences in diet species richness between M. capac-
cinii and M. daubentonii were assessed using generalised
linear models (GLM). Bat species, sex, age, reproductive
status, month of capture, and river basin were included as
explanatory variables. GLMs were conducted using data
from both species (with all explanatory variables) and from
each species separately (excluding the bat species variable).
In addition, since M. daubentonii was captured in more

places than M. capaccinii, these analyses were also con-
ducted only with data from the locations where both species
were collected together. All models were run with a negative
binomial error distribution to cope with overdispersion (R
package aods3; Matthieu and Renaud 2018) and the ‘log’
link function, using the MASS R package (Venables and
Ripley 2002). A Tukey post hoc test was used for the cat-
egorical predictors, with the R package multcomp (Hothorn
et al. 2008) to test the specific effect of each factor level.
Variance inflation factors (VIF; R package car; Fox and
Weisberg 2019) were calculated for each model to evalu-
ate possible multicollinearity in the explanatory variables
(Fox and Monette 1992). Two variables (sex and reproduc-
tive status) exceeded the selected threshold (VIF <2), for the
four models. In that case, individual models excluding each
of those variables were run, and the one with the lowest
Akaike information criterion (AIC) was chosen (Cayuela
and de la Cruz 2022). Thus, sex was removed from the first
model (including both bat species together) and from the
fourth (including only locations where both bats were cap-
tured), while reproductive status was excluded in the other
two models (using the data of each bat species separately).
Then, model selection was performed using the dredge func-
tion from the R package MuMIn (Barton 2022), generating
a set of models with all possible variable combinations from
the saturated model. The final models were selected follow-
ing an AIC value within Delta 2, including the maximum
number of variables to test and with the lowest AIC.

Diet composition was compared using permutational
multivariate analysis of variance (PERMANOVA) among
both bat species, sex, age, reproductive status, month, and
basin explanatory variables. The same analysis was per-
formed for each bat species data separately, and only with
the data from those locations where both bat species were
captured together. PERMANOVA analyses were per-
formed for presence-absence data (FOO) of each prey per
sample (based on Jaccard distance matrix), for weighted
occurrence data (wPOO), and for relative read abundance
data (RRA; based on Bray Curtis). The three matrices
were calculated for prey species, family, and order levels
and tested with 9999 permutations using the adonis func-
tion from the vegan R package (Oksanen et al. 2020). The
betadisper function from vegan R package was used to
test for homogeneity of group variance for each signifi-
cant predictor variable. If the variance was not homoge-
neous, the PERMANOVA results were excluded. Thus,
only predictors with significant PERMANOVA results
(p value < 0.05) and non-significant betadisper results (p
value > 0.05) were considered to have an effect on diet
composition. For the categorical predictors, a similarity
percentage analysis (function simper; R package vegan)
was conducted to know which prey differed in proportion
(FOO, wPOO, and RRA) between groups.
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The niche overlap between M. capaccinii and M.
daubentonii was calculated using Pianka’s index (Pianka
1973). Pianka values nearing O indicate no resource over-
lap, while values closer to 1 mean that both species pre-
sent almost identical dietary niche. Pianka’s index was
measured from the FOO of prey species with the spaa R
package (Zhang 2016).

The trophic niche breadth was assessed with different
diversity indexes (Pianka 1973), calculated using the iNEXT
R package (Hsieh et al. 2016). It was based on sampling-
unit-based incidence data Hill numbers and modulated
by the diversity order parameter g (Chao et al. 2014). The
calculated indexes were species richness (¢ =0), Shannon
index (¢=1), and Simpson’s reciprocal index (g=2). While
higher values of the Shannon index express higher diversity
with greater evenness, those of Simpson’s reciprocal index
express higher diversity with greater evenness and regular-
ity. The niche breadth was calculated using all data from
both species and also using only the data collected from the
localities where both bats were captured.

Results

In total, 350 prey items were identified (Supplementary
Table S2), with an average of 4.28 +2.91 prey items per
sample. A total of 7,010,034 reads were obtained, with
an average of 18,997 + 15,871 prey reads per sample
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(Supplementary Table S3). Myotis capaccinii samples con-
tained 174 different prey items (69.0% identified to species
level) corresponding to 65 families and 16 orders, while
M. daubentonii samples contained 274 prey items (66.8%
identified to species level) representing 95 families and 13
orders. The most detected prey order in both bat species
was Trichoptera (80.3% and 82.9% of samples of M. capac-
cinii and M. daubentonii, respectively), which included the
most detected family and species, Hydropsychidae (59.0%
and 57.5% FOO), and Cheumatopsyche lepida (40.2% and
47.6% FOO) (Fig. 2). Results from both occurrence data and
read counts agreed, revealing the following main orders—
Diptera and Ephemeroptera, families—Chironomidae and
Psychomyiidae, and species—Hydropsyche exocellata and
Psychomyia pusilla (Fig. 2, Supplementary Figs. S1 and S2).
Overall, only 25 prey items from the total 350 appeared at a
frequency higher than 5% (24 for M. capaccinii and 15 for
M. daubentonii; Fig. 2C), while the other prey items were
only occasionally eaten. Additionally, being represented just
in 0.8% of all samples, the only vertebrate detected in the
samples was Gambusia affinis/holbrooki, in adult females
of M. capaccinii captured in the Fluvia basin.

Prey richness

Significant differences in prey richness between bat spe-
cies were not found. However, prey richness was affected
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Fig.2 Frequency of occurrence (FOO) of prey items identified in
the faeces of Myotis capaccinii (n=117) and Myotis daubentonii
(n=252) during the summer 2021 in the Northeastern Iberian Pen-
insula, presented at different levels: A all identified orders, B the 2%
more frequent families identified for both bat species, and C the 5%
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n= 117 n= 252

more frequent species identified for both bat species. Families and
species showing significative differences in FOO between Myotis
capaccinii and Myotis daubentonii (p value <0.05) are also repre-
sented with an asterisk symbol
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by the month (p value < 0.05) for models including both
bat species together and when only M. capaccinii was
considered (Table 1). Individuals of M. capaccinii fed
on a larger number of prey items in June than during
July and August, with an average of 5.89 +3.41 (Fig. 3).
M. daubentonii prey richness did not present differences
within any variable (Table 1). Moreover, when only data
from the locations where both bat species were collected
together was considered, significant differences between
months and reproductive status were found.

Diet composition

Results on diet composition were similar whether presence-
absence (FOO), weighted occurrence (wPOO), or relative
read abundance (RRA) data were used (Supplementary
Tables S4, S5, and S6). Diet composition significantly
differed between both bats at prey species (Fig. 4A) and
family levels. The diet composition differences between
bat species resulted from a significantly higher FOO and
wPOO of Hydropsyche exocellata, Chironomus annularius,

Table 1 Results of the Generalised Linear Model with a negative
binomial error distribution testing the effect of bat species, age, and
month (predictors) upon the dietary prey richness (response varia-

Polycentropus flavomaculatus, and another 84 species in M.
capaccinii compared to the M. daubentonii. At family level,
11 out of 112 families were found with a significantly higher
FOO, 26 for wPOO, and 7 for RRA in M. capaccinii than
in M. daubentonii, with Chironomidae being the most rel-
evant family. Dietary composition diverged among sexes at
the species level for FOO and wPOO. These results were
consistent in the models including both bat species, only M.
capaccinii and only locations with both bats. Differences
in diet composition were also detected for FOO and wPOO
between age and reproductive status at species, family, and
order levels (Supplementary Tables S4, S5, and S6). Moreo-
ver, while monthly variation was found in M. capaccinii diet
with FOO (Fig. 4B), wPOO, and RRA data, for M. dauben-
tonii, differences in diet composition could not be attributed
to any variable due to heterogeneity in dispersion between
groups. The diet composition differences of M. capaccinii
between months resulted from 15 prey species, seven fami-
lies, and three orders that show significantly different FOO
among months (60 species, 21 families, and nine orders for
wPOO and 11 families and six orders for RRA). Altogether,

ble). Faeces were collected during the summer 2021 in the Northeast-
ern Iberian Peninsula and represent their diet during the reproductive
period. Significant p values (p <0.05) are highlighted in bold

Estimate Std. error z-value p value
Both bats’ data
(Intercept) 1.383 0.094 14.628 <0.001
Bat species: M. daubentonii -0.122 0.075 —-1.621 0.105
Age: juvenile 0.146 0.089 1.634 0.102
Month: July 0.111 0.097 1.146 0.252
Month: June 0.219 0.103 2.128 0.033
M. capaccinii data
(Intercept) 1.119 0.130 8.594 <0.001
Age: juvenile —0.191 0.168 -1.137 0.255
Month: July 0.320 0.163 1.965 0.049
Month: June 0.693 0.150 4.629 <0.001
M. daubentonii data
(Intercept) 1.368 0.047 29.151 <0.001
Age: juvenile 0.190 0.105 1.841 0.063
Locations with both bats’ data
(Intercept) 1.366 0.134 10.216 <0.001
Bat species: M. daubentonii —0.037 0.080 —0.457 0.648
Month: July 0.184 0.107 1.729 0.084
Month: June 0.290 0.109 2.660 0.008
Reproductive status: passive female 0.040 0.116 0.345 0.730
Reproductive status: passive male -0.022 0.095 -0.234 0.815
Reproductive status: post lactating —0.147 0.151 —-0.979 0.327
Reproductive status: pregnant -0.589 0.211 —2.794 0.005

Four different models were conducted: (1) using the data from both bat species (Myotis daubentonii and Myotis capaccinii), (2) using the data
only from M. capaccinii, (3) using the data only from M. daubentonii, and (4) using the data only from the locations where both bats were col-

lected
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Prey richness

0 T T I
june july august
n= 53 n= 37 n= 27

Fig.3 Prey richness variation in the Myotis capaccinii diet along the
three sampled summer months, June (n=53), July (n=37), and August
(n=27), in the Northeastern Iberian Peninsula. Bars represent the 95%
confidence intervals for each month. Tukey post hoc test results confirmed
that June significantly differed from the other months (p value>0.05)

Cheumatopsyche lepida was more dominant in July than in
June and August, Hydropsyche exocellata and Psychomyia
pusilla more in August than in June and July, and Diptera
(Chironomidae) more in June than in August. Finally, diet
composition based on RRA data showed differences between
adults and juveniles of M. capaccinii.

Niche overlap and niche breadth

Pianka’s index showed an overlap of the dietary niche
between both bat species of 89.26%, suggesting highly

o | A
o
«~ > |
< o
S
N
o ol —
pug M. capaccinii
" |~ M. daubentonii “ \
T T T T
-1.0 -0.5 0.0 0.5

PCoA 1
method = "jaccard"

Fig.4 Principal coordinates analysis (PCoA) graphic representation,
using only the first two axes. The ordinations are based on: A prey spe-
cies in the diet of M. capaccinii (n=117) and M. daubentonii (n=252)
in the Northeastern Iberian Peninsula; B prey species in the diet of
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similar diets. In fact, no differences in dietary niche breadth
were found between M. capaccinii and M. daubentonii with
any of the analyses (species richness, Fig. 5; Shannon index,
Supplementary Fig. S3; and reciprocal Simpson’s index, Sup-
plementary Fig. S4), as the 95% confidence intervals highly
overlapped. Similar results were also observed using only
the data from the locations where both bats were collected.

Discussion

This is the first study using molecular data to characterise
the dietary niche of two Mediterranean trawling bat popula-
tions, Myotis capaccinii and M. daubentonii, and compare
them in order to assess its implication for their co-existence.
The present study achieves a great taxonomic resolution to
species level and shows Trichoptera as the most consumed
prey order, contrary to what previous authors found. For M.
capaccinii, we report fish consumption for the second time
in the Iberian Peninsula (corresponding to the fourth report
of piscivory in this species across Europe) and seasonal
influence during the breeding season. Finally, our results
reveal similar trophic niches between both bat species, but
subtle dissimilarities in prey composition, which, together
with the fact that both species were feeding on abundant prey
species, suggests a balance between both species that allows
co-existence in the same foraging niche without interspecific
strong competition for feeding resources.

The most frequently consumed prey items by both M.
capaccinii and M. daubentonii in the present study differ
from what has been found in previous dietary research on
these species. Our results show Trichoptera (Hydropsy-
chidae) and Diptera (Chironomidae) as the dominant prey
orders for both bat species, followed by Ephemeroptera,
Lepidoptera, and other less occurred orders. However, pre-
vious studies on M. capaccinii and M. daubentonii showed

<
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T 3 = /
—o— June 3
o |—A— July
<@ |—e— August
T T T
-0.5 0.0 0.5
PCoA 1

method = "jaccard"

M. capaccinii faeces in the three sampled months, June (n=53), July
(n=37), and August (n=27), and use the Jaccard distance matrix for
presence-absence data of each prey per sample. Each dot corresponds
to a single sample
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Fig.5 Myotis capaccinii (Myocap, n=117) and Myotis daubentonii
(Myodau, n=252) dietary niche breadth in the Northeastern Iberian
Peninsula, during the summer 2021, based on the Hill number species
richness (g=0). Sample coverage rarefaction (solid line) and extrapo-
lation (dashed line) are represented with the 95% confidence intervals
(shaded regions) obtained from a bootstrap method based on 100 rep-
lications. The solid dot and triangle refer to the reference sample of
each bat species

chironomids as the most frequently consumed prey (e.g.
Almenar et al. 2008; Biscardi et al. 2007; Kriiger et al. 2012;
Vesterinen et al. 2013). While the results presented here
indicate that Trichoptera constitutes the major part of the
diet of both trawling bat species, studies using visual analy-
sis (e.g. Biscardi et al. 2007; Almenar et al. 2008) reported
Trichopterans in a lower frequency of occurrence, especially
for M. capaccinii. For M. daubentonii, Nissen et al. (2013)
detected Trichopterans (23%) only slightly more frequently
than chironomids (22.5%). Ephemeropterans were detected
in a few samples by Almenar et al. (2008), who explained
the lack of this prey item in M. capaccinii faeces due to
the soft and easily digestible bodies of ephemeropterans
(Rabinowitz and Tuttle 1982).

Other studies using molecular techniques detected dip-
terans and lepidopterans as the most occurred families in
both bat species around Europe (Alberdi et al. 2020), while
another study conducted in Finland using DNA metabarcod-
ing to assess the diet composition of M. daubentonii con-
cluded that chironomids were its main prey item even though
other prey species were also highly available (Vesterinen
et al. 2016). Vesterinen et al. (2016) findings suggested a
specialist feeding behaviour for M. daubentonii, which con-
tradicts the claims of other authors who link M. capaccinii
and M. daubentonii to opportunistic diets according to the

available trophic resources (Almenar et al. 2008; Nissen
et al. 2013). In our case study, chironomids, Trichopterans,
and Ephemeropterans are abundant insects in the northeast-
ern Iberian rivers with mass emerging periods and swarming
behaviour above the freshwater surfaces (Puig 1999). The
most frequently preyed species—Cheumatopsyche lepida,
Psychomyia pusilla, and Hydropsyche exocellata—are also
known to occur in the study area regularly (Bonada et al.
2008). Thus, the diet described in the current study seems
to reflect the local prey availability, which could be related
to opportunistic behaviour like Almenar et al. (2008) and
Nissen et al. (2013) suggested.

However, primer biases must be seriously considered
when comparing our results to other metabarcoding stud-
ies since, for example, the ZBJ primer (Zeale et al. 2011)
used by Vesterinen et al. (2016) and Alberdi et al. (2020)
has been reported to be particularly sensitive to Diptera and
Lepidoptera (Alberdi et al. 2018). As mentioned before,
Leray-XT (Wangensteen et al. 2018) is an ideal primer to
recover several of terrestrial arthropod taxa (Elbrecht et al.
2019). Hence, the disparity observed in the most consumed
prey compared to previous studies could also be attributed
to the utilisation of different primer sets.

This is the second report of fish consumption in the Ibe-
rian Peninsula for M. capaccinii. One lactating and two adult
passive females preyed on Gambusia affinis/holbrooki in the
Fluvia basin during July and August. The first record was
registered in the Southern Iberian Peninsula (Aihartza et al.
2003), where otoliths belonging to Gambusia holbrooki
were found in M. capaccinii faeces (Aizpurua et al. 2013).
Gambusia holbrooki was introduced in the early twentieth
century at the Northeastern Iberia, and it is now distributed
along this region, especially in the coastline rivers like the
Fluvia (Aparicio 2016). The introduction of exotic species
may severely influence the balance in our ecosystems by,
for example, adding a new element to the trophic network
of native species. Piscivory in M. capaccinii individuals has
also been detected in other locations within its Mediterra-
nean distribution, namely, Italy (Biscardi et al. 2007) and
Israel (Levin et al. 2006). The low frequency of samples in
the present study containing fish suggests that it has been a
sporadic event, probably fostered by the high abundance of
this fish species in the area.

Mpyotis capaccinii presented significant temporal varia-
tion in diet richness and composition through the breeding
season. Higher prey richness at the beginning of the summer
season may be related to higher energy requirements of early
and mid-lactating females (Racey and Entwistle 2000). The
early lactation period is an extremely vulnerable time for
females, especially when they forage while holding their
young on their bodies, therefore, a relatively high diversity
of prey species may be needed to compensate for this energy
demand (McLean and Speakman 1999; Dietz et al. 2006). In
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fact, Kunz et al. (1995) suggested that pregnant and lactating
females preferred prey with higher fat content. While it is to
be expected that differences in prey richness also occur at
different reproductive status levels, the present study could
not prove it, probably due to the relatively low number of
samples for some categories.

Although the diet composition fluctuates over time for M.
capaccinii, Hydropsychidae and Chironomidae remain the
dominant prey families throughout the study period. Only
88 prey species were found to vary in their FOO between
months. These changes may be influenced by local climate
and the phenology of available prey, being more abundant
in specific periods. Cheumatopsyche lepida (Trichoptera),
for example, was much more frequently consumed during
July than the rest of the months, which agrees with the peak
of Trichoptera observed in July by Raitif et al. (2018) in
France. Temporal variation in prey composition has also
been found in other bat species like Eptesicus serotinus in
Germany, also being associated with the phenology of avail-
able prey (Tiede et al. 2020). Nevertheless, the present study
did not reveal differences between months in M. daubentonii
diet, in line with Vesterinen et al. (2016) who did not find
changes along the autumn season in Finland.

M. capaccinii and M. daubentonii exploited similar
trophic resources as their dietary niche highly overlapped,
and both dietary niche breadths were very similar for all
three diversity indexes. The high niche overlap would
indicate interspecific competition at the dietary level,
like Biscardi et al. (2007) suggested. This might explain
the slight partitioning of dietary resources found between
both bat species, perhaps favoured by subtle variations in
their behaviour. The few prey species that significantly
differed among both bats occurred in higher frequency
within M. capaccinii faeces. This variation might be due to
the specificity of M. capaccinii to feed on aquatic species
and the morphological and behavioural differences that
make it more adapted to eat a higher range of those species
(Almenar et al. 2009). Especially, a hairy uropatagium and
tibia, a wing attached to the tibia and larger feet (Dietz and
Kiefer 2016) might facilitate capturing larger aquatic prey
found at deeper water levels (Aizpurua et al. 2013), such
as Hydropsyche exocellata or Polycentropus flavomacu-
latus (Barata et al. 2005), which seem to be important
food sources for M. capaccinii (Fig. 2C). An additional
distinction in feeding behaviour between M. capaccinii
and M. daubentonii may arise from differences in their
consumption of prey at various life cycle stages. Unfortu-
nately, due to the limitations of metabarcoding techniques
in distinguishing between different life cycle stages, it was
not feasible to investigate distinction in both bats’ prefer-
ences regarding this aspect.

The results of the present study suggest that there
was no direct competition between M. capaccinii and M.
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daubentonii. The fact that both bats fed mainly on abun-
dant prey species probably reduced the level of competi-
tion (Abrams 1980). Similar results were observed for M.
daubentonii and the northern European trawling bat, M.
dasycneme (Kriiger et al. 2012, 2014), with high trophic
niche overlap and similar niche breadth, but small differ-
ences in prey composition and prey types. They observed
that while M. dasycneme fed on more aquatic prey, M.
daubentonii also fed on terrestrial prey, suggesting dif-
ferences in foraging habitats. This pattern was also found
for the sympatric Rhinolophus euryale and R. mehelyi, as
they highly overlapped their dietary niche with minor dif-
ferences in species composition (Arrizabalaga-Escudero
et al. 2018). The authors suggested that the foraging
habitat segregation described by Salsamendi et al. (2012)
might explain the subtle dietary dissimilarities.

Thus, for species with a high niche overlap, consum-
ing abundant prey species with slight differences in the
dietary niche may be enough to allow them to co-exist
without interspecific trophic competition being a limiting
factor. Yet, a rapid change in prey dynamics and abun-
dance could lead to strong competition between them in
the future. Understanding the mechanisms that allow spe-
cies with similar niches to occur in sympatry can help to
project future population dynamics according to different
environmental and ecological change scenarios, especially
for endangered species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10344-023-01712-z.
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