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Conservation efforts for endangered animals commonly focus on the protection of foraging habitats, aiming to
ensure sufficient food availability. However, the diet of many species is based on animals that undergo habitat
shifts across ontogenetic life stages, yielding considerable differences between the lifelong habitat requirements
of both predator and prey. Consequently, prey availability may not only depend on the suitability of the foraging
grounds where predator and prey coincide, but also on habitats where the ecological requirements of the non-
prey stages are fulfilled. In this study we test to what extent prey of the insectivorous bat Rhinolophus euryale
(Blasius 1853) originate either from the grounds where they are consumed, or in areas/habitats outside the
bat's foraging sites. We analyzed the diet of R. euryale, by identifying its prey to the species level using DNA
metabarcoding, and by searching for its prey's larval feeding requirements in the literature. We found that the
larvae of the moth prey grow both inside and outside the grounds where they are hunted by the bats once the
moths reach their adult stage. The importance of prey that originated fromoutside the bat's foraging grounds var-
ied considerably across seasons. As a result, R. euryale does not only rely on the landscape elements where it
hunts, but also on other source areas/habitats that supply it with food. This study shows that conservation mea-
sures that aim to address the foraging requirements of predatory species should not be limited to merely
protecting their foraging grounds, but should also take into account the ecological requirements of their prey
throughout their life stages.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ensuring prey availability and suitable foraging areas are key factors
in the successful conservation of endangered species (Sinclair et al.,
2006). As such, they are two of the main topics addressed in conserva-
tion scientific studies (e.g. Agosta, 2002; Fenton, 1997; Shuterland and
Green, 2004; Russo and Jones, 2003). It is generally assumed that by
conserving foraging areas, prey availability is also ensured. However,
this assumption is not adequate when the ecological needs of the prey
exceed the foraging ground of the predator. Furthermore, predator–
prey interactions and food web studies are commonly defined in
terms of fixed communities, despite the temporal and spatial heteroge-
neity of trophic relationships (Miller and Rudolf, 2011; Polis and Strong,
1996). Niche shifts across ontogenetic life stages are commonplace in
rizabalaga-Escudero),
arcía-Mudarra),
hu.eus (J. Aihartza),

. This is an open access article under
animals with complex life cycles (Rudolf and Lafferty, 2011; Rudolf
andRasmussen, 2013), so the lifelonghabitat requirements of predators
and prey may differ considerably despite the fact that they need to co-
incide in time and space (Ryall and Fahrig, 2006).

Holometabolous insects are one of the main exponents of ontoge-
netic habitat shifts, owing to the sheer difference in requirements of lar-
vae and imagos (Gullan and Cranston, 2000; Miller and Rudolf, 2011).
Holometabolous insects such as lepidopterans, coleopterans and dip-
terans are the main prey of many insectivore vertebrates at different
stages of their life cycle, including, caterpillars for birds (Barbaro and
Battisti, 2011; Busby and Sealy, 1979; Hogstad, 1988), moths for bats
(Dietz et al., 2009), and both larvae and imago for rodents and lizards
(Bellows et al., 1982; Brown et al., 2014). Consequently, insectivores'
prey availability may not only depend on the suitability of the grounds
where predators and their insect prey forage, but also on habitats and
areas where the ecological requirements of the non-prey stages are ful-
filled, i.e. the places and habitats where the larvae that will becomeprey
at the adult stage develop. Any change in these habitats can alter popu-
lation source-sink dynamics of the prey (Pulliam, 1988; Schreiber and
Rudolf, 2008). In addition, the predator–prey interactions could also
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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be affected, leading to changes in ecosystem structure and processes
(Rudolf and Rasmussen, 2013).

To date the ecological requirements of prey have not been investi-
gated. This is most likely due to the lack of species-level information
on the consumed prey, especially in the case of insectivorous and elu-
sive animals. Visual analyses of stomach and fecal contents have seldom
provided taxonomic resolution beyond the order or family level
(Whitaker et al., 2009). However, the implementation of molecular
tools for diet analysis has triggered an important step forward in the
last few years (Clare, 2014; Pompanon et al., 2011). The species-level
identification of prey items provided bymolecular tools has allowed re-
searchers to unveil ecological information hidden in the food items. For
instance, Alberdi et al. (2012) inferred foraging habitats based on con-
sumed species, Clare et al. (2013) used dietary information to assess
the quality of aquatic habitats, and McCracken et al. (2012) reported
bats foraging on and tracking pest moths on a regional scale. According-
ly, we are now able to broaden the scope of conservation studies, to go
in more depth into prey–predator relationships, as well as to assess the
finer ecological requirements of prey species.

Semi-natural landscapes, created by traditional land use and com-
posed of grasslands, hedgerows and forest patches, are of paramount
importance for the conservation ofmany elusive vertebrate and inverte-
brate species. These include birds, rodents, bats, butterflies and moths
that interact as predators and prey (Dover and Sparks, 2000; Marshall
and Moonen, 2002; Merckx et al., 2012; Millán de la Peña et al., 2003;
Tscharntke et al., 2008; Slade et al., 2013). In particular, this mixture
of vegetation structures enhances foraging opportunities for the Medi-
terranean Horseshoe bat (Rhinolophus euryale, Blasius 1853; Goiti
et al., 2008; Hutson et al., 2008), a moth-specialist bat with declining
populations throughout the Mediterranean Basin (Andreas et al.,
2012; Goiti et al., 2004; Hutson et al., 2008). Changes in agriculture
and land use policies have led to the alteration of this landscape type
(EEA, 2005), resulting, for example, in the decline of many bird and lep-
idopteran species (EEA, 2005, 2013; SEO/BirdLife, 2014; Söderström
et al., 2001).We argue that predators such as theMediterraneanHorse-
shoe bat may not only lose foraging grounds (as well as nesting sites in
birds) through direct removal of hedgerows or woodland patches. They
may also be affected by the transformation of non-used landscape ele-
ments that act as prey-source habitats that are essential for the other
life-stages of their insect prey. As such, the extent to which a habitat-
and prey-specialist predator is dependent on the habitat requirements
of the non-prey stages of consumed prey has direct implications for con-
servation. For instance, conservation guidelines for R. euryale—and other
bat species—have so far focusedmainly on the conservation of their feed-
ing and roosting areas (Eurobats, 2014), under the assumption that these
portions of the landscape fulfill the functional needs of the species. How-
ever, the precise ecological requirements of the consumed prey through-
out their entire life cycle, and thus the implications for the foraging
requirements of R. euryale, remain unknown.

In particular, we aim to test whether the foraging habitats of an in-
sectivorous bat also cover the habitat requirements of the other life-
stages of the consumed prey. Or whether the prey require sites outside
the foraging range of bats to complete their lifecycle, which should
therefore be considered as part of the predators' foraging requirements
(both spatial and ecological) in order to achieve effective conservation
management. Considering the ontogenetic niche shift of insects, adult
prey's flying behavior, and the high level of landscape heterogeneity
where R. euryale inhabits, we predicted that the habitat needs of con-
sumed prey are not fulfilled by the ecological characteristics found in
the foraging grounds of bats. The entire landscape could be acting as a
prey source, where the relevance of different habitats would temporally
and spatially vary due to larvae–host plant specificity and phenology.
This study aims to gain insight into the complex predator–prey relation-
ships between bats and insects. It also advocates a global vision that
encompasses elements beyond first-level relationships for the conser-
vation of threatened species.
2. Material and methods

2.1. Study area

The study was located in the Karrantza Valley, in the westernmost
part of the Basque Country (northern Iberian Peninsula). It is a hilly val-
ley with elevations ranging 200–855m a.s.l., characterized by an Atlan-
tic temperate oceanic climate. Rainfall occurs throughout the year
(annualmean 1400mm). The predominant land use of the site is devot-
ed to dairy cattle breeding, alongwith small Pinus radiata and Eucalyptus
globulus plantations. Thus, the landscape consists of a mosaic of small
meadows and pastures, surrounded by an important hedgerow net-
work consisting mainly of Salix atrocinerea, Corylus avellana, Rubus
ulmifolia, Acer campestre, Quercus robur and Crataegus monogyna, inter-
spersed with tree plantations and deciduous and holm oak woodland
patches. The deciduous woodlands consist mainly of Quercus robur,
Fraxinus excelsior, Castanea sativa and Corylus avellana. A limestone
mountain range borders the northwest part of the valley, which pro-
vides abundant natural cavities and dense Q. ilexwoods with limestone
outcrops.

2.2. Sample collection

Bats were captured in one of the largest known breeding colonies in
the northern Iberian Peninsula (Goiti et al., 2006) during May, July and
September of 2012, coinciding with R. euryale's pre-breeding, breeding
and post-breeding seasons respectively. The colony roosts in a lime-
stone cave situated at 334m a.s.l. This cave is used by a few dozen indi-
viduals as a hibernaculum during winter, but 400–600 individuals
congregate between mid-April and mid-June to breed (own data). The
cave is also used by other species through the year: Rhinolophus
ferrumequinum, Rhinolophus hipposideros, Myotis emarginatus and
Miniopterus schreibersii. Previous studies (Goiti et al., 2006, 2008)
showed that R. euryale's individuals of this colony forage within a
10 km radius from their roost on native deciduous woodlands, wood-
land edges and hedgerows, showing fairly similar behavior to other
populations in Italy and Spain (Russo et al., 2002, 2005; Salsamendi
et al., 2012). Bats were captured with a 2 × 2 m harp trap (Tuttle,
1974) located in the entrance of the colony roost from 00.30 a.m. on-
wards, as bats returned to the cave. Captures were conducted in a single
night for each season (the 14th of May, the 3th of July and the 9th of
September) in order to minimize disturbance. Each captured bat was
held individually in a clean cloth bag until it defecated (a maximum of
40 min). Bats were sexed and aged, their weight and forearm length
measured and their fecal material was collected. Feces were frozen
within 6 h from the moment of collection. Bats were immediately re-
leased into the cave after handling.

2.2.1. Ethics statement
Capture and handling protocols followed published guidelines for

treatment of animals in research and teaching (Sherwin, 2006) and
were approved by the Ethics Committee at the University of the Basque
Country (Ref. CEBA/219/2012/GARIN ATORRASAGASTI). Captures were
performed under license from the Regional Council of Biscay.

2.3. DNA extraction, PCR amplification and sequencing

We considered the individual bat as the sampling unit (Whitaker
et al., 1996), and 10–30 mg of feces per bat were used for DNA extrac-
tionwith the QIAampDNAStoolMini Kit (Qiagen, Valencia, CA), follow-
ing the manufacturer's instructions with some modifications (Zeale
et al., 2011).We extracted DNA from a total of 20 fecal samples per sea-
son. A 157 bp length fragment of the mitochondrial DNA cytochrome c
oxidase subunit I barcode region (COI) was PCR amplified from each
DNA extract using modified ZBJ-ArtF1c and ZBJ-ArtR2c primers (Zeale
et al., 2011). Sample tagging, PCR conditions, cycle programs and
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Roche's 454 Junior next generation sequencing protocols weremodified
from Bohmann et al. (2011) according to manufacturer's instructions,
and are outlined in Appendix S1 in the supplementary material. Logisti-
cal support was provided by the ‘Laboratorio de Ecología Molecular,
Estación Biológica de Doñana’ (CSIC, Seville, Spain).

2.4. Data analysis

We performed the analysis in three stages: (i) quality control, se-
quence pre-processing and collapsing of identical sequences into a sin-
gle sequence were performed using PRINSEQ 0.20.4 (Schmieder and
Edwards, 2011), FASTX-Toolkit 0.0.13 (http://hannonlab.cshl.edu/
fastx_toolkit/index.html) and AdapterRemoval (Lindgreen, 2012); (ii)
clustering of sequences into Molecular Operational Taxonomic Units
(MOTU) was carried out with the QIIME pick_otu and uclust methods
(Caporaso et al., 2010); and (iii) the taxonomic assignment of each
MOTU by comparing the representative sequence of eachMOTU against
the NCBInr/nt reference database (http://www.ncbi.nlm.nih.gov/)
using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), following the
identification criteria of Clare et al. (2013).

Since different MOTU building algorithms could produce varying re-
sults from the same data set, and intra- and interspecific variationwith-
in the COI region of insect species can vary among consumed taxa,
sequences were clustered into MOTUs at different (93–99%) similarity
values (Clare et al., 2013). In order to avoid these potential problems,
after the taxonomic assignment of the MOTUs at each of the similarity
values, we selected those MOTU created at a 97% similarity threshold
(5 bp cut-off): the similarity threshold where taxa were not collapsed
into the same MOTU—underestimation—neither tend to split into
more than one MOTU—overestimation.

We plotted the number of MOTUs clustered at different sequence-
coverage values (1–20 copies/sequence) and the percentage of MOTU
matching any reference sequence in NCBInt above and below 98% sim-
ilarity value (first threshold for discardingMOTU identifications)(Fig. 1).
TheMOTUnumber and the percentage above and below 98% of similar-
ity reached an asymptote at a sequence-coverage value of 4. Only
MOTUs clustered with sequences containing more than 4 copies were
used for further analysis. We considered MOTUs built below this cut-
off as non-reliable, probably originated from sequencing errors that
might introduce false positive taxa assignment. By taking this conserva-
tive approach we aimed to minimize potential noise from further eco-
logical analysis although we are aware we might be losing rare species.

2.5. Foraging requirements of prey at larval stage

We searched for the host plants of the caterpillars of identified prey
moth species in the HOSTS database (Natural HistoryMuseum, London;
Fig. 1.A twoY-axis graph showingwhere thenumber ofMOTUs (left Y-axis) and thepercentage
below (dark green line) 98% similarity clustered at different sequence coverage values (X axis—
Robinson et al., 2010) and elsewhere (Robineau, 2007; Waring and
Townsend, 2003; Sterling and Parsons, 2012). The same sources were
used to compile information about the migratory and pest status of
moth species. We then created a database with the feeding host plants
of moth species present in the following vegetation types: deciduous
woodland, hedgerow, forest edge, meadows, pastures, shrubland,
holm oak forest and exotic plantations (www.sivim.info). Concurrently,
since the feeding sites of R. euryale occur in deciduous woodlands,
hedgerows and forest edges, we classed these vegetation types as hunt-
ing grounds (Goiti et al., 2008). The remaining vegetation types were
classed as non-hunting grounds. Next, we classified the caterpillars of
the moths observed in the bat's feces as follows:

– Within hunting grounds: N60% of the caterpillar host plants appear
in deciduous woodlands, hedgerows and forest edges in our study
area.

– Non-hunting open grounds: N60% of the host plants appear in
meadows, pastures, shrubland and other open areas.

– Non-hunting clutter grounds: N60% of the recorded host plants ap-
pear in holm oak forest and exotic plantations.

– Ubiquitous: where none of the previous criteria are fulfilled.

Host plants were classified into herbaceous (forbs and graminoids),
shrub, broadleaved tree, coniferous tree, and non-plant category (e.g.
fungi, mosses, insects, leaf-litter). A given feeding guild category was
assigned if N60% of the host plants consumed by a given moth species
corresponded to that category. If the previous criterionwas not fulfilled
with any plant category the caterpillar was classed as a generalist
feeder.
2.6. Diet analysis

We compared the prey composition in R. euryale's diet at the ordinal
level between different seasons using the nonparametric Kruskal–Wal-
lis test. Association between the observed dietary composition and sea-
sons was tested by Pearson's Chi-squared test and visualized in an
association plot using the package vcd for R 3.0.2 (Meyer et al., 2006,
2014; Zeileis et al., 2007). The significance level of the test was set at
p b 0.05. Statistical analyses were performed using R 3.0.2 (R Core
Team, 2014).

The percentage of occurrence of each prey type in the diet of the
studied bat population was calculated as the number of bats from
which such prey type was identified, divided by the total number of
bats examined, and multiplied by 100 (McAney et al., 1991; Whitaker
et al., 2009).
ofMOTUs (right Y-axis)matching any reference COI sequence above (light green line) and
copies/sequence).

http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://www.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.sivim.info


Fig. 2. Percentage of occurrence of prey taxa (a) categorized in accordance to their host plant
life-form, and (b) categorized in accordance to their host plants location in relation to
R. euryale's foraging grounds during the bat's pre-breeding, breeding and post-breeding
seasons.
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3. Results

PCR ampliconswere obtained from 19 of the 20 extracted individual
bat fecal samples collected per season. One of the samples from the
breeding season was excluded from subsequent analysis because it
contained sequences with less than 4 copies. Overall, we obtained 126
MOTUs from the 56 analyzed fecal samples: 64 MOTUs in the 19 sam-
ples from the pre-breeding season, 59 MOTUs in the 18 samples from
breeding, and 35 MOTUs in the 19 samples from the post-breeding sea-
son. The number of MOTUs per individual bat ranged between 1 and 21,
with a mean value of 5.5 (SD ± 3.88).

3.1. Diet composition

In total, we identified 97of the 126MOTUs to the species level (77%),
13 to genus (10.3%), 2 to family (1.6%), and 2 to order (1.6%) (Appendix
S3). The remaining 12 did notmatch any reference sequence (9.5%) and
were classified as “unknown”. Most of the MOTUs were classified as
Lepidoptera (84.9%); only 4.0% and 1.6% were assigned to Neuroptera
and Diptera respectively (Fig. A1 in Appendix S2, supplementary mate-
rial). The following specieswere assigned tomore than oneMOTU: Thy-
atira batis, Alcis repandata, Melanthia procellata, Mythimna albipuncta,
Mythimna unipuncta, Xestia c-nigrum and Pseudoips prasinana.

The diet composition of R. euryale at the ordinal level did not differ
between seasons (Kruskal–Wallis H = 2, df = 2, p = 0.3). The diet
consisted primarily of Lepidoptera, accounting for 85% of the total
MOTUs for all seasons. The seasonal diet of R. euryale at ordinal level is
summarized in Appendix S2 in the supplementary material (Fig. A1a).

The majority of the identified lepidopteran species belonged to the
families Geometridae and Noctuidae (Fig. A1 in Appendix S2, Appendix
S3, supplementary material). The highest percentage of occurrence
values were reported for the geometrids A. repandata, Cyclophora sp.,
Idaea sp., Peribatodes rhomboidaria, Petrophora chlorosata, Xanthorhoe
ferrugata and the noctuids Agrotis exclamationis, Cosmia trapezina,
Lycophotia porphyrea, Hoplodrina ambigua, M. unipuncta, Ochropleura
plecta, Photedes minima and X. c-nigrum (Appendix S3). Some families
appeared only seasonally, such as Nolidae (P. prasinana) during the
pre-breeding season, Crambidae in the breeding season and Drepanidae
(T. batis) during both pre- and breeding seasons. The seasonal diet of
R. euryale at the family level within Lepidoptera is summarized in Ap-
pendix S2 in the supplementary material (Fig. A1b).

All consumed dipterans belonged to the family Tipulidae, and no
dipterans were detected in the breeding season. Conversely, neurop-
terans mostly appeared during the breeding season, and all of them
belonged to the families Chrysopidae or Hemerobiidae.

3.2. Foraging requirements of prey at larval stage

Wewere not able to associate 3 MOTUs from the breeding season to
any host plant category due to the low resolution of the identification
level (family and order level). In addition, one MOTUmatched Apatema
apolusticum, but wewere unable to find any information about the spe-
cies' ecology. These 4MOTUswere detected in the feces of one single in-
dividual bat andwere excluded from further analyses. Onemoth species
consumed by one bat (Thaumetopoea pytiocampa) was classified under
“Non-hunting clutter grounds” (Appendix S3), and was excluded from
the Pearson's Chi square χ2 test.

Moths whose larval host plants occurred in non-foraging open
grounds were commonly observed in the diet of the surveyed popula-
tion, both as a whole and seasonally (Fig. 2b). More than 85% of the
bats preyed on moths with larvae that feed on herbaceous plants be-
longing to non-foraging open grounds (Fig. 2a). Furthermore, the num-
ber of bats preying onmoths originating in vegetation units used by bats
as foraging grounds was 84%, 72% and 42% for pre-breeding, breeding
and post-breeding seasons respectively (Fig. 2b). These moths were
predominantly broadleaved tree feeders (Fig. 2a). Half of the surveyed
bats preyed on moths with ubiquitous caterpillars that grow on plants
from both within and outside of R. euryale's foraging grounds (ubiqui-
tous larvae, Fig. 2b) during the pre-breeding and breeding seasons,
and only 2 bats (10%) in the post-breeding season. One bat in the
post-breeding season preyed on the one moth reported to feed solely
on conifers (non-foraging clutter grounds): the Pine Processionary
Thaumetopoea pityocampa.

There is a significant relation between season and both the feeding
guild of the moth larvae (Chi square: χ2 = 28.85; df = 8; p b 0.001;
Fig. 3a) and the host plant location in respect to R. euryale's foraging
grounds (Chi square: χ2 = 21.53; df = 4; p b 0.001; Fig. 3b). There
was a significant decrease in the consumption of moths that originated
from R. euryale's foraging grounds from pre- to post-breeding seasons,
and a corresponding opposite trend of moths feeding on herbaceous
plants likely to be located in the bats' non-foraging grounds. This was
caused mainly by a reduction in the consumption of broadleaved tree
and shrub feeder moths. In the pre-breeding season bats consumed
more moths with larval requirements linked to the bat's foraging
grounds (broadleaved tree and shrub species) than would be expected
if no association existed between moth classes and seasons. In the
breeding season bats foraged slightly more than expected on moths
linked to shrubs, while the opposite trend was observed in the post-
breeding season. Few of the consumed prey were assigned as non-
plant or generalist feeders, and a weak non-significant relation was ob-
served between the consumption of generalist or ubiquitousmoths and
seasons (Fig. 3).

Image of Fig. 2


Fig. 3. Association plots showing the standardized deviation of the observed consumption
of moth prey items from those expected throughout seasons, and under the null hypoth-
esis of independence. Each cell is represented by a box with height proportional to the
standardized difference between observed and expected consumption counts (Pearson's
Residuals, refer to Zeileis et al., 2007), and width proportional to the squared root of the
expected consumption counts. The area of the box is proportional to the deviation be-
tween observed and expected counts. Colored boxes indicate a standardized significant
deviation from expected greater than 2 (Zeileis et al., 2007). Boxes above the horizontal
line indicate greater than expected observed counts (in blue: significant deviation),
whereas boxes below the line indicate lower than expected counts (in yellow: significant
deviation). (a) Identified seasonal prey consumption according to the moth's caterpillar
host plant life-form. (b) Identified seasonal prey consumption according to R. euryale's for-
aging grounds.
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4. Discussion

We found that the larval host plants of a significant proportion of the
moth prey occur outside the habitats where the adults are hunted by
bats. These findings highlight the relevance of taking into account the
feeding and habitat requirements of prey through different life stages
in order to fully understand the foraging requirements of bats and
other predators consuming prey with complex life cycles. To the best
of our knowledge, our study is the first to track down the prey con-
sumed by an insectivorous bat to their source habitats. We believe our
results provide relevant information for researchers and land managers
working on the conservation of predators linked to specieswith ontoge-
netic niche shifts.

4.1. Diet composition

Lepidopteransmatched 85% of the identifiedMOTUs, in linewith re-
sults from other authors that relied on morphological diet analysis
(Goiti et al., 2004, 2008; Miková et al., 2013; Salsamendi et al., 2012),
confirming that R. euryale is a moth specialist. Among the 11moth fam-
ilies identified in our study, 7 belong to the so-called group of macro-
moths (Waring and Townsend, 2003), and comprised more than 90%
of the consumed moth species (Fig. A1, Appendix S2; Appendix S3, in
supplementarymaterial). Themost frequently consumedmoths belong
to the Noctuidae and Geometridae families. These two families are the
largest in terms of number of species (Waring and Townsend, 2003),
and probably the most common and abundant macro-moths in our
study area. Similar findings have been reported in other temperate re-
gions (Schoeman and Jacobs, 2003; Wickramasinghe et al., 2004).
Thus, the staple diet of R. euryale consists of medium-sized macro-
moths.

4.2. Advantages and limitations of molecular diet analysis

This study has only been possible due to the high-level taxonomic
identification that current molecular diet analysis techniques provide
(Pompanon et al., 2011; Clare, 2014). Despite this, the novel molecular
approach by no means provides a panacea for diet studies (discussed
in: Bohmann et al., 2011; Boyer et al., 2013; Brown et al., 2012; Clare,
2014; Pompanon et al., 2011; Razgour et al., 2011). When dealing
with threatened species and aiming to detect trophic interactions, spe-
cial considerations should be taken in the analytical steps where false
positive prey identifications or dietary over/underestimation might
arise. In this regard, we adopted a conservative approach at the
amplicon coverage threshold (likely related to false positive identifica-
tions) and MOTU clustering (related to dietary over/underestimation)
steps. Although this method may exclude rare prey species from the
analysis, such species most likely have little biological relevance in
terms of the bats' energy-intake. We did not overcome dietary overesti-
mation (Alberdi et al., 2012; Razgour et al., 2011). As Razgour et al.
(2011) pointed out, the observed overestimation can be related to intra-
specific polymorphisms in the 157 bp miniCOI (Valentini et al., 2009),
taxonomic ambiguity among someLepidoptera, or due to an incomplete
reference database. Despite the need for further improvement in the an-
alytical steps ofmolecular diet studies (Clare, 2014), results can be com-
bined with existing biological information about the consumed insect
prey. This combination enables a better understanding of the food
web structure and dynamics, so that effective management guidelines
can be proposed.

4.3. Foraging requirements of the predator and prey

R. euryale consumedmoths that require ecosystem elements beyond
the habitats where they are captured by the bat. It forages against
clutter in hedgerows and broadleaved forests, with no foraging activity
being reported over pastures or meadows (Aihartza et al., 2003; Goiti
et al., 2006, 2008; Russo et al., 2002, 2005; Salsamendi et al., 2012).
However, prey consumed in the bat's foraging grounds depend on
host plants that are found both in the bats' foraging and non-foraging
habitats for their larval development. For instance, most of the con-
sumed moths require plant species typically growing in pastures and
meadows. A small number of these plant species might also grow in
other woody habitats. However, in our study area the biomass of such
plants in pastures and meadows is considerably larger than in any
other woody habitat. We identified a total of 35 plant families that
were likely to occur in non-foraging open habitats. Among them
Asteraceae, Gramineae, Leguminosae and Polygonaceae accounted for
48% of the recorded larval host plants. Consequently, a large number
of moths consumed by R. euryale most likely emerged from outside
the bat's foraging areas.

Therefore, a movement process occurs from the areas where the
prey emerges from to the grounds where bats hunt them. Like bats,
moths are flying animals that can move easily through the landscape
from their emergence areas. Thesemovementsmight vary considerably
across taxa and time due to dispersal abilities, as well as the trophic
needs and phenology of moths (Betzholtz and Franzen, 2011;
Fuentes-Montemayor et al., 2012; Merckx et al., 2009; Murakami
et al., 2007; Slade et al., 2013). This yields a prey input for bats that
varies in ecological and spatial requirements through time. Our data

Image of Fig. 3
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suggest that such prey input dynamics occur in our study area. Moths
with larval requirements linked to trees and shrubs (mainly geome-
trids) were more abundant in the diet of R. euryale during the pre-
and breeding seasons. In contrast, during the post-breeding season the
majority of the consumed moths relied on herbaceous plants from
open habitats. Slade et al. (2013) showed that different functional
groups of moths require different degrees of landscape connectivity.
For instance, some taxa with herb-feeding larvae and herb-feeding or
non-feeding adults move shorter distances than species feeding on
trees and shrubs (Slade et al., 2013). Consequently, R. euryale, along
with many bat and bird species preying on moths (Barbaro and
Battisti, 2011; Dietz et al., 2009), relies on prey with a varying degree
of movement patterns and spatial and functional requirements of the
landscape through time.

Moreover, some habitats outside the bat's foraging range may also be
acting as prey sources, trophically linking R. euryale to distant areas, as
nine of the prey moths are known to be either very mobile or migratory
species (Appendix S3). These species are reported to fly large distances
at the landscape, country or even continental scale (Chapman et al.,
2010; Slade et al., 2013). This would imply that R. euryale does not only
rely on the landscape elements within its home-range, but also on other
distant areas that supply themwith food. Some migratory food elements
can be seasonally important for many predators, as has been reported for
other bat species, such asNyctalus lasiopterus that prey onmigratory pas-
serine birds (Ibañez et al., 2001). At an even larger geographical scale,
linking different systems, the brown bear preys on salmon that returns
from the sea (Hilderbrand et al., 2004). Since the level of convergence of
prey source and predator's hunting areas is variable, the higher the diver-
sity of the landscape, the higher the bat's chances of fulfilling its foraging
requirements.

In addition, somemoth species showed temporal peaks of consump-
tion (N%20 occurrence values, Appendix S3), which may correspond to
their sudden arrival or emergence in the bat's foraging grounds (e.g.
mass-emerging species). Some authors reported bats consuming large
amounts of mass-emerging insect species such as lepidopterans, cole-
opterans, trichopterans or ephemeropterans (Goiti et al., 2004; Clare
et al., 2011; McCracken et al., 2012; Vesterinen et al., 2013). These ar-
rivals may play an important role in the bat's energy intake and can
vary in length and intensity, both among moth species and within the
same species. Furthermore, some of the consumed taxa are potential
crop pests (e.g. Agrotis sp. in crop plants and seedlings, Autographa
gamma and M. unipuncta in several crop plants such as hay and barley,
T. pityocampa in pine plantations; Carter, 1984), suggesting that
R. euryale could be an effective pest consumer if insect population
booms were to occur, as has been postulated for other bat species
(Cherico et al., 2014; McCracken et al., 2012).

Despite the fact that most of the consumed moths showed a variety
of larval feeding requirements with a variety of potential source habi-
tats, R. euryale probably encounters them in hedgerows, forest edges
or isolated trees, regardless of the season (Goiti et al., 2008). Moths of
different functional groups may be using such linear elements as land-
marks for dispersal (Slade et al., 2013), or for other purposes such as
shelter or protection from predators, forming prey-rich areas for bats.
As McCracken et al. (2012) reported, bats are able to track and exploit
local prey abundance. Similarly, R. euryale might identify and exploit
such prey-rich spots. Therefore, our results raise interesting questions
regarding the foraging ecology of R. euryale. For example, what is
constraining R. euryale to forage in edge habitats? Are bats' echo-
morphological characteristics limiting them to forage in specific habi-
tats due to a better prey detectability and capturing effectiveness? Are
bats selecting habitats richer in prey availability?

4.4. Implications for conservation

We are aware of the limitations of the study of a single bat colony
(e.g. specific landscape, colony-related behavior, colony size; Whitaker
et al., 2009). Nonetheless, the trophic ecology and the foraging behavior
of the studied colony, researched thoroughly over a 12-year period
(Goiti et al., 2004, 2006, 2008), is similar to other colonies of
R. euryale. In these colonies, moths were the main prey, and wooded
structures such as hedgerows, broadleaved forest and forest edges
were identified as the specific foraging sites (Andreas et al., 2012;
Koselj and Krystufek, 1999; Russo et al., 2002, 2005; Salsamendi et al.,
2012). We believe that the observed results may represent the diet
and the foraging behavior of other R. euryale's population living in sim-
ilar landscapes. Therefore, in landscapes with a high patchiness, non-
foraging grounds may also be essential for providing the diversity and,
likely, the abundance of prey needed to sustain rich hunting grounds.

Management guidelines and conservation recommendations for
R. euryale, as for many other European rhinolophid and vespertilionid
bat species, have focused on protecting their roosts and foraging
grounds (e.g. Eurobats, 2014; Goiti et al., 2006, 2008; Schofield, 2008).
R. euryale is highly dependent upon caves for roosting (Dietz et al.,
2009), and woodland/hedgerow edge-structures are of paramount im-
portance for its trophic ecology (Goiti et al., 2008; Salsamendi et al.,
2012).We advocate the inclusion of a third element, namely the source
habitats of its prey, as an essential factor to be taken into account to en-
sure the conservation of this and other similar threatened species
(Hutson et al., 2008). Several bat species feed on preywith varying hab-
itat requirements throughout their lifespan, such as Plecotus sp. on
moths (Alberdi et al., 2012; Razgour et al., 2011),Myotis myotis on cole-
optera (Arlettaz, 1996), Myotis lucifugus on prey emerging from water
habitats (Clare et al., 2011), Trachops cirrhous on frogs (Ryan et al.,
1982). Other species hunt migratory prey originating in source habitats
beyond the bats' home-range, such as Tadarida brasiliensis onmigratory
pest moths (McCracken et al., 2012), and N. lasiopterus on migratory
passerine birds (Ibañez et al., 2001). This new perspective identifies as
a risk factor any intensification or change in the land use that alters
the habitats required by the prey at any life-stage or lifespan moment,
even when the hunting grounds of the bats remain untouched.

Similar to the majority of bats, many birds and small vertebrates in
terrestrial systems (as well as many predators in other systems), are
trophically linked to prey with complex life-cycles (e.g. in marine envi-
ronments: predators foraging on species with pelagic or benthonic lar-
vae or adults; for example the leatherback turtle on jellyfish). As our
results show, predator and prey overlapped in a small proportion of
their niche-space: in habitats where predation occurs. However, the
conservation of these foraging habitats does not ensure that the trophic
requirements of the prey are included, as preymight rely on awider va-
riety of landscape elements during their lifespan. Therefore, conserva-
tion efforts addressing the foraging requirements of a given species
should not be limited to merely protecting its foraging grounds, but
guidelines should also take into account the ecological requirements
of prey throughout their lifecycle. Any changes to habitats required by
the rest of the life-stages of prey could affect not only source-sink dy-
namics of prey populations (Pulliam, 1988; Schreiber and Rudolf,
2008), but the predator–prey interactions as well, leading to changes
in ecosystem structure and processes (Rudolf and Rasmussen, 2013).
When developing conservation measures for insectivorous species
inhabiting mosaic-like heterogeneous landscapes, we advocate for a
landscape-level management rather than focusing on the habitat-
level. This is in line with what several studies suggested for different
taxa inhabiting heterogeneous landscapes (e.g. Dover and Sparks,
2000; Fuentes-Montemayor et al., 2012; Law and Dickman, 1998; Mar-
shall and Moonen, 2002).

In this particular case, the preservation of the traditional farmland
landscape could be enough to ensure resource availability, because a
bocage landscape (Baudry et al., 2000) provides all the functional and
structural elements required by both prey and predator. These semi-
natural landscapes are of paramount importance for the conservation
of many vertebrate and also invertebrate species (Dover and Sparks,
2000; Marshall and Moonen, 2002; Merckx et al., 2012; Millán de la
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Peña et al., 2003; Tscharntke et al., 2008; Slade et al., 2013). However,
European agricultural policies have led to the decline of hedgerows
and grasslands (EEA, 2005), which has resulted in the decline of many
bird and lepidopteran species across Europe (EEA, 2005, 2013;
SEO/BirdLife, 2014; Söderström et al., 2001). Similarly, the substitution
of meadows by exotic tree monocultures (which is slowly taking place
in the study area), or even pasture abandonment, are likely to affect
moth taxonomical and functional diversity (Kadlec et al., 2009;
Merckx et al., 2012; Pavlikova and Konvicka, 2011; Slade et al., 2013).
They are therefore likely to directly affect prey availability for R. euryale,
especially during the post-breeding season in late summer, when most
of the prey's larval stages are strongly associated with grassland plant
species.

5. Conclusions

Our results show that the ecological requirements of R. euryale often
go beyond the habitatswhere it interactswith itsmoth prey. Thesefind-
ings could be achieved because species-level identification of prey is
now possible through DNA metabarcoding, alongside the extensive lit-
erature gathered about moths and their larvae. The combination of
these two powerful resources open the door to a more in-depth study
of the relationship between bats' foraging grounds and their prey
source, and to identify hitherto overlooked ecological requirements. Be-
yond the well-known motto “think globally, act locally”, our findings
suggest that when aiming to conserve predator species that inhabit het-
erogeneous landscapes and are linked to prey with ontogenetic habitat
shifts, to succeed locally we will have to act on a broader scale, even re-
gionally. This broader-scale approachmust be taken into account for the
development of effective management and conservation measures.
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