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1  |  INTRODUC TION

One of the prominent research fields in ecology is the study of spe-
cies coexistence mechanisms that explain how resources are allo-
cated and coexistence of, for example, morphologically similar and 
sympatric species is facilitated (Chesson, 2000; Gómez-Llano et al., 
2021). The group of bats is an interesting target group in that re-
spect, as they are a very specious, diverse group and many species 
are in part or obligatory insectivorous. Several interesting studies 
have been published that investigated how morphologically similar, 

sympatric bat species coexist (Arrizabalaga-Escudero et al., 2018; 
Geipel et al., 2021; Novella-Fernandez et al., 2020; Roeleke et al., 
2018).

Many studies were conducted in Europe or the Americas, 
whereas studies on bats in Asia are rare. To close this knowledge 
gap, this study aims at investigating the diet of Japanese bat spe-
cies. Murina ussuriensis (Ognev, 1913) and Myotis ikonnikovi (Ognev, 
1912) are two very common, sympatric and similar-sized bat species 
in Japan that are thought to strongly depend on the availability of 
forests. They also occur in South and North Korea, Northern China, 
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Abstract
One mechanism for morphologically similar and sympatric species to avoid compe-
tition and facilitate coexistence is to feed on different prey items within different 
microhabitats. In the current study, we investigated and compared the diet of the 
two most common and similar-sized bat species in Japan—Murina ussuriensis (Ognev, 
1913) and Myotis ikonnikovi (Ognev, 1912)—to gain more knowledge about the degree 
of overlap in their diet and their foraging behavior. We found that both bat species 
consumed prey from the orders of Lepidoptera and Diptera most frequently, while the 
proportion of Dipterans was higher in the diet of M. ikonnikovi. Furthermore, we found 
a higher prey diversity in the diet of M. ikonnikovi compared to that of M. ussuriensis 
that might indicate that the former is a more generalist predator than the latter. In 
contrast, the diet of M. ussuriensis contained many Lepidopteran families. The higher 
probability of prey items likely captured via gleaning to occur in the diet of M. ussu-
riensis in contrast to M. ikonnikovi indicates that M. ussuriensis might switch between 
aerial-hawking and gleaning modes of foraging behavior. We encourage further stud-
ies across various types of habitats and seasons to investigate the flexibility of the diet 
composition and foraging behavior of these two bat species.
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and Far East Russia, although the range of M. ikonnikovi extends 
further west across Mongolia, the southern center of Russia, and 
Kazakhstan (Fukui et al., 2019; Stubbe et al., 2008). Both species are 
listed as of “least concern” in the IUCN red list (Fukui et al., 2019; 
Zhigalin et al., 2020), although their population trends are decreas-
ing (M. ikonnikovi) or unknown (M. ussuriensis) and further research 
on their habitat use and ecology is encouraged (Fukui et al., 2019; 
Stubbe et al., 2008). Regarding their habitat use, we know that these 
two species occur predominantly in deciduous or mixed forests, 
sometimes in proximity to rivers (Fukui et al., 2019; Kim et al., 2014; 
Sato et al., 2011; Stubbe et al., 2008; Sugai et al., 2011), with M. 
ussuriensis being presumably more dependent on forests as foraging 
habitats than M. ikonnikovi (Fukui et al., 2019; Stubbe et al., 2008). 
They usually roost in tree cavities, in crevices under tree bark, in 
manmade structures or, in the case of M. ussuriensis, also within dead 
leaves (Fukui et al., 2012; Ohdachi et al., 2015) during summer. Both 
species move only locally, based on results of population genetics 
(Flanders et al., 2016) and radio-tracking data (Jo, 2015). For exam-
ple, nursing M. ussuriensis females were found to frequently change 
roosts that were located within a maximum distance of 335 m from 
each other (Fukui et al., 2012). Myotis ikonnikovi was also reported to 
move no further than about 360 m on a daily basis (Jo, 2015).

These two species appear to be similar in their habitat use, but 
there are indications that they might use different microhabitats. 
Both bat species are similar in size (forearm length: M. ussuriensis: 
~30 mm, M. ikonnikovi: ~33 mm, Ohdachi et al., 2015), but the wing 
area of M. ussuriensis has a lower aspect ratio and more rounded 
wingtips than M. ikonnikovi (M. ussuriensis: mean aspect ratio = 5.6, 
mean wingtip shape index = 4.5, M. ikonnikovi: mean aspect ratio = 
5.9, mean wingtip shape index = 1.8, values were obtained from 7 
and 13 individuals, respectively, please refer to Fukui et al. (2011) 
for further details, Ohdachi et al., 2015), which would enable it to 
fly more slowly and be more maneuverable through cluttered hab-
itats and to glean prey from the ground or leaves in hovering flight 
(Norberg and Rayner, 1987). The reported foraging behavior of M. 
ikonnikovi that forage on emerging aquatic insects above rivers by 
aerial hawking (Fukui et al., 2006) and of M. ussuriensis that forage in 
slow flight and glean prey from the ground or other surfaces in hov-
ering flight (Jo, 2015) appears to be congruent with the differences 
in wing morphology.

Slight differences in echolocation call characteristics also exist: 
Although both species use FM calls (frequency modulated), the 
bandwidth of calls from M. ussuriensis is larger while the peak fre-
quency is higher and the call duration is smaller compared to the 
calls of M. ikonnikovi (Fukui et al., 2004, 2015). The intensity of calls 
from M. ussuriensis is also lower compared to calls from M. ikonnikovi 
(Fukui et al., 2004). In summary, the low-intensity, broadband, and 
short calls of M. ussuriensis are well adapted for detecting arthropods 
in highly cluttered habitats such as forest understory (Neuweiler, 
1989; Schnitzler et al., 2003). The calls of M. ikonnikovi, in contrast, 
are less well adapted to such habitats and might be better suited for 
foraging in narrow or edge space (Schnitzler et al., 2003). Therefore, 
we hypothesize that minor differences in wing morphology and 

echolocation call characteristics might lead to differential microhab-
itat use (Siemers & Schnitzler, 2004), thereby enabling these two bat 
species to evade interspecific competition for resources. However, 
accurate dietary information for these bat species is currently lack-
ing and is needed to confirm the above assumptions on microhabitat 
use.

Only one study so far, to our knowledge, has investigated the 
diet composition of these two bat species using a morphological ap-
proach (Sato & Katsuta, 2018). According to that study, M. ussuriensis 
consumed mainly prey from the order of Coleoptera and to a lesser 
degree from orders of Lepidoptera and Orthoptera and a few other 
orders. In contrast, M. ikonnikovi consumed mainly prey from the or-
ders of Coleoptera and Lepidoptera and to a lesser degree from the 
order of Hemiptera including less frequently consumed prey from 
other orders. To complement the picture on diet composition of the 
two bat species, this study aims to investigate, describe, and compare 
the diet composition of M. ussuriensis and M. ikonnikovi using DNA 
metabarcoding, which works well for bats (Pompanon et al., 2012). 
We expect to find differences in the diet composition between the 
two bat species as a consequence of the above-mentioned differ-
ences in wing morphology and echolocation call characteristics. In 
particular, because M. ussuriensis is thought to also rely on gleaning 
as a foraging mode, we expect to find a higher proportion of prey 
items that might have been captured in this mode in the diet of M. us-
suriensis than in the diet of M. ikonnikovi. Furthermore, we expect to 
find a higher proportion of insects that are associated with aquatic 
habitats in the diet of M. ikonnikovi compared to M. ussuriensis as the 
former were observed to forage at such habitats. The findings of 
this study are expected to complement and expand our knowledge 
of the diet composition of these two bat species along with existing 
morphological analyses.

2  |  MATERIAL AND METHODS

2.1  |  Study area

The study area is the University of Tokyo Hokkaido Forest (UTHF: 
43˚10’–21’N, 142˚23’–41’E, 190–1,459  m a.s.l.) located in Furano, 
the center of Hokkaido island, that is situated southwest of the 
Tokachidake mountain range and the upper area of the Sorachi 
river within the Ishikari river basin. The forest's area of 22,717 ha 
is characterized by natural hemiboreal forest with coniferous and 
broad-leaved tree species. Dominant tree species are Sakhalin fir 
(Abies sachalinensis), Yezo spruce (Picea jezoensis), Japanese linden 
(Tilia japonica), and painted maple (Acer pictum var. mono). The mean 
annual temperature and precipitation was 6.5ºC and 1279 mm, re-
spectively, from 2001 to 2018 (http://www.uf.a.u-tokyo.ac.jp/resea​
rch_divis​ion/data/kisho​u/index.html). Daily average temperatures 
during this study's sampling periods ranged from 4.6°C to 20.5°C 
in May, the coolest month of the study period, and from 14.0°C 
to 25.8°C in August, the warmest month of the year (http://www.
uf.a.u-tokyo.ac.jp/resea​rch_divis​ion/data/kisho​u/index.html). The 

http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
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monthly precipitation ranged between 62.0 mm and 407.5 mm from 
May to September (http://www.uf.a.u-tokyo.ac.jp/resea​rch_divis​
ion/data/kisho​u/index.html).

2.2  |  Bat trapping and fecal sampling

Trapping sites (n= 19) were located within mixed forests with coni-
fer and broad-leaved trees southeast of the UTHF (Figure 1). From 
these, nine sites lay within forests located close (<1 km distance) to 
arable fields (5 sites: 2, 6, 8, 13, 17), a river (3 sites: 9, 14, 20) and an 
urban area (one site: 18). Trapping was conducted at each site once, 
except at site 1 that was revisited once in July 2017. Bats were caught 
with permission from the Ministry of Environment (Nos. 21-27-0077, 
21-28-0087, and 21-29-0131) and Hokkaido Prefecture (Nos. 26–
35 and 57), Japan, following the “Regulations and manual of animal 
experiments in the University of Tokyo” and the “Guidelines of the 
Mammal Society of Japan for the use of wild mammals in research” 
(https://www.mamma​logy.jp/guide​line.html). We used harp traps 
and mist nets with acoustic lures (Sussex AutoBat; Hill & Greenaway, 
2005) to capture the bats during the night. We determined the sex, 
reproductive status, and age (adult or juvenile) for all individuals, 
measured their weight and forearm length, and collected fecal sam-
ples either directly from the individual while handling or from clean 
cotton bags used to hold bats. Bats were released immediately after 
fecal samples were obtained during handling or kept up to 30 min. 
Fecal pellets were subsequently stored in 70% ethanol at −20°C 
until further laboratory analyses.

2.3  |  Laboratory work

We let the ethanol that was covering the fecal pellets evaporate 
as much as possible before extracting DNA using the QIAamp 
PowerFecal DNA Kit (Qiagen/MoBio cat. nr 12830-50, Qiagen, 
Hilden, Germany). We followed the extraction manual (MoBio 
“Protocol: Detailed”; version 12192013) with modifications as in 

Heim et al. (2019). The DNA was eluted into 100 μl of C6 buffer as 
recommended in the protocol and stored at –20°C until subsequent 
analysis.

We used a single bat-specific primer pair targeting the DNA bar-
code region in the mitochondrial cytochrome oxidase subunit I (SFF-
145f: 5’-GTHACHGCYCAYGCHTTYGTAATAAT-3’ and SFF-351r: 
5’-CTCCWGCRTGDGCWAGRTTTCC-3’; Walker et al., 2016) to con-
firm the bat species in the fecal samples. Successful PCR products 
were purified using A’SAP clean kit (product nr 80350, ArcticZymes, 
Trømssa, Norway) and sequenced by Sanger sequencing at 
Macrogen Europe (Macrogen Inc., Seoul, South Korea). Sequences 
were trimmed for poor quality regions, and primers were removed 
as described in Sorvari et al. (2012) using Geneious R6 (Kearse et al., 
2012). Trimmed sequences were identified using BOLD systems 
(Ratnasingham & Hebert, 2007) and blasted against the GenBank 
database (Altschul et al., 1990).

We used two primer pairs to amplify the potential arthro-
pod prey. Firstly, we applied widely utilized primers targeting the 
so-called DNA barcode region in the COI gene (ZBJ-ArtF1c: 5’-
AGATATTGGAACWTTATATTTTATTTTTGG-3’ and ZBJ-ArtR2c: 
5’-WACTAATCAATTWCCAAATCCTCC-3’; Zeale et al., 2011; this 
dataset was abbreviated later as COI). Secondly, we amplified 
the 16S gene region, which is one of the most common markers 
for animal DNA barcoding next to COI; this region is more con-
served than COI, so 16S primers usually amplify a larger set of taxa 
(Ins16S-1F: 5’-TRRGACGAGAAGACCCTATA-3’ and Ins16S-1Rshort: 
5’-ACGCTGTTATCCCTAARGTA-3’; Clarke et al., 2014; the fourth 
last nucleotide in the reverse primer changed from G to R as used 
in Kaunisto et al., 2017; this data set was abbreviated as 16S). PCR 
blanks (containing sterile water instead of a sample) were included 
for each batch (see Appendix S5: A1 for further information).

The PCR and library construction followed Kaunisto et al. 
(2020). In summary, the first-step PCR reactions included linker-
tagged, locus-specific primers targeting either the COI or 16S 
gene, and the second-step PCR followed directly, including 
Illumina-specific adapters with a unique dual-index combination 
for every single reaction and the same linker-tags as the first-step 

F I G U R E  1  The main map shows the 
locations of trapping sites within the 
University of Tokyo Hokkaido Forest, 
while the inset map shows the location 
of the study area within Hokkaido. Main 
map data source: National Land Numerical 
Information (land utilization tertiary 
polygon data) provided from the Japanese 
Ministry of Land, Infrastructure, Transport 
and Tourism (https://nlftp.mlit.go.jp/ksj/
index.html; accessed: 2021/01/21) was 
edited to create this map

http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
http://www.uf.a.u-tokyo.ac.jp/research_division/data/kishou/index.html
https://www.mammalogy.jp/guideline.html
https://nlftp.mlit.go.jp/ksj/index.html
https://nlftp.mlit.go.jp/ksj/index.html
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PCRs. The first-step PCRs were set up as technical duplicates, and 
both duplicates had unique index combinations in the second PCR 
stage. The samples were then pooled by equal volume and puri-
fied using SPRI beads as in Vesterinen et al. (2016). Sequencing 
was performed on the Illumina MiSeq platform (Illumina Inc., San 
Diego, California, USA) by the Turku Centre for Biotechnology, 
Turku, Finland, using v2 chemistry with 300 cycles and 2 × 150 bp 
paired-end read length.

2.4  |  Bioinformatics and prey list construction

The reads were uploaded directly from the sequencing facility to 
the CSC Taito server (IT Center for Science, www.csc.fi) for trim-
ming and further analysis. Trimming and quality control of the 
sequences were conducted according to Kaunisto et al. (2017). 
Consequently, paired-end reads were merged and trimmed for 
quality using program USEARCH (Edgar, 2010). Primers were re-
moved using the Python program Cutadapt (Martin, 2011). The 
reads were then collapsed into unique sequences (discarding hap-
lotypes with abundance <10). Chimeras were removed and reads 
were clustered into ZOTUs (Zero-radius Operational Taxonomic 
Units) using USEARCH ‘unoise3’ algorithm (Edgar, 2016) and then 
mapped back to the original trimmed reads to establish the total 
number of reads in each sample using VSEARCH ‘search_exact’ 
algorithm (Rognes et al., 2016).

ZOTUs were assigned to species using slightly different meth-
ods depending on the dataset. For COI, ZOTUs were identified 
using the Python software Bold-retriever (Vesterinen et al., 2016) 
or by local BLAST (Altschul et al., 1990) against all Arthropoda se-
quences downloaded from BOLD (Ratnasingham & Hebert, 2007). 
For 16S, we used BLAST (without low-complexity filtering or mask-
ing) against all sequences in the GenBank nt database. Further taxa 
names (BIN, species name or higher taxonomy) were retrieved for 
both COI and 16S using a custom script written for this purpose. See 
details on ZOTU clustering in Appendix S5: A2.

We used different criteria for including prey species in the data 
depending on the dataset. For COI, (1) at least 10 reads of the final 
assigned prey species were required to be present in the final data, 
and (2) sequence similarity with the reference sequence had to 
be at least 98% for the OTU to be given species assignation, and 
lower hits were assigned to higher taxa (96%–98% to family level 
and 90%–96% to order level). For 16S, (1) at least 10 reads of the 
final assigned prey species were required to be present in the final 
data, and (2) sequence similarity with the reference sequence had 
to be at least 90%, (3) alignment length at least 100 bp to the tar-
get region, and (4) E-value lower than 0.0000001. We assigned the 
ZOTUs to taxa as accurately as possible and confirmed that all the 
prey species were recorded either from Hokkaido or from Japan (in-
cluding Hokkaido) based on the information given in the literature 
(please find the complete list of literature in the Appendix S5: A3). 
We furthermore checked whether the next higher taxonomic group 
occurs in Hokkaido or Japan if a given insect species was found to 

occur elsewhere. We consequently obtained a prey list containing 
species, genera, subfamilies, and families that occur within Hokkaido 
or Japan (Appendix S1).

2.5  |  Data analysis

2.5.1  |  Data preparation

We removed samples with data deemed unreliable (<1000 reads) 
prior to further analyses. Furthermore, samples with overall more 
than 1000 reads but no reads for prey species were excluded from 
the diet analysis.

We combined the prey item lists obtained from COI and 16S 
markers to analyze and compare the diet composition within and 
between bat species. We removed one of two occurrences to avoid 
counting prey item presence twice in cases where insect species 
were identified by both markers within the same sample.

2.5.2  |  Calculation of species richness 
estimators and accumulation curves

The read count for each insect prey in all samples was transformed 
into incidence data. To estimate to what degree the prey richness in 
the bat species’ diet was covered by our sampling effort, these data 
were used to compute species-level accumulation curves and the 
ICE estimator (Lee & Chao, 1994) based on 100 permutations using 
EstimateS (Version 9, Colwell, 2013). The incidence counts of spe-
cies within a genus, family, and order, respectively, were summed up 
for the computation of genus-, family-, and order-level accumulation 
curves (e.g., 5 for genus A, if it contained 5 species or 10 for family 
X, if there were 10 species within the respective number of genera). 
The ACE estimator was used in this case (Chao & Lee, 1992).

2.5.3  |  Calculation of indices

We calculated the percentage of occurrence (POO; Deagle et al., 
2019) for each prey species by summing up the respective presence 
counts over all samples of a bat species and dividing this count by 
the total sum of prey occurrences (Appendix S2) to compare the diet 
composition between bat species. Therefore, the sum of all POOs 
within a bat species equals 1.

Based on the POO data, we calculated the effective number of 
species (Hill, 1973) across the q-values of 0, 1, and 2 (function hill_
div, package hilldiv, Alberdi & Gilbert, 2019). We investigate the in-
fluence of rare prey items on the diversity of the total diet by 
changing the q-value. We also computed more classical diversity 
measures like the Simpson and Shannon diversity indices for a con-
venient comparability among different studies. The effective num-

ber of species was calculated as qD = 
�

∑S

i=1
p
q

i

�1∕(1−q)

 with pi as the 

http://www.csc.fi
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proportion of prey item i in the diet, q as a value for the order of di-
versity and S as the number of species (insect species in our case). 
Simpson index was calculated as 1–D with D = Σpi

2, where pi is the 
proportion of prey item i in the diet. The Shannon index was calcu-
lated as H’ = –Σ (pi) × loge pi.

We also investigated and compared the numbers of prey items 
across single samples between bat species by using the unpaired 
Wilcoxon rank-sum test (stats, R Core Team, 2020), in addition to 
the overall diversity of the bat species’ diet.

Furthermore, we calculated Levin's niche breadth index (pack-
age spaa_0.2.2, Zhang, 2016) B = 1/Σpi

2 to investigate the degree 
of diet specialization for each bat species’ diet. The values of this 
index range from 1—the minimal breadth—to a maximum of the total 
number of—in our case—consumed insect species. We normalized 
the respective values to a range between 0, which indicates a highly 
specialized diet, and 1, in which case every resource available or 
sampled was consumed, to simplify the interpretation of this index.

We then investigated the degree of dietary overlap between the 
bat species’ diets using the Pianka's niche overlap index (package 
spaa_0.2.2, Zhang, 2016) Ojk = Σpij pik/√Σpij

2 Σpik
2, where pij is the 

proportion of prey item i in the diet of species j and k in the case of 
pik. We created a Venn Diagram on the species, genus, family, and 
order level (venn.diagram from package VennDiagram_1.6.20, Chen, 
2018) to further visualize the dietary overlap of more important prey 
items (consumed more than once) between the two bat species. 
Additionally, we used a Plotweb graph (function plotweb, package 
bipartite_2.15, Dorman et al., 2008, 2009) to visualize how families 
of more important prey items were partitioned between the diets of 
both bat species.

All of the above calculations and statistical tests were conducted 
in R (R Core Team, 2020) unless otherwise stated.

2.5.4  |  Predominant mode of foraging

We predicted that the diet of M. ussuriensis should contain a higher 
proportion of prey caught via gleaning than the diet of M. ikonnikovi 
based on wing morphology and echolocation call characteristics. 
To test this prediction, we followed the method used by Novella-
Fernandez et al. (2020) and classified the prey items into categories 
of volant (e.g., Chironomidae) versus non-volant (e.g., Salticidae) and 
subsequently classified the volant prey items based on their diel ac-
tivity patterns into categories of nocturnal (e.g., Noctuidae) or diur-
nal (e.g., Muscidae). The classification was carried out on the family 
or a finer taxonomic level and was based on published information 
(please find the list of citations in Appendix S5: A4 and a table of 
the classified prey items in the Appendix S3). Following this clas-
sification, those prey items that are volant and nocturnal have a high 
probability of being caught via aerial hawking, while volant but inac-
tive or nonvolant prey items have a high probability of being caught 
via gleaning (from ground or leaf surfaces). However, nocturnal 
and volant insects that are resting can be caught via gleaning, too, 
while, for example, ballooning spiders can also be caught via aerial 

hawking. Therefore, this classification is meant to reflect the likeli-
hood of each prey item being caught via gleaning or aerial hawking, 
and this analysis is meant to serve as an estimate of potential differ-
ences in foraging styles between the two bat species.

We counted the occurrences of prey items belonging to each 
category for each sample from both bat species after the final classi-
fication of prey items into the categories of the likely capture mode 
aerial hawking or gleaning (or undecided if a clear classification was 
not possible). We then modeled the number of prey items that are 
likely to be caught via gleaning relative to the number of prey items 
likely caught via aerial hawking as a function of the bat species in a 
generalized linear mixed effect model (package lme4_1.1-26, Bates 
et al., 2015) assuming a binomial error distribution and added a sam-
ple-ID as a random effect term. Hereafter, prey items classified as 
undecided were left out of the analysis. The fit of this model was ex-
amined graphically (functions from DHARMa_0.3.3.0, Hartig, 2020), 
and the model's overall significance was tested against the respec-
tive null model using parametric bootstrapping (pbkrtest_0.5-0.1, 
Halekoh & Højsgaard, 2014). The statistical comparison between 
the factor levels was done based on estimated marginal means (em-
means_1.5.4, Lenth, 2019).

In addition to this analysis, we have checked whether prey items 
from the order of Lepidoptera were most likely consumed as cat-
erpillars or as adults. For this, we focused only on those prey items 
that were identified to species level and that were consumed more 
than once by either bat species. Based on the information of the 
prey species, we have obtained phenological data and matched the 
months when mainly adults are present at our study site (Hokkaido) 
with the months when the respective prey species was found in the 
diet of the respective bat species (Appendix S5: A5).

2.5.5  |  Pest status check of consumed 
Lepidoptera and Coleoptera

We mainly searched the Crop Protection Compendium (CABI, 2021) 
database and published literature (Appendix S4) to estimate whether 
both bat species also consumed insects that are considered to be 
agricultural pests. We focused this analysis on prey items that were 
identified to species level and belonged to the orders of Coleoptera 
and Lepidoptera, because these two orders are known to contain 
pest species and both bat species consumed prey items from these 
orders relatively frequently.

3  |  RESULTS

3.1  |  Sequencing

The Illumina sequencing for the COI dataset yielded 797,129 and 
758,312 reads for M. ussuriensis and M. ikonnikovi, respectively. For 
the 16S dataset, we retrieved 1,225,068 and 638,739 reads for 
M. ussuriensis and M. ikonnikovi. The technical PCR replicates were 
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found to be nearly identical, and the number of reads per each repli-
cate for each sample correlated very well (COI: R2 = 0.849, 16S: R2 = 
0.995; Appendix S5: A6). The negative extraction controls and PCR 
blanks yielded only a few (<0.001% of total reads) for each dataset. 
The reads originating from bats in the 16S dataset were used to con-
firm the bat species identity.

The final prey COI data consisted of 786,887 reads (average per 
sample 16,059 ± 10,821) for M. ussuriensis and 758,312 reads (av-
erage per sample 16,851 ± 9,215) for M. ikonnikovi. The16S dataset 
consisted of 1,202,289 reads for M. ussuriensis (average per sam-
ple 22,265 ± 11,070 reads) and 637,162 reads (average per sam-
ple 15,929 ± 10,230 reads) for M. ikonnikovi. After removing the 
predator-related sequences, 917,272 prey reads for M. ussuriensis 
and 634,153 prey reads for M. ikonnikovi remained.

3.2  |  Sampling effort

We collected samples from a total of 55 individuals of M. ussuriensis 
(28 females, 28 males) and 45 individuals of M. ikonnikovi (21 females, 
21 males) from 2015 to 2017. We had a final dataset of 53 samples 
for M. ussuriensis and 45 samples for M. ikonnikovi (Table 1) after the 
removal of two samples—one from an adult M. ussuriensis male that 
was contaminated by another bat species (DNA from two bat species 
was found in this sample) and a second one from another adult M. 
ussuriensis male that had too few prey-specific reads in both 16S and 
COI datasets. Most of the samples were collected in July, August, 
and September, which represents the summer season in Japan.

The sampling effort in the present study covered the order-level 
prey richness to 95% and 79% and the family-level prey richness 
to 71% and 72% for M. ussuriensis and M. ikonnikovi, respectively 

(Appendix S5: A7). However, the prey richness on the genus and 
species level was represented to a lesser degree for M. ussuriensis 
(COI: 30% and 16S: 22%) than for M. ikonnikovi (COI: 57% and 
16S: 47%) within the present set of samples.

3.3  |  Diet diversity and composition

Myotis ikonnikovi consumed a total of 340 prey items across a range 
of at least 16 insect orders, while 234 prey items across 13 or-
ders were found in the diet of M. ussuriensis (Figure 2, q-value = 0). 
Shannon (H) and Simpson Index (D) values were accordingly higher 
for the diet of M. ikonnikovi compared to that of M. ussuriensis 
(HMik = 5.6, HMus = 5.3; DMik = 0.995, DMus = 0.993). The normalized 
Levin's niche breadth indicated furthermore that, although both 
bat species had a specialized diet to some degree, M. ikonnikovi 
was a more generalist predator compared to M. ussuriensis (BMik = 
0.397, BMus = 0.304). This appears to also be true for the diet com-
position of individual bats, because we found a significantly higher 
median number of 14 prey items per sample for M. ikonnikovi com-
pared to the median of six prey items per sample for M. ussuriensis 
(Wilcoxon unpaired rank-sum test: W = 395, p < .001, Figure 3). 
We found that, despite the large diversity of prey items, both bat 
species consumed those prey items most frequently that belonged 
to the orders of Lepidoptera (M. ussuriensis: 53%, M. ikonnikovi: 
48%) and Diptera with M. ikonnikovi consuming prey from the 
order Diptera more often (37%) than M. ussuriensis (22%, Figure 4).

We found that the effective number of species (q > 0) for each bat 
species’ diet decreased, as did the difference in diversity between the 
bat species’ diets when considering prey items that were consumed 
more than once (termed “core diet” in the following). At a q-value of 2, 
the effective number of species for the diet of M. ikonnikovi remained 
with a value of 196  higher than the effective number of species of 
151 for the diet of M. ussuriensis. The core diet of both bat species 
was also composed of prey across an equal number of 12 orders for 
M. ussuriensis and M. ikonnikovi, respectively (Figure 4). However, the 
composition and the proportions of the different orders within the 
core diets differed between both species. For example, the orders with 
less frequently occurring prey across all samples (all except Diptera, 
Lepidoptera and Coleoptera) took up a larger portion of the core diet 
of M. ussuriensis than of the diet of M. ikonnikovi (Figure 4).

3.4  |  Overlap of diets between bat species

A Pianka's index value of 0.31 (with a value of 1 for a complete overlap 
of diet composition) indicates that the two bat species did not overlap 
strongly in their total diet composition on the level of insect species. 
We found a slightly higher overlap based on Pianka's index value of 
0.35 (Figure 5a) when we considered the core diet.

On a higher taxonomic level, we found that the two bat species 
shared more important prey items that belonged to 16 genera, 29 
families, and 7 orders (Figure 5).

TA B L E  1  Overview shows the number of analyzed samples and 
their distribution across bat species, sexes (f = female, m = male), 
age classes (ad = adult, j = juvenile, NA = not available), sampling 
years, and the capture sites (Figure 1)

Sex Age Year

Murina ussuriensis Myotis ikonnikovi

n Sites n Sites

f ad 2015 11 3,4,5,7 10 1,2,3,4

2016 2 11,13 2 10

2017 12 1,14,17,19,20 6 1,14,16,17

j 2015 2 6 1 5

2016 0 NA 2 10,13

2017 1 20 0 NA

m ad 2015 13 1,3,4,5,6,8 6 1,2,3,8

2016 8 9,10,11,12 1 11

2017 4 1,16,18 1 1

j 2015 0 NA 11 5,6,7,8

2016 0 NA 1 13

2017 0 NA 1 20

NA 2016 0 NA 3 10
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We found that the core diet M. ikonnikovi often contained more 
prey from the families Limoniidae (19), Tipulidae (32), and Tortricidae 
(63) than that of M. ussuriensis (Figure 6) across the insect families of 
Diptera and Lepidoptera from which both bat species shared prey 
items. In contrast, prey from the families Phoridae (24), Geometridae 
(51), Noctuidae (56), and Saturniidae (61) occurred more frequently 
in the core diet of M. ussuriensis compared to that of M. ikonnikovi. 
Finally, both bat species shared approximately equal frequencies 
of the following prey families (ordered in decreasing occurrence): 

Erebidae (49), Crambidae (45), Hemerobiidae (68), Pediciidae (22), 
Anthomyiidae (12), Notodontindae (58), Miridae (35), Tenebrionidae 
(10), Chloropidae (15, Figure 6). Bats consumed the same prey item 
or species in only 18 out of 73 cases within these families.

3.5  |  Predominant mode of foraging

The residuals of the fitted generalized linear mixed effect model 
showed no signs of model assumption violations. The model ex-
plained significantly more variance than the respective null model 

F I G U R E  2  Effective number of species for the diet of Murina 
ussuriensis and Myotis ikonnikovi across q-values. The effective 
number of species was calculated based on the percentage of 
occurrence values (POO) of prey items in the whole diet of the 
investigated bat species. At a q-value of 0, each prey item that 
occurred in the respective bat specie's diet is counted. At a q-value 
of 1, the effective number of species reflects the number of equally 
frequent prey items in the respective diet. With a q-value of 2, a 
higher emphasis is placed on those prey items that were consumed 
more often

F I G U R E  3  Number of prey items across single samples is shown 
for both bat species

F I G U R E  4  Percentage of occurrence values for prey items on 
order level in the core diet (prey consumed more than once) of 
Myotis ikonnikovi (n = 45) and Murina ussuriensis (n = 53). Orders 
that were represented in the diet to <0.5% were plotted as 
“Others” (M. ikonnikovi: Ephemeroptera, Mecoptera, Thysanoptera)

F I G U R E  5  Venn diagrams show the overlap of (a) prey species, 
(b) genera, (c) families, and (d) orders between the “core” diets of 
Murina ussuriensis and Myotis ikonnikovi. For this graph, only those 
taxonomic units were considered that were consumed by each bat 
species more than once
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(pb-test statistic = 13.7, df = 1, p = .002), and the factor of the bat 
species was also found to have an effect (χ2

Type II Wald = 14.4, df = 1, 
p = .0001). In particular, we found that prey items that were most likely 
caught via gleaning had a higher probability of occurring in the diet of 
M. ussuriensis with 37.3 ± 3.6% than in the diet of M. ikonnikovi with a 

probability of 21.3 ± 2.4% (odds-ratio = 2.2 ± 0.46 SE, z-ratio = −3.79, 
p = .0001, Figure 7).

Furthermore, our check on whether prey items from the order 
of Lepidoptera were consumed as adults or caterpillars (Appendix 
S5: A5) indicated that most prey items were consumed as adults by 
both bat species.

3.6  |  Consumed pest insects

A total of 4 and 57 prey items from the orders of Coleoptera and 
Lepidoptera, respectively, have been identified at the species level. 
Out of these, we found 21 species that are considered pest insects 
mainly within the family of Tortricidae (n = 9) (please find further 
details in the Appendix S4).

4  |  DISCUSSION

The present work is the first one, to our knowledge, to study the 
diet composition of M. ikonnikovi and M. ussuriensis via DNA meta-
barcoding using fecal samples. This study's aim was to elucidate the 
diet composition of two forest-dwelling bat species M. ikonnikovi and 
M. ussuriensis and to investigate to what degree these diets overlap.

We found a higher prey diversity in the diet of M. ikonnikovi com-
pared to the diet of M. ussuriensis even though the diet of M. ikon-
nikovi was represented by a lower sample size. Furthermore, both 
species most often consumed prey from the orders Lepidoptera 
and Diptera, and M. ikonnikovi showed a higher proportion of prey 

F I G U R E  6  Plotweb depicts how prey items from various families (legend for numbers is given in Appendix S5: A8) and orders were 
partitioned between the “core” diets of Myotis ikonnikovi and Murina ussuriensis. Note that the number of shared families and orders in this 
graph is slightly higher than in the Venn diagram (Figure 5) as prey items that were consumed by bat 1 just once were taken into account in 
cases where the same prey item was consumed by bat 2 more than once

F I G U R E  7  Probability of prey items that were likely caught via 
gleaning (probability of 1) or aerial hawking (probability of 0) to 
occur in the diets of Murina ussuriensis and Myotis ikonnikovi. The 
boxplots represent the raw data of proportions of prey items that 
were likely caught via gleaning in relation to aerial hawking, while 
the filled circles and 95% confidence intervals represent the values 
obtained from the generalized liner mixed effect model
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belonging to the order Diptera in its diet than M. ussuriensis. Those 
families that belong to the order of Diptera and that were most fre-
quently consumed by M. ikonnikovi were, interestingly, those that 
represent insect species with aquatic life stages (e.g., Limoniidae, 
Tipulidae) (Capinera, 2008). In contrast, we found prey items from 
various Lepidopteran families in the diet of M. ussuriensis, while prey 
from the order of Diptera was less often consumed. The functional 
analysis suggested that prey that is more likely to be captured in 
a gleaning mode had a higher probability to occur in the diet of 
M. ussuriensis as compared to M. ikonnikovi. Furthermore, infre-
quently consumed prey items from orders and families like Araneae, 
Forficulidae, and Scarabaeidae that represent arthropods with no 
or low flight capabilities (Capinera, 2008) or prey from families like 
Libellulidae that represent rather diurnal insects (Heckman, 2006) 
occurred in the diet of M. ussuriensis, which might indicate occasional 
foraging in a gleaning mode—either from the ground or from leaf 
surfaces. However, the limitations of the functional classification 
of prey items should be kept in mind when interpreting the results. 
Another indication of gleaning as the dominant style of foraging is a 
relatively frequent consumption of caterpillars, as was found in pre-
vious studies (Kalka & Kalko, 2006; Wilson & Barclay, 2006). Based 
on phenological data (Appendix S5: A5), we estimated whether the 
identified species of Lepidoptera in the diets of both bat species 
were captured as adults or as caterpillars and found that the major-
ity of those prey items were most probably consumed as adults by 
both bat species.

Taken together, these findings might indicate that M. ikonnikovi 
is a more generalist predator compared to M. ussuriensis. We further 
infer that both bat species forage predominantly in aerial-hawking 
mode, while M. ussuriensis might occasionally switch to gleaning 
mode.

Due to the rarity of dietary studies on the investigated bat spe-
cies using molecular methods, we attempted to set our results into 
the context of studies using morphological methods on either the 
same bat species or ecologically similar bat species. A relatively re-
cent study from Sato and Katsuta (2018) investigated the diet com-
position of several Japanese bat species by dissecting fecal pellets 
under a stereomicroscope and identifying single insect fragments 
up to the species level. In summary, Coleoptera occurred far more 
frequently in the diet of the bats investigated by Sato and Katsuta 
(2018) compared to the bats that were investigated in the present 
study. This difference might be due to a bias of the morphological 
method that Sato and Katsuta (2018) used, as more sclerotized prey 
parts especially from Coleoptera, remain intact after digestion to a 
stronger degree than soft-bodied prey (Rabinowitz & Tuttle, 1982). 
Sato and Katsuta (2018), despite the methodological differences, 
sampled bats from a wider area (prefectures of Tohoku, Kanto, and 
Chubu) and from a wider time frame (from May to October across 4 
to 6 years) compared to the present study that focused on samples 
from Hokkaido forests.

Compared to the diet composition of European forest-dwelling 
and foliage-gleaning bat species investigated in forested habitats by 
Andreas et al. (2012), the diet composition of M. ussuriensis seems 

rather to resemble the diet composition of Myotis bechsteinii, which 
combines both foraging modes, and not the one of Myotis myotis, 
which predominantly gleans arthropods such as beetles and crick-
ets from the ground (Arlettaz et al., 1997; Pereira et al., 2002). 
Therefore, our results appear to be in agreement with previously 
made observations on ecologically similar bat species. Finally, it is 
important to mention the potential significance of the ecosystem 
service that both bat species provide: We found about 20 species 
of Lepidoptera that are considered pests of crops such as tea (e.g., 
Ectropis oblique) and of trees (e.g., species from genera Lymantria, 
Spodoptera and Saturnia, Appendix S4).

5  |  CONCLUSION

The present study contributed significantly to the current knowl-
edge of the diet composition of M. ussuriensis and M. ikonnikovi. We 
have also uncovered to what degree the diet composition of both 
bat species overlapped. Furthermore, the bat species with the lower 
aspect ratio and more rounded wing tips is likely to forage in greater 
extent by gleaning compared to the other bat species. We encourage 
further studies on the diet composition of these two bat species that 
cover a larger range of habitats and seasons to evaluate how flexible 
these species are regarding their diet composition and how valuable 
they are with regard to ecosystem services.
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