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Arthropods are the primary dietary constituents of species of the genus Myotis. The genus comprises 3
ecomorphotypes of polyphyletic origin, each associated with a different foraging strategy: aerial, trawling, and
gleaning, related to the subgenera Selysius, Leuconoe, and Myotis, respectively. We explored the extent to which
differences in diet characterized these ecomorphotypes. Based on a broad review of the literature, we classified
the diet of species of Myotis based on hardness and vagility of consumed prey. A significant negative relationship
was found between the percent volume consumption of hard and soft arthropods and between the aerodynamic
characteristics of fast- and slow-flying prey. A cluster analysis yielded 3 groups of Myotis species based on
their diet: 1) those for which hard prey represent more than 80% of the volume of excreta; 2) those for which
hard prey represent 45% to 80% of the volume of excreta; and 3) those for which hard prey represent less than
45% of the volume of excreta. These 3 groups are related to bat size and consistent with the recognition of
3 ecomorphotypes. Nonetheless, some species may display flexibility in diet composition depending on food
availability. More specifically, larger species that consume hard prey also consume soft prey, whereas smaller
bats may be unable to consume hard prey because of biomechanical limitations. Regardless of their phylogenetic
lineages, latitudinal distribution, or biogeographic affinity, species of Myotis of similar size and morphology
consume arthropods with similar characteristics.

Los artrépodos son los principales componentes de la dieta de las especies del género Myotis. El género
comprende 3 ecomorfotipos de origen polifilético, cada uno asociado con una estrategia de alimentacion
diferente: aérea, arrastre y recolector, relacionados con los subgéneros Selysius, Leuconoe y Myotis. Exploramos
en qué medida las diferencias en la dieta caracterizan estos ecomorfotipos. Con base en una amplia revision
de la literatura, clasificamos la dieta de las especies de Myotis en funcién de la dureza y la vagilidad de las
presas consumidas. Se encontré una relacion negativa significativa entre el porcentaje de volumen consumido de
artropodos duros y blandos, y entre las caracteristicas aerodindmicas de las presas de vuelo rapido y lento. Un
andlisis de conglomerados arroj6 3 grupos de Myotis basados en su dieta: 1) aquellos para los cuales las presas
duras representan mas del 80% del volumen de excretas; 2) aquellos para los cuales las presas duras representan
del 45% al 80% del volumen de excretas; y 3) aquellos para los cuales las presas duras representan menos del
45% del volumen de excretas. Estos 3 grupos obtenidos estan relacionados con el tamaifio del murciélago y con
los 3 ecomorfotipos. No obstante, algunas especies pueden mostrar flexibilidad en la composicién de la dieta
dependiendo de la disponibilidad de alimentos. Especificamente, las especies mds grandes consumen presas
duras, ademds también pueden consumir presas blandas, mientras que los murciélagos mas pequefios pueden
ser incapaces de consumir presas duras debido a limitaciones biomecdnicas. Nuestros resultados indican que,
independientemente de sus linajes filogenéticos, distribucién latitudinal o afinidad biogeogrifica, las especies de
Myotis con tamaifio y morfologia similares consumen artrépodos con caracteristicas similares
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On a global scale, Myotis is the most diverse and widely dis-
tributed genus of bats and is the second most species-rich
genus of mammals, comprising over 100 species (Hutson and
Mickleburgh 2001; Simmons 2005). In general, species of
Mpyotis share morphological characteristics that have remained
relatively unchanged from the ancestral bauplan (Horacek
et al. 2000; Ruedi and Mayer 2001). Nonetheless, species of
Mpyotis differ in morphological traits associated with foraging
behaviors that potentially enhance resource partitioning (e.g.,
Fenton and Bogdanowicz 2002; Gardiner et al. 2011). In par-
ticular, characteristics related to echolocation and aerodynam-
ics have been used widely to characterize foraging strategies
such as aerial, trawling, or gleaning predators (Schnitzler and
Kalko 2001).

The genus has been classified into 7 subgenera (Selysius,
Isotus, Paramyotis, Chysopteron, Myotis, Leuconoe, and
Rickettia) based on phenetic assessments (Tate and Archbold
1941). The subgenera Myotis, Leuconoe, and Selysius are
widely recognized and validated based on morphological dif-
ferentiation, and each represents a different foraging strategy
(Findley 1972): aerial (Selysius), trawling (Leuconoe), and
gleaning (Myotis). However, molecular studies show that spe-
cies within groups defined by feeding strategy are not mon-
ophyletic groups (Godawa 1998; Ruedi and Mayer 2001;
Stadelmann et al. 2004; Ghazali et al. 2016).

Many phenetic characteristics distinguish the 3 ecomorpho-
types (Tate and Archbold 1941; Findley 1972; Godawa Stormark
1998; Ghazali et al. 2016). Ecomorphotypes were named just
like the subgenera by Ghazali et al. (2016), but without italic
letters. The aerial (selysius) ecomorphotype includes bats with
short rostra and small jaws, small teeth, poorly developed sag-
ittal crests, short legs, and calcanea that anchor uropatagia to
the bottom of legs. These bats are aerial hunters capable of
fast and direct flight, and use the uropatagium as a net to catch
arthropods during flight. The trawling (Ileuconoe) ecomorphot-
ype includes small- to medium-sized bats with elongated jaws,
but with less conical rostra than in the aerial ecomorphotype,
elongated teeth with a lesser reduction of the lower premolars,
less-developed sectoral molars, elongated legs, a short tail, and
small wings. These bats are specialized hunters that use their
feet to catch prey over water bodies. The gleaning (myotis)
ecomorphotype includes bats with large skulls and elongated
rostra, developed sagittal crests, small incisors and premolars,
elongated sectorial teeth, long ears directed to the front of the
rostrum, wide wings, and long legs but small feet. The constit-
uent species fly slowly and are adept at maneuvering, facilitat-
ing the capture of prey from surfaces. In general, species are
assigned to each group based on morphological inference about
prevailing foraging behavior. However, bats can display plas-
ticity in foraging depending on food availability (Kunz 1974;
Belwood and Fenton 1976; Anthony and Kunz 1977; Faure
and Barclay 1994; Schnitzler and Kalko 2001; Ratcliffe and
Dawson 2003; Denzinger et al. 2016).

In general, species of Myotis feed primarily on arthropods,
except for a few taxa that occasionally consume fish (Ghazali
et al. 2016). Those species in the gleaning ecomorphotype

consume hard prey, whereas species in the aerial and trawling
ecomorphotypes feed on softer prey (Ghazali et al. 2016). In
North American Myotis, food preference is for slow and soft-
to-medium-hard prey. This pattern is even more predominant in
South American species (Segura-Trujillo et al. 2016). The hard-
ness of consumed arthropods is related to bat size (Aguirre et al.
2003; Freeman and Lemen 2007; Segura-Trujillo et al. 2016).
This association is inferred from the relationship between bite
strength and bat size or mass (Nogueira et al. 2009; Freeman
and Lemen 2010).

Ecological differentiation among ecomorphological groups
is primarily related to foraging habit (Fenton and Bogdanowicz
2002). However, arthropodophagous bat species also differenti-
ate foods according to prey characteristics, such as hardness of
the exoskeleton and flight capacity of prey, but not with regard
to the taxonomic affiliation of prey (Freeman and Lemen 2007;
Segura-Trujillo et al. 2016). Each ecomorphological group
of the genus Myotis comprises species that have converged
morphologically and share distinctive foraging strategies. We
propose that species sharing similar morphological traits and
belonging to the same ecomorphological group, regardless of
evolutionary lineage or ecogeographic affiliation, should for-
age on prey with similar characteristics. Our hypothesis is that
characteristics of prey should differ among the 3 ecomorpho-
types, and be related to body size and ecomorphological affili-
ation of species.

MATERIALS AND METHODS

Data collection.—An extensive review of the literature was
conducted using Google Scholar, ISI Web of Knowledge,
Proquest, JSTOR, and Elsevier search engines and electronic
databases. The search used the words “Myotis” combined
with “diet,” “resource partitioning,” “insectivory,” or “trophic
resource.” For quantitative analyses, studies were selected if the
information on diet fulfilled 3 criteria. First, information was
expressed in terms of percent volume of each taxon of con-
sumed prey based on the morphology of exoskeleton fragments
in excreta or gut contents of bats (Whitaker 1988). Second, tax-
onomic determination of diet included familial designation of
arthropods (to achieve a precise and accurate classification of
prey). Third, the identity of the bat species that was associated
with feces was clear; for example, we did not use information
from samples taken from mixed species or abandoned roost
sites. We excluded data regarding consumption of ectoparasites
known to infect bats (e.g., dust mites, Order Mesostigmata), as
this phenomenon is likely associated with grooming rather than
food acquisition. Search results were summarized in a database
that detailed the taxonomic composition of the diet for each
species of Myotis. In addition, arthropod taxa were classified
based on flight characteristics (non-flying [apterans], slow-
flying, and fast-flying) and hardness (soft, medium-hard, and
hard—Segura-Trujillo et al. 2016).

Statistical analyses.—Quantitative analyses were performed
with program Statistica 7 (Statsoft Inc. 2004) for data collected for
22 species of Myotis. Two principal component analyses (PCA)
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were performed using the maximum likelihood method for factor
extraction with a varimax rotation. The first PCA was executed
on the taxonomic composition of the diet (percent of diet for each
prey taxon) and the second PCA was executed based on charac-
teristics representing prey flight and hardness of prey. Principal
components (PCs) with eigenvalues greater than 1 were consid-
ered to be significant representations of interspecific variation in
dietary characteristics of species of Myotis. The contribution of a
characteristic to interspecific variation was considered to be sig-
nificant when its loading was > 0.7 (James and McCulloch 1990;
Jackson 1993). Monotonic associations between characteristics
of the prey based on percent volume of excreta (i.e., hard-bodied
versus soft-bodied, hard-bodied versus moderately hard-bodied,
fast-flying versus slow-flying, non-flying versus slow-flying) in
species of Myotis were assessed by Spearman rank correlation
analyses (Sokal and Rohlf 2011) separately for each foraging
habit of bats (gleaning, aerial, and trawling).

Latitudinal gradients in ordinal richness or class richness of
arthropods in the diets of Myotis were determined via least-
squares regression analyses (Sokal and Rohlf 2011). In addi-
tion, cluster analysis (unweighted pair-group average method
of the Euclidean distances) was performed to identify groups
of species with similar dietary composition based on prey
characteristics. The strength and direction of monotonic asso-
ciations between prey characteristics related to flight (percent
volume of non-flying, slow-flying, or fast-flying arthropods in
excreta) and hardness (percent volume of soft-, medium-hard-,
or hard-bodied arthropods in excreta) and morphological char-
acteristics (i.e., mass, total length, ear length, forearm length,
tail length, body length, and skull length) were quantified via
Spearman rank correlation analyses (Sokal and Rohlf 2011).
All data were obtained from scientific publications (see Table 2;
Supplementary Data SD1).

To avoid confusion associated with homonyms for generic
(e.g., Myotis) and subgeneric (e.g., Myotis) classifications
(Tate and Archbold 1941; Findley 1972) and for ecomorpho-
typic classifications (Ghazali et al. 2016) of species, we refer to
each ecomorphotype according to its distinctive foraging habit
(Table 1): gleaning, trawling, and aerial.

RESULTS

Eighteen publications describing the diet of Myotis pro-
vided data to the level of family for most orders of arthro-
pods. Nonetheless, these studies generally did not identify
dietary items to a taxonomic level lower than order for
Araneae, Ephemeroptera, Isoptera, Lepidoptera, Plecoptera,
Trichoptera, and Dermaptera, or lower than class for
Chilopoda, Dictyoptera, and Odonata. In addition, information
was gathered from 57 reports describing the taxonomic com-
position of excreta for 22 species of Myotis, 17 from America,
3 from Europe, 1 from Asia, and 1 from Africa (Table 2). The
number of bat specimens considered in each report was quite
variable (i.e., 1 to 1,502 specimens), and in some instances,
the number of bats was not provided because excreta were col-
lected as composite samples from a roost. By volume, excreta
contained mostly arthropods identified to at least ordinal level
(mean 99.55%; SD = 3.09%), although some were identified
to at least familial level (mean 24.57%; SD = 18.81%). Only
a small quantity of excreta, by volume, contained unidentifia-
ble dietary constituents (mean 0.44%; SD = 0.53%). Diptera,
Lepidoptera, and Coleoptera were arthropod orders constitut-
ing the highest percent volume of excreta (Fig. 1). Prey taxa
with the lowest representation in volume of excreta were
Isoptera, Orthoptera, Neuroptera, Ephemeroptera, Plecoptera,
and Siphonaptera.

Table 1.—Classification and equivalence of the subgenera described by Tate and Archbold (1941), the subgenera and groups described by
Findley (1972), the ecomorphotypes detailed by Ghazali et al. (2016), and the trophic designations from this study. An asterisk (*) indicates that

a particular taxon was not evaluated in this study.

Tate and Archbold (1941) Findley (1972)

Ghazali et al. (2016) This study

Subgenus Subgenus Group

Foraging habit Ecomorphotype Trophic group

Myotis Bechsteini

Chrysopteron

Myotis
Formosus
Emarginatus
Natteri
Bechsteini

Isotus
Paramyotis
Evotis
Selysius Selysius Mystacinus
Leibi
Sodalis
Muricola
Altarium
Adversus
Montivagus
Peytoni
Grisescens
Capaccini
Macrotarsus

Leuconoe Leuconoe

Austoriparius

Rickettia Ricketti

Gleaning myotis 1

&
I
*
&

11
selysius *
111

Aerial

s
*
leuconoe *
I
1T
1T

%

Trawling

*

1T

*
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Table 2.—List of studies reporting information on the prey composition of excreta for species of Myotis. n = number of specimens from which
excreta were obtained. Ecomorphotype (foraging habit) of each species based on classification of Ghazali et al. (2016). An asterisk (*) indicates
samples from roosts for which the number of individual bats is not known.

Species Ecomorphotype Reference Latitude
America
M. albecens Trawling Whitaker and Findley (1980) 1 10°
M. austoriparius Trawling Feldhamer et al. (2009) 10 38°
M. californicus Aerial Lacki et al. (2007) 45 47°
Whitaker et al. (1977) 31 47°
M. evotis Gleaning Lacki et al. (2007) 39 47°
Whitaker (1977) 13 47°
M. grisescens Trawling Lacki et al. (1995) 47 38°
Lacki et al. (1995) 30 38°
Lacki et al. (1995) 14 38°
M. keaysi Aerial Whitaker and Findley (1980) 5 10°
M. leibii Aerial Moosman et al. (2007) 19 43°
M. lucifugus Trawling Feldhamer et al. (2009) 8 38°
Whitaker (2004) 51 39¢
Whitaker et al. (1977) 67 47°
M. nigricans Aerial Whitaker and Findley (1980) 1 10°
Bracamonte (2013) 7 —24°
M. occultus Trawling Valdez and Bogan (2009) 50 38°
Valdez and Bogan (2009) 50 34°
Valdez and Bogan (2009) 18 24°
M. oxyotis Trawling ‘Whitaker and Findley (1980) 1 10°
M. riparius Trawling ‘Whitaker and Findley (1980) 10 10°
M. septentrionalis Gleaning Feldhamer et al. (2009) 116 38°
Whitaker (2004) 107 39¢
M. sodalis Aerial Feldhamer et al. (2009) 12 38°
Whitaker (2004) 15 39°
Tuttle et al. (2006) * 41°
Kurta and Whitaker (1998) 233 43°
Kurta and Whitaker (1998) 101 43°
Kurta and Whitaker (1998) 48 43°
M. velifer Trawling Kunz (1974) 11 37°
Kunz (1974) 15 37°
Marquardt and Choate (2009) * 37°
Marquardt and Choate (2009) * 37°
Marquardt and Choate (2009) * 37°
Marquardt and Choate (2009) * 37°
M. volans Trawling Lacki et al. (2007) 68 47°
Whitaker et al. (1977) 25 47°
M. yumanensis Trawling Easterla and Whitaker (1972) 14 29°
Whitaker (1972) 14 39°
Whitaker et al. (1977) 25 47°
Europe
M. alcathoe Aerial Lucan et al. (2009) 184 49°
Lucan et al. (2009) 1,502 49°
Lucan et al. (2009) 106 50°
M. blythii Gleaning Arlettaz et al. (1997) 29 40°
Arlettaz et al. (1997) 29 40°
Arlettaz et al. (1997) 50 46°
Arlettaz et al. (1997) 119 46°
M. myotis Gleaning Arlettaz et al. (1997) 23 35°
Arlettaz et al. (1997) 2 35°
Arlettaz et al. (1997) 8 40°
Atrlettaz et al. (1997) 13 42°
Arlettaz et al. (1997) 19 47°
Arlettaz et al. (1997) 70 46°
Arlettaz et al. (1997) 82 46°
Asia
M. chinensis Gleaning Ma et al. (2008) 63 40°
Africa
M. goudoti Gleaning Rakotoarivelo et al. (2007) 24 18°
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The first 4 PCs accounted for 49.4% of interspecific dietary
variation among the 22 species of Myotis based on classi-
fication of prey into 11 taxonomic categories of arthropods
(Table 3). PC 1 reflected percent volume of Lepidoptera (factor
loading, —0.84) and of Coleoptera (factor loading, 0.75); PC
2 reflected percent volume of Diptera (factor loading, —0.96);
PC 3 reflected percent volume of Orthoptera (factor loading,
—0.98); and PC 4 reflected percent volume of Trichoptera (fac-
tor loading, 0.76). The first 3 PCs accounted for 78.9% of inter-
specific dietary variation among the 22 species of Myotis based
on 6 prey characteristics related to hardness and flight capacity
(Table 3). PC 1 reflected prey flight speed (factor loading for
“slow,” 0.87; factor loading for “fast,” —0.98); PC 2 reflected
consumption of hard-bodied prey (factor loading for “hard,”
0.71; factor loading for “soft,” —0.99); and PC 3 reflected con-
sumption of medium-hard prey (factor loading of —0.90).

Taxonomic richness of arthropod prey in the diet of Myotis
increased with increasing latitude (Fig. 2). Higher percent
volumes of hard prey were associated with lower percent vol-
umes of soft prey (r = —0.63; P < 0.01; Fig. 3A). In contrast,

1 o Mean

50 1 C— Mean + SE
T Mean+SD
40 A

30 - [“]

20 7

% of volume in excreta

Eﬂ% %

}_H_*
HH
HH

Lepidoptera |
Coleoptera |
Diptera
Hemiptera
Homoptera |
Hymenopteral-
Arachnida
Trichoptera
Neuroptera
Orthoptera
Others

Fig. 1.—Descriptive statistics (mean, SD, and SE) of the % volume of
each arthropod taxon in excreta of Myotis.

Table 3.—Results from principal component analysis based on the
taxonomic composition of the diet or the prey characteristics in the
diet of species of Myotis. PC = principal component.

Eigenvalue Percent variance Cumulative variance
explained explained

Taxonomic composition

PC 1 1.33 12.12 12.12

PC2 1.67 15.26 27.38

PC3 1.27 11.54 38.93

PC4 1.14 10.45 49.38
Prey characteristic

PC1 1.93 32.17 32.17

PC2 1.64 27.49 59.67

PC3 1.15 19.32 78.99

association between percent volume of hard and medium-hard
prey in the diet of Myotis was positive (r = 0.72; P < 0.01),
and the association between fast-flying and slow-flying prey in

14|

R2=0.29
12| °

Richness

0 | | | | 1 | | | 1 |

) 100 15 200 25 300 35 40 45 507 55
Latitude

Fig. 2.—Relationship between the richness of arthropod taxa consumed

by bats of the genus Myotis and latitude. Symbols indicate foraging habit

of bats species: squares are gleaning, stars are aerial, and dots are trawling.

Solid line represents best-fit least-squares relationship (¥ =2.68 + 0.13X,

where Y = richness and X = latitude); dashed lines represent 95% CIs.

100 |
90
80
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60
50
40
30
20
10

% Volume hard prey

0

0 10 20 30 40 50 60 70 80 90 100
% Volume soft prey

100}
90 r=-0.88

% Volume fast-flying prey

0 1 1 L I L L L 1 1 1
0 10 20 30 40 50 60 70 80 90 100

% Volume slow-flying prey

Fig. 3.—Association between the percent consumption of hard and soft
arthropod prey for species of Myotis. Symbols indicate foraging habit of
bats species: squares are gleaning, stars are aerial, and dots are trawling.
Spearman rank correlation is represented by 7. A) Association between
the percent consumption of hard and soft arthropod prey. B) Association
between the percent consumption of fast-flying prey and slow-flying prey.
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the diet of Myotis was positive (r = 0.88; P < 0.01; Fig. 3B).
Association between percent volume of non-flying prey
(apterans) and percent volume of fast-flying prey was positive
(r=0.39; P = 0.003). However, correlation analyses for each
group of species belonging to each of the 3 ecomorphotypes
yielded different levels of significance. For example, only the
gleaning ecomorphotype showed a statistically significant neg-
ative association between percent volume of hard and soft prey
(r =-0.85; P < 0.01), whereas trawling types showed a nega-
tive correlation between these variables (r = —0.35; P > 0.05)
and the aerial ecomorphotype showed a marginally significant
negative value (r = 0.45; P = 0.07). The trawling, gleaning,
and aerial types all showed a significant negative correlation
between the percent volume of hard and moderately hard prey
(r = -0.66; P < 0.001, r = -0.68; P < 0.01, and r = -0.63;
P < 0.001). A significant negative association between the per-
cent volume of slow- and fast-flying prey was obtained for each
of the 3 ecomorphotypes (trawling » = -0.93, P = 0.001; glean-
ing r = —0.89, P = 0.001; aerial r = —=0.75, P = 0.0014). The
gleaning ecomorphotype was unique in yielding a significant
positive association between percent consumption of non-fly-
ing and slow-flying prey (r = 0.5; P < 0.05).

Cluster analysis revealed 3 groups of Myotis based on die-
tary considerations (Fig. 4). Group I included the Eurasian
gleaning species (M. myotis, M. chinensis, M. blythi), in which
more than 80% of the volume of excreta represents hard prey. It
included the largest bats, with a total length > 100 mm and fore-
arm length > 48 mm. Group II included trawling species plus
1 African gleaning species (M. gouduti). The percent volume
of hard prey consumed ranged between 45% and 80%. This
group included medium-sized bats (body length between 48

and 100 mm; forearm length between 42 and 38 mm). Group
IIT corresponded to the aerial ecomorphotype plus 2 North
American gleaning species (M. evotis and M. septentrionalis)
and 5 trawling species (M. albescens, M. yumanensis, M. aus-
toriparius, M. lucifugus, and M. velifer); M. velifer is repre-
sented by only 6 specimens, | clustering with the aerial group
and the others with the trawling group. Group III represented
bats that have the lowest percent consumption of hard prey
(< 45% by volume). This included smaller bats with body and
forearm lengths < 48 mm and < 38 mm, respectively.

In general, the associations between the mean of each exter-
nal measure and of the skull with mean percent volume of
hardness or aerodynamic characteristics of the consumed prey
were significant (Table 4). Percent volume of slow-flying, fast-
flying, and medium-hardness prey was not associated signifi-
cantly with morphological measures (Table 4).

DiscussIoN

Use of arthropods as a food resource differed among the 3
ecomorphotypes of Myotis that originally were described as
subgenera (Tate and Archbold 1941; Findley 1972). In a recent
study, Ghazali et al. (2016) reported that these 3 subgenera can
be differentiated into a group that feeds on hard prey, including
the gleaning ecomorphotype (Myotis), and the group consum-
ing soft prey, comprising the trawling (Leuconoe) and aerial
(Selysius) ecomorphotypes. We quantified greater dietary dif-
ferentiation among the 3 ecomorphotypes.

The subgenus Myotis (sensu Tate and Archbold 1941) and
the group Bechsteini of the subgenus Myotis (sensu Findley

Group Il <€— &3
Aerial yum1

a2
=
occu2
occu3

Group Il <€<— ¢

Trawlers i
Vels

Group | <€—{
myo5
Gleaners biyt |

1 | | ] l |

30 40 50 60 70 80
Euclidean distance

Fig. 4.—Relationship of species of Myotis (species names are abbreviated with the first 3 letters of the specific epithet, with numbers represent-
ing associated references in Table 2) based on arthropod prey characteristics (flight speed and hardness). Clustering algorithm was based on the
unweighted pair-group method of arithmetic means using Euclidean distances.
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Table 4.—Associations (Spearman rank correlation coefficients) between the means of prey type consumed (column headings) and morpho-

logical characteristics (row headings) of species of Myotis.

Apterans (non-flying) Slow-flying Fast-flying Soft Medium-hard Hard
Weight 0.676 —0.144 -0.055 —0.589 —0.305 0.644
Ear length 0.552 0.110 -0.279 —-0.603 -0.364 0.712
Forearm length 0.532 0.120 -0.284 —0.557 —0.363 0.703
Tail length 0.723 —0.331 0.121 —0.380 —0.274 0.456
Total length 0.681 -0.258 0.064 —-0.502 -0.325 0.589
Body length 0.612 —-0.182 0.011 —0.587 —0.355 0.680
Skull length 0.636 —0.144 -0.024 —0.628 —-0.307 0.689

1972) are consistent with the gleaning ecomorphotype (Group
I) that mainly feeds on hard prey (more than 80% of the vol-
ume consumed), mostly apterans or slow-flying taxa. This group
includes large bat species (total length > 100 mm) distributed
in Eurasia (M. blythi, M. chinensis, and M. myotis). Our results
differ from those of Ghazali et al. (2016) in that the diet of the
other species in the gleaning ecomorphotype is characterized by
a preference for arthropods with different hardness and aerody-
namic characteristics (fast-flying, slow-flying, and non-flying).

Bat species for which hard arthropods represent 45-80%
of the diet by volume (Group II) consume more fast-flying
arthropods than does the gleaning ecomorphotype. This group
includes medium-sized bat species with body lengths of
48-100 mm. It consists of the species of the trawling ecomor-
photype, in addition to the African gleaning species M. gou-
doti. This is consistent with the idea that M. goudoti belongs to
the subgenus Chrysopteron, which is morphologically different
from the subgenus Myotis (Tate and Archbold 1941). Bat spe-
cies that consume low percentages of hard prey (< 45%) and a
moderate consumption of slow-flying arthropods include small
bats (total length < 47 mm) in Group III. Group III mostly com-
prises aerial species, in addition to the gleaning species of the
Americas that correspond to the Evotis group (sensu Findley
1972). Gleaning species of the Americas were not included
in the work of Tate and Archbold (1941). However, Tate and
Archbold (1941) did consider the gleaning Myotis species of
the Americas to belong to a subgenus that was different from
the European Myotis subgenus.

Myotis albescens, M. yumanensis, M. austoriparius,
M. lucifugus, and M. velifer, which belong to the gleaning
ecomorphotype (Ghazali et al. 2016), have a greater affinity
with aerial species in terms of diet composition. The diet of
M. velifer is grouped with that of the aerial habit in 1 study
(Barclay and Brigham 1991) but with the trawling group in 5
other studies (Tate and Archbold 1941; Findley 1972; Fenton
and Bogdanowicz 2002; Ghazali et al. 2016; Segura-Trujillo
et al. 2016). These results suggest intraspecific foraging flexi-
bility (Ratcliffe and Dawson 2003) or plasticity in feeding hab-
its (Schnitzler and Kalko 2001).

Bat size is associated with biting strength (Nogueira et al.
2009; Freeman and Lemen 2010). For example, species in
Group I, which are larger and feed on hard arthropods, also can
feed on softer insects when the typically hard prey are scarce.
In contrast, bats in Group III, associated with the consumption
of soft prey, lack the biting strength needed to consume hard

prey. Large-sized bats have the capacity to prey on hard and
soft prey, but the small-sized bats do not have the strength to
consume hard prey, so they are constrained to feed on softer
prey. Wide variation in the composition of the diet has been
documented for M. lucifugus, M. yumanensis, and M. velifer
(e.g., Kunz 1974; Belwood and Fenton 1976; Anthony and
Kunz 1977), species that Ghazali et al. (2016) classified as
trawling species. Indeed, the consumption of aquatic insects by
these bats is opportunistic, and trawling behavior is not always
displayed when hunting; instead, composition of the diet is
highly related to food availability (Belwood and Fenton 1976;
Anthony and Kunz 1977). Some report that M. lucifugus dis-
played gleaning habits (Ratcliffe and Dawson 2003), but this
is contrary to the classification of Ghazali et al. (2016). North
American species of M. evotis and M. septentrionalis tradition-
ally are considered to be gleaning bats (Findley 1972; Ghazali
et al. 2016). However, our work revealed that both species have
a greater affinity with aerial species. Our results are consistent
with previous reports describing that these 2 species have facul-
tative aerial and gleaning habits of hunting (Faure and Barclay
1994; Ratcliffe and Dawson 2003).

The analysis of external morphological traits identified 3
main foraging habits within the genus Myotis (Schnitzler and
Kalko 2001; Fenton and Bogdanowicz 2002) with many of
the traits that characterize the ecomorphotypes being cranial
(Tate and Archbold 1941; Fenton and Bogdanowicz 2002) or
related to morphological size (Findley 1972). These differences
may be associated with trophic specialization (Fenton and
Bogdanowicz 2002; Aguirre et al. 2003; Freeman and Lemen
2007; Segura-Trujillo et al. 2016). We posit that species of the
genus Myotis have undergone convergent evolution throughout
their distributional range, leading to the independent evolution
of the 3 ecomorphotypes that are associated with optimization
for a particular type of arthropod prey. This convergence has
been documented for gleaning, trawling, and aerial ecomorpho-
types on 3 continents (America, Europe, and Africa), but pat-
terns likely are global. Importantly, our work is limited by data
availability. We only analyzed about 22% of Myotis species of
the world. Moreover, species differ greatly in the availability of
dietary data (Table 2). Consequently, more dietary information
is needed on species of Myotis to confirm the generality of our
conclusions. In particular, dietary information for more spe-
cies from throughout their latitudinal extents is necessary for
improving our understanding of the generality of associations
between ecomorphotypes and dietary characteristics.
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Moyotis has evolved 3 different morphotypes associated with
gleaning, trawling, and aerial habits, which in turn are associ-
ated with differential use of arthropods as food resources. This
possibly facilitates the coexistence of several species of conge-
ners in the same environment. These 3 groups had previously
been considered as subgenera (Tate and Archbold 1941; Findley
1972), even though each was a polyphyletic taxon (Ruedi and
Mayer 2001; Hoofer 2003; Kawai et al. 2003; Bickham et al.
2004; Ghazali et al. 2016). Moreover, some species display
flexibility in the diet that may arise because of variation in food
availability (i.e., opportunistic feeding).
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