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Abstract
Nectar-feeding bats show morphological, physiological, and behavioral adaptations for

feeding on nectar. How they find and localize flowers is still poorly understood. While scent

cues alone allow no precise localization of a floral target, the spatial properties of flower

echoes are very precise and could play a major role, particularly at close range. The aim of

this study is to understand the role of echolocation for classification and localization of flow-

ers. We compared the approach behavior of Leptonycteris yerbabuenae to flowers of a

columnar cactus, Pachycereus pringlei, to that to an acrylic hollow hemisphere that is

acoustically conspicuous to bats, but has different acoustic properties and, contrary to the

cactus flower, present no scent. For recording the flight and echolocation behaviour we

used two infrared video cameras under stroboscopic illumination synchronized with ultra-

sound recordings. During search flights all individuals identified both targets as a possible

food source and initiated an approach flight; however, they visited only the cactus flower. In

experiments with the acrylic hemisphere bats aborted the approach at ca. 40–50 cm. In the

last instant before the flower visit the bats emitted a long terminal group of 10–20 calls. This

is the first report of this behaviour for a nectar-feeding bat. Our findings suggest that L. yer-

babuenae use echolocation for classification and localization of cactus flowers and that the

echo-acoustic characteristics of the flower guide the bats directly to the flower opening.

Introduction

The increasing interest in information acquisition in natural systems has resulted in the emer-
gence of sensory ecology, the study of how organisms acquire and respond to information
about their environment [1,2]. A striking example of such a sensory system is the echolocation
of bats. From more than 1250 described bat species, approximately 1000 species use echoloca-
tion for spatial orientation and foraging [3].
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The neotropical family Phyllostomidae with ca. 165 species has the highest ecological diver-
sity among bats [4,5], with food resources used ranging from fruits, nectar and leaves, to
insects, small vertebrates, and even blood [4,6]. The high ecological diversity of the phyllosto-
mids is reflected neither in a high variability of echolocation call design nor in a large diversity
of food acquisition strategies [7,8]. In general most phyllostomid species glean food items such
as fruits, insects and small vertebrates from surfaces in highly cluttered environments [7,9–11].
Almost all phyllostomids recorded so far share a similar call structure: short (mostly� 2 ms)
frequency-modulated,multi-harmonic, broadband, and low-intensity signals. Consequently,
they have been described as “whispering bats” [4,11–14]. Low intensity calls are seen as an
adaptation to foraging in cluttered situations, as the use of loud echolocation calls within the
vegetation could result in many loud echoesmasking important information about the main
targets [15]. However, recent studies have shown that at least some phyllostomid species emit
echolocation calls at much higher intensities than expected and adjust the amplitude, i.e., the
intensity of calls, over a large range when not foraging in gleaningmode [9,16,17].

Neotropical nectar-feeding bats (Glossophaginae: Phyllostomidae) spendmuch of their
activity period on finding nectar-producing flowers. So far it is not well understood how bats
find these and in particular, how they localize the flower opening.Most bat-pollinated plants
produce a particular “musty” odor that aids bats in finding active flowers [18]. These volatile
compounds present in the floral scents can be detected over long distances, hence scent is likely
to be the primary cue for long-range detection of flowers, similar as in fruits [11,13,19]. Recent
studies show that some bat-pollinated flowers have evolved characteristic acoustic reflective
features that are conspicuous to bats and facilitate their detection by echolocation [20–22]. As
echolocationmay provide bats with precise information about flower position and floral struc-
tures, it is probable that echo-acoustic cues play a major role in flower classification and locali-
zation at short distances [20,21,23]. Vision might also play a role for some nectar-feeding bats,
however mainly at crepuscular light or during moonlit nights and especially for finding forag-
ing areas [24]. Because nectar-feeding bats, as well as fruit-eating bats, may combine scent (pas-
sive mode) and echolocation (active mode) for detecting and localizing their food they were
assigned into a new guild called “narrow space passive/active gleaning bats” [23]. However, so
far no study has focused on the echolocation behavior of nectar-feeding bats approaching open
flowers.We don’t know if and to what extent these bats adjust their sonar system to the task on
hand. The finding and localization of open flowers only by echolocation is a difficult task for
most nectar-feeding bats because these often grow within dense vegetation and the bats have to
discriminate between echoes from a potential food source and a multitude of background ech-
oes.While most of the nectar-feeding bats forage in the extremely dense understorey of the
tropical forest throughout the year, other species such as the migratory bat Leptonycteris yerba-
buenae search, during part of the year, for flowering cacti in open deserts where the sensory
task of finding active flowers by echolocation is more feasible. In this study we investigated the
echolocation behavior of L. yerbabuenae approaching different targets. We also assessed
whether these bats use echolocation for finding flowers and to what extent L. yerbabuenae
adjusts its echolocation behavior in response to different targets. We conducted flight cage
experiments comparing the flight and echolocation behavior of wild L. yerbabuenae when
approaching two different targets: (1) the flower of a columnar cactus (Pachycereus pringlei)
that has familiar acoustic and scent cues, and (2) a scentless acrylic hemisphere which is a
completely unknown target for the bats. Previous studies showed that this object is acoustically
conspicuous to nectar-feeding bats [25] but has different shape and texture to that of the natu-
ral flowers and these should translate into different acoustic characteristics. Using an artificial
target which presents no scent and conspicuous acoustic cues will allow us to assess the role of
echolocation for localization of potential food source. Besides, we can test if and to what extent
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these bats adjust their sonar system to the task on hand. We hypothesize that due to its ecology,
i.e. migratory bat that during part of the year forages in habitats with very different vegetation
structures and from very different types of flowers, L. yerbabuenae will present a plastic echolo-
cation behavior and it would be able to detect, localize and visit both targets.

Material and Methods

Study animals and flight cage

Leptonycteris yerbabuenae is a relatively large (24–26 g) migratory NewWorld nectar-feeding
bat. This speciesmainly exploits pollen and nectar of tropical and subtropical plants that are
adapted to bat pollination, especially columnar cacti (Cactaceae) and some species of Agave
[26–30]. We captured L. yerbabuenae with mist nets placed in front of the entrance of a small
cave near Kino Bay in the Mexican Sonoran Desert. The field work was conducted frommid-
April to mid-May, which is the flowering peak of Pachycereus pringlei, one of the most com-
mon columnar cacti in the area [31].

All bats used in our experiments were wild individuals that had never been exposed to any
artificial feeder and were used to forage at cactus flowers in the field. Behavioral experiments
were conducted with 5 non-reproductive adult females in a flight cage that consisted of an alu-
minum frame (4m x 4m x 3m) covered with shade cloth of 70% light permeability. Prior to the
behavioral experiments, bats were kept for one night in the flight cage for acclimation with ad
libitum access to honey water at an artificial feeder that had no similarity with the targets later
used in the experiments. The bats stayed in captivity between 2 and 4 days. The procedures
performed in this study were not subject to approval of an institutional ethics committee as the
home institution requires this only for domestic studies. Instead we followed the guidelines for
the use of wild mammal species in research as recommended by the American Society of Mam-
malogists [32]. All captures were carried out under permission of the Secretaria de Medio
Ambiente y RecursosNaturales, Mexico. This field permit (FAUT-0001) allowed us to capture
and handle bats in the area of Bahia Kino, Mexico. All bats were released unharmed after the
experiments at the capture site.

Behavioral experiments

During the behavioral experiments we exposed individuals of L. yerbabuenae to different
objects (Fig 1A). As a natural target we used an open flower of the columnar cactus, Pachycer-
eus pringlei, that is mainly pollinated by L. yerbabuenae [33–35], and as an artificial flower tar-
get we used an acrylic hollow hemisphere (10 cm diameter) that is acoustically conspicuous to
bats [25]. Both targets were rewarded; every time a bat had visited a target we refilled it with ca.
100 μl of sugar water (concentration 17%) to maintain a constant reward. All experiments were
conducted at night in almost complete darkness to exclude visual cues. To present the experi-
mental objects in the most natural way possible, we placed a straight upright branch of an adult
P. pringlei (ca. 1.30 m) in one corner of the flight cage. On two ribs of the cactus we marked
three different positions (6 in total) where we could fix the experimental targets. All targets
were pointing slightly upward at an angle of ca. 30°; corresponding to the position of natural
flowers. In the opposite corner of the flight cage we positioned two infra-red sensitive cameras
(Sanyo IRP, Japan) to record the entire flight paths of a bat while approaching the targets (Fig
1B). These two cameras recorded 25 (interlaced) frames per second, each half-frame illumi-
nated for 1 ms by a stroboscopewith infra-red LEDs. Additionally we used a third camera
(Sony Handycam, Japan) near the target to record details during the last part of the approach
flight. To record the echolocation behaviour of L. yerbabuenae we used a custom-made AD-
converting interface (PCTape, University of Tübingen, Germany) that allowed the
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synchronization of the sound and video recordings. Echolocation calls were recorded using a
custom-made ultrasoundmicrophone with a flat frequency response (±3dB between 18 kHz
and 200 kHz) located on a tripod and oriented parallel to the target (Fig 1B). The recordings
were digitalizedwith a sampling rate of 480 kHz and a resolution of 16 bit by the PCTape inter-
face and stored as wav-files on a connected laptop.

Each individual was exposed to only one target at a time. The position where the target was
presented to each bat was selected randomly. To avoid learning, consecutive targets were never
placed in the same position.We recorded the first three approaches of each individual per tar-
get and scored an approach whenever a bat flew straight toward the target. A visit was counted
when a bat inserted its snout into the target.

Data analysis

Acoustic analysis. To analyze the sound recordings we used a custom-made software
(Selena, University of Tübingen, Germany), using a Fast Fourier Transformation (FFT) analy-
sis with a Hamming window and 512 samples, and a dynamic range of 60 dB (resolution after
interpolation: 938 Hz / 0.066 ms). Start and end of the calls were defined as -15 dB belowmaxi-
mum amplitude. Statistics include mean ± SD unless stated otherwise.As L. yerbabuenae uses
multi-harmonic calls, our analysis focused on the first harmonic, which consistently had the
highest energy content. We measured pulse duration, pulse interval, initial and end frequency,
bandwidth, and peak amplitude. As we did not record with a calibrated microphone, we have
no information about the SPL of the echolocation calls; nevertheless it was possible to calculate
the change in amplitude (dB) between consecutive calls of one flight path. Because we obtained
the exact position of the bat while calling from the synchronization of the stereoscopic video
and sound recording, we could estimate the expected loss in peak amplitude by distance (ΔLr)
and by the directional sensitivity of the microphone (ΔLθ). By compensating for these losses,

Fig 1. Experimental set up. Setup used during the flight cage experiments with both targets. We worked with one

target at a time, respectively, each fixed to a cactus branch. The flight and echolocation behavior was recorded

with an ultrasound microphone and two synchronized video cameras supported by stroboscopic light. Flight cage

dimensions (4m x 4m x 3m).

doi:10.1371/journal.pone.0163492.g001
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we obtained the total loss and subtracted it from the measured peak amplitude (A) in order to
obtain the corrected peak amplitude emitted by the bat (Ac):

Ac ¼ A � ðDLr þ DLyÞ; ð1Þ

To calculate the distance loss we used formula (2), where r1 and r2 are the distance of the
bat to the target in two consecutive time instants [36].

DLr ¼ 20 log
10

r2

r1
; ð2Þ

The additional decrease in signal amplitude caused by the directional sensitivity of the
microphone was estimated, considering the worst case scenario, as a hypercardioid polar pat-
tern [37], where θ1 and θ2 are the angles to the flower symmetry axis in two consecutive times:

DLy ¼ 20 log
10

�
�
�
�
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�
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; ð3Þ

From these corrected peak amplitude values we determinedwhether changes in echoloca-
tion call volume during an approach were due just to physical factors or whether they were also
generated by the bat. Because the distance was less that 1 m we did not take into account the
atmospheric attenuation.

3-D path reconstruction. We used the stereoscopic video recordings from the two infra-
red cameras to reconstruct three-dimensional flight paths of the bats and the position of the
microphone and targets. The video analysis was done with the 3DMovement Analysis software
(version 7.5.293, Simi Reality Motion Systems GmbH, Germany). In each video sequence the
position of the head of the bat was marked on every half-frame (every 20 ms), and we calcu-
lated the flight path using a direct linear transformation. For the reconstruction of the flight
path (reconstruction error ±5 cm) it was necessary to have the image of the bat in both cam-
eras. Thus, the reconstruction began with the first frame where the bat was visible in both cam-
eras, at ca. 1 m from the target and ended when the bat inserted its snout into the target or, in
the case of an unsuccessful approach, when the bat turned away from the target. For a general
characterization of the flight behavior we used the entire length of the video recordings.

The exact position of the bat at each call emission was interpolated from the position infor-
mation available in 20 ms intervals. To compare the echolocation behavior of bats approaching
the different targets, we grouped calls in ten distance intervals. In the plots the label assigned to
each interval corresponds to the respectivemiddle number: 0–<0.1 m, 0.05 m; 0.1 -<0.2 m,
0.15 m; 0.2–<0.3 m, 0.25 m; 0.3–<0.4 m, 0.35 m; 0.4–<0.5 m, 0.45 m; 0.5–<0.6 m, 0.55 m;
0.6–<0.7, 0.65 m; 0.7–<0.8, 0.75 m; 0.8–<0.9 m, 0.85 m; 0.9–<1 m, 0.95 m (range of the inter-
val, middle value).

Statistics

To test for significant differences in echolocation parameters (pulse duration, pulse interval,
initial frequency, end frequency, and bandwidth) when approaching the two targets during the
search phase, we used a Multivariate Analysis of Variance (MANOVA). To determine if dis-
tance interval, target type and the interaction between these parameters (distance�target) dur-
ing the approach phase had an influence on call parameters we used a General LinearMixed
Model (GLMM) (normal distribution, identity link function). Individual bats were included as
random effects.We also used a GLMM to test for statistical differences in call parameters
among the last groups emitted while approaching both targets (terminal group, last group
emitted before terminal group, last group emitted without visiting) and included the bat

Echolocation Behavior of Leptonycteris yerbabuenae

PLOS ONE | DOI:10.1371/journal.pone.0163492 September 29, 2016 5 / 18



individual as a random effect. Sequential Bonferroni corrections were used for post hoc pairwise
comparisons. Statistics were calculated using SPSS Statistics 17.0 (SPSS, IBM, USA).

Results

Flight behavior

We reconstructed a total of 15 sequences per target type (3 sequences per bat, n = 5 bats; see S1
Dataset). All individuals exhibited a very stereotyped behavior when visiting the cactus flower:
before approaching the target, bats flew several times around the cactus at approximately 1–1.5
m above the ground (search flight). Before initiating an approach the bats decreased flight
height, then they started the approach flight and flew up toward the open flower. At a distance
of 95 cm the bats were 29±8 cm below the flower, and from this point on they flew up until
they reached the flower (Fig 2A). Approximately 20 cm before reaching the flower, the bats
were located 7.9±4.1 cm below the flower and always in front of the flower opening (Fig 2A).
From there they proceeded to fly straight toward the flower until inserting their snout into it.
All bats successfully visited the cactus flower and inserted almost the entire head into the flow-
er’s corolla while hovering. During the experiments with the acrylic hemisphere, we did not
observe the same stereotypic behavior as shown at the cactus flower. In general the flight trajec-
tories were more variable, and bats approached from different sides and heights (Fig 2B). As
with the cactus flower experiments, bats approached the target from below but, in contrast, at
the end of the approach they usually rose above the target (Fig 2B). All individuals approached
the hemisphere but never got closer than 6 cm. Bats hovered near the hemisphere, but after a
few seconds they turned away. No individual attempted to insert its snout into the hemisphere.

Echolocation behavior

All individuals were continuously echolocating throughout the search flight and the approach
to both targets. During search flight (i.e., flight before the bats showed clear interest towards
the target), bats emitted single, short, frequency-modulated (FM) and multi-harmonic echolo-
cation calls. We found no significant difference in any call parameter between targets during
search (F4, 5 = 0.20, P< 0.925; Wilk's λ = 0.859; Table 1). As the search calls were in general
emitted at a distance of more than 1 m to the targets (outside the view of both cameras), we
had no information about the position of the bats while they were emitting these calls. Upon
closing in on the target, bats changed to typical approach calls, characterized by the emission of
call groups with an increasing number of calls of decreasing pulse duration and pulse interval
(Figs 3 and 4). We observed the main difference between approaches to the different targets in
the number of calls in the last group of calls emitted before the bat visited the target or decided
to fly away. Just before bats inserted their snout into the cactus flower, they emitted a long
group with an average of 13±4 calls, which we define as “long terminal group” (Fig 3A). In con-
trast, none of the individuals made the attempt to visit the hemisphere, and the last call group
emitted before turning away always consisted of only 2–4 calls; we will refer to this as “last
group” (Fig 3B).

Approach call parameters

We observedcharacteristic changes in the call parameters between targets and depending on dis-
tance during the approach phase.We only found a significant effect of distance on the pulse
duration (PD), while target type and their interaction showed no significant effects (GLMM; dis-
tance: F9, 62.68 = 15.28, p<0.0001; target: F1, 62.72 = 0.347, p = 0.558; distance�target: F9, 62.41 =
0.431, p = 0.913; AIC = 11.621). For both targets pulse duration decreased as bats approached the
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Fig 2. 3D Flight paths reconstructions of a bat approaching the cactus flower and the hemisphere. Side (1), top (2)

and 3D (3) view of three exemplary flight path reconstructions from one bat approaching cactus flower (A) and hemisphere

(B). Small dots in the flight path show the position of the bat while emitting echolocation calls. Larger black and green dots

represent the position of the microphone and the center of the cactus, respectively, and the pink star shows the position of

the target.

doi:10.1371/journal.pone.0163492.g002
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target; the closer the bat came to the target, the shorter the calls became (Figs 4A, 4B and 5A).
Pulse duration decreased by 55% between the farthest and the closest distance interval (farthest:
2.04±0.21ms, closest: 1.12±0.058ms). Using pulse duration and the exact position of the bat
while calling, we could determine the calls where the bat experiencedoverlap between emitted
call and returning echo. For calculation of sound speedwe took into account the atmospheric
conditions such as relative humidity, temperature and air pressure. In general, calls of the last
part of the approach overlapped with returning echoes, e.g., from a distance of 15 cm to the tar-
get, 96% of the calls overlapped with the returning echo (Fig 4A and 4B).

Only distance had a significant effect on pulse interval (PI) (GLMM; distance: F9, 68.11 =
18.953, p<0.0001; target: F1, 68.10 = 2.237, p = 0.139; distance�target: F9, 68.12 = 2.428, p<0.019;
AIC = 512.105). At both targets PI decreasedwith decreasing distance to the target during the
first stage of the approach (1m-50cm; Fig 5C). Nevertheless, at the cactus flower the PI
decreased constantly during the entire approach whereas in approaches to the hemisphere the
PI stopped decreasing at a distance of 45 cm from the target (Fig 5C). At a distance of ca. 12
cm from the flower all emitted calls were part of the terminal group and had the shortest mean
pulse interval of 9.8±0.08 ms (Table 2). Bats stopped echolocating when they were 3.7±1.2 cm
away from the flower (Table 2) and then inserted their snout into the flower opening. During
the approaches to the hemisphere, none of the bats approached closer than 6 cm to the artificial
target. Bats started broadcasting the “short last group” before turning away at an average of
17.5±6.9 cm from the hemisphere (Table 2). During approaches to both targets, bats broadcast
groups of calls that generally ranged from 2–5 calls per group. The maximum number of calls
per group was always found in the “long terminal group” broadcast immediately before the
visit to a flower. The bats emitted 60% more groups when approaching the hemisphere but
almost never emitted groups with more than 5 calls (flower: 103 groups, hemisphere: 170
groups). Plotting of PI against distance results in two separate clouds (Fig 4C and 4D) that rep-
resent the intra-group pulse interval (IGI, smaller values) and the inter-group interval (GI,
higher values). During approaches to the cactus flower, bats started to increase the number of
calls per group at a distance of ca. 40 cm from the flower (Fig 4E). However, when approaching
the hemisphere bats emitted mainly groups of 3–4 calls until the end of the approach but
increased the number of groups (Fig 4F).

We also observed effects of distance and target type on frequency parameters. Distance
interval had a significant effect on the initial frequency (IF) (GLMM; distance: F9, 68.08 = 7.272,
p<0.0001; target: F1, 68.07 = 3.938, p = 0.051; distance�target: F9, 68.08 = 0.163, p = 0.997;
AIC = 444.608). At both targets bats lowered the IF when getting closer to the target (Fig 5B).
During the entire approach bats tended to consistently emit higher IF when approaching the
hemisphere than the cactus flower (Fig 5B). There was no significant difference in end fre-
quency (EF) at different targets, but we observed a trend to emit lower EF when approaching

Table 1. Comparison of call parameters (mean ± SD) during search phases at both targets. We found no significant difference in call parameters

between targets p > 0.05.

Search phase

Call parameters Flower Hemisphere

n= 60 n= 60

Pulse interval (ms) 90.0 ± 10.6 90.3 ± 5.9

Pulse duration (ms) 2.2 ± 0.6 2.57 ± 1.1

Initial frequency (kHz) 85.3 ± 0.9 84.9 ± 3.6

End frequency (kHz) 52.4 ± 4.3 50.9 ± 4.0

Bandwidth (kHz) 33.0 ± 3.9 34 ± 3.3

doi:10.1371/journal.pone.0163492.t001
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Fig 3. Examples of flight and echolocation behavior (spectrograms) of a single bat approaching the cactus flower (A) and the

hemisphere (B). Small dots in the flight path show the position of the bat while emitting the echolocation calls. Larger black and green

dots represent the position of the microphone and the center of the cactus, respectively, and the pink star shows the position of the target.

The red asterisk indicates the first call that appears in the 3D flight path reconstruction. We could identify different phases: search (S),
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the hemisphere. Distance to the target had an effect on the EF, but, contrary to the IF, the end
frequency increasedwhen bats got closer to the target (GLMM; distance: F9, 365.13 = 3.205,
p = 0.003; target: F1, 1.20 = 1.196, p = 0.278; distance�target: F9, 65.10 = 0.302, p = 0.971;
AIC = 430.981) (Fig 5D). The tendencies towards higher IF and lower EF resulted in a

approach (Ap) and before inserting the snout into the cactus flower the bats broadcast an exceptionally long terminal group with increased

call rate (TG). In contrast, when approaching the hemisphere, the last group (LG) emitted by the bats before giving up and flying away did

not differ from other groups emitted during the entire approach. Spectrogram settings: FFT length: 512, window: Hamming and overlap:

50%.

doi:10.1371/journal.pone.0163492.g003

Fig 4. Pulse duration (A and B), pulse interval (D and C) and number of calls per group (E and F) of all

calls recorded from bats approaching cactus flower and hemisphere. The line represents the beginning of

the overlap zone and all calls located to the right of this line overlap with their echo. Pulse interval data are divided

in inter-group interval (GI, higher values) and inter-pulse interval (IGI, smaller values). E and F represent the

number of calls emitted per group while the bats approach to the targets; the plotted distance is the first call of each

group.

doi:10.1371/journal.pone.0163492.g004
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significantly higher bandwidth during the approach to the hemisphere (Fig 5F). Distance also
had a significant effect on bandwidth, which decreased significantly when bats got closer to
both target types (GLMM; distance: F9, 63.45 = 9.908, p<0.0001; target: F1, 63.60 = 9.901,
p = 0.003; distance�target: F9, 63.06 = 0.301, p = 0972; AIC = 433.017).

The distance to the target, target type and their interaction had also an effect on the peak
amplitude of the calls (GLMM; distance: F9, 65.04 = 4.183, p<0.0001; target: F1, 65.15 = 25.793,
p<0.0001; distance�target: F9, 65.04 = 2.844, p<0.0001; AIC = 425.716). At the initial part of the
approach the peak amplitude was similar at both targets. However, during approaches to the
cactus flower, peak amplitude started to diminish at ca. 40 cm from the flower and continued
decreasing during the remaining approach phase (Fig 5E). In contrast, during the approach to

Fig 5. Echolocation call parameters during the approach to the cactus flower and the hemisphere. Pulse

duration (A), initial frequency (B), pulse interval (C), end frequency (D), peak amplitude (E) and bandwidth (F) per

distance interval (mean values ± SD) during the approach to the flower and hemisphere targets. The peak

amplitude was corrected for the expected decrease of 6 dB per halving of the distance and by angle flight (θ, φ)

with respect to the target.

doi:10.1371/journal.pone.0163492.g005
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the hemisphere, peak amplitude did not decrease but continued to increase (Fig 5E). In general,
at close distances bats emitted louder calls when approaching the hemisphere than when
approaching the cactus flower.

Discussion

At both targets bats started approach flight at a distance of ca. 1 m– 80 cm. This suggests that
both targets provided at this position echoes that could be discriminated from the echoes of the
cactus stem.We assume that loud echoes, such as reported for the hemisphere and some bat-
pollinated flowers [20,22,25], indicated to the bat the presence of a possible food source (open
flower) and triggered the approach. Nevertheless, Leptonycteris yerbabuenae only visited the
cactus flower and in contrast to our initial hypothesis no individual made an attempt to insert
its snout into the hemisphere. Our comparison of the flight and echolocation behavior of L.
yerbabuenae when approaching a cactus flower vs. an artificial hemisphere revealed distinct
and target-type-dependent differences in bat behavior and call parameters.

Approach flight behavior

All bats showed a rather stereotyped flight behavior while approaching the cactus flower: after
detection they approached the target from below until reaching the flower opening, then they
inserted the snout for nectar extractionwhile hovering. A similar approach behavior from
below has been reported for other fruit- and nectar-feeding phyllostomid bats [9,19,38]. At a
distance of ca. 20 cm the bats were approximately 8 cm below the flower opening and still fly-
ing upward in a straight line. In contrast, approach behavior was distinctly different when bats
were flying toward the hemisphere target. Approach flight paths were not so stereotyped and
started at different parts of the flight cage. Sometimes the flight direction was changed during
the approach, and bats never got closer than 6 cm to the target. At a distance of 40–30 cm
away, bats started to fly above the hemisphere before turning away. These differences in
approach behavior indicate that the bats discriminated the two targets at a distance of 40–30
cm.

Table 2. Comparison of the last groups of calls emitted: immediately before visiting the cactus flower (terminal group) or before emitting the ter-

minal group (last group before TG), or at the hemisphere just before giving up and flying away (last group).

Cactus Flower Hemisphere

% visits 87% 0%

Terminal group Last group before TG Last group

# of calls 12 ± 4 a 4 ± 1 b 3 ± 0.4 b **

Distance bat – target at first call (cm) 10.8 ± 2.0 a 19 ± 2 b 16.4 ± 6.8 ab *

Distance bat – target at last call (cm) 3.7 ± 1.2 a 14.7 ± 1.9 b 17.5 ± 6.9 b **

Speed (m/s) 0.9 ± 0.2 a 1.2 ± 0.3 b 0.9 ± 0.2 a **

Pulse interval (ms) 9.8 ± 0.8 a 15.0 ± 3.1 b 19.8 ± 4.6 b **

Pulse duration (ms) 0.8 ± 0.1 a 1.0 ± 0.21 ab 1.1 ± 0.2 b **

Initial frq. (kHz) 81.2 ± 1.5 a 81.9 ± 3.8 a 86.3 ± 2.6 a

Final frq. (kHz) 57.2 ± 3.8 a 54.7 ± 5.0 a 49.7 ± 4.5 b **

% calls with overlap 98% a 60% a 60% a

Values are means ± SD. Different letters within a row indicate significant differences

*p<0.01,

** p<0.001

doi:10.1371/journal.pone.0163492.t002
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The spectral composition of the echoes of objectsmay be an important character for target
discrimination [22,39]. In bell-shaped flowers the spectral composition of echoes depends
strongly on the angle of incidence, and the echo is always strongest when the echolocating bat
is positioned on axis with the opening (0°) [22]. Hence, a bat flying toward a bell-shaped flower
can find the flower opening by evaluating changes in strength and spectral composition of the
returning echoes [22]. In contrast, the spectral composition of echoes reflected by a hemisphere
is rather independent of the angle of incidence, and the maximum in echo amplitude at 0° is
less pronounced [25,39]. Bats obtain this information not from a single call, but from the analy-
sis of sequential calls during the approach flight that successively generates an “acoustical
image” of the target [40,41]. The latter may explain why bats showed such stereotyped flight
behavior during the approach to cactus flowers: they approached every time approximately
from the same angle and therefore they obtained similar acoustic information during an
approach. In contrast to those from bell-shaped flowers, power spectra of a hemisphere do not
change as distinctly with the angle of incidence [25]. The more erratic flight behavior of bats
during the approach to the hemisphere may reflect the effort of the bats to pinpoint changes in
the echo patterns that could provide them with information about the location of the ‘flower’
opening. All the bats that we used in the experiments were wild bats caught during the flower-
ing season of P. pringlei, which means that these bats already knew and most probably had vis-
ited a cactus flower before. In contrast, the hemisphere is a completely unknown target for the
bats. Therefore, none of them associated this target with a potential food source during the
brief time of the experiment and never visited the hemisphere. Probably the more homogenous
reflections of this simulated flower target generated an “acoustic image” that provided less
directional information and completely different from the “acoustic image” of the familiar nat-
ural flowers.

Echolocation behavior during approach flights

The general structure of calls emitted while approaching both targets was similar: short,
multi-harmonic and broadband FM calls. This call type is well suited for precise localization
of a target and for separating a target from the background [15,41,42]. However, as we
hypothesized, we found significant differences in the calling pattern and in some call parame-
ters that suggest that L. yerbabuenae adjusts its echolocation behavior according to the infor-
mation it receives from the target of interest. We found that independent from target type
bats modified the duration of their calls, depending on the distance to the target. The dura-
tion of the calls decreasedwith decreasing target distance, similar to other FM bats, probably
to avoid a pulse-echo overlap [19,43]. Through the reduction of call duration L. yerbabuenae
can avoid overlap at distances greater than 20 cm, but when closer than this, 96% of the ech-
oes overlap with the calls (Fig 4B). The bats may be able to deal with this because FM calls
are less overlap-sensitive than longer, narrowband calls used by many open space aerial
insectivorous bat species [44].

During approaches to the cactus flower, the pulse interval was continuously reduced up to
the end of the approach, whereas at approaches to the hemisphere bats stopped the pulse inter-
val reduction after realizing that the target was not a flower. In this case, animals did not con-
tinue the approach and started to turn away. Pulse interval at the hemisphere did not shorten
any more at distances below 50 cm, while it continued to decrease at the cactus flower. This
suggests that at this distance bats had recognized the difference between the targets and aborted
the approach to the hemisphere. This difference is especially evident in the long terminal
group, characterized by very short pulse intervals between calls, which was emitted only at the
end of visits to the cactus flower.
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Also, bats broadcast a higher number of call groups while approaching the hemisphere,
mainly during the last part of the approach. Grouping of calls has been reported for several
phyllostomids and is also typical in FM bat species such as Eptesicus fuscus [9,19,41,45–47]. An
increase in the number of call groups occurswhen bats are exposed to acoustically difficult situ-
ations and might help them to obtain a better spatial representation of targets and background
[41,46,47]. After aborting the approach, bats were already very near to the cactus that was
located in one of the corners of the flight cage. The increased number of groups suggests that
the bats were trying to orient themselves in this cluttered situation while changing the flight
direction and flying away.

Regarding call amplitude, bats behaved similarly during the first part of the approach to
both targets. However, starting at a distance of ca. 40 cm from the cactus flower, the peak
amplitude started to decrease. This corresponds to recent studies showing that bats generally
reduce call intensity, when getting closer to the target [9,48,49]. In approaches to the hemi-
sphere, at a distance of ca. 40–50 cm bats apparently realized this target was not a flower,
aborted the approach, and increased the peak amplitude of their calls, indicating that their
flight and echolocation behavior was no longer directed at and controlled by the hemisphere
target.

When approaching the hemisphere, bats tended to emit higher bandwidth FM calls. Such
signals support precise localization and may also be used for target discrimination and classifi-
cation (e.g., size, shape, texture) [15,50]. The higher bandwidth at the beginning of the
approach (100–50 cm) may have helped during the initial target discrimination. Admittedly,
the encountered differences in frequency parameters are relatively small, so we cannot be sure
that they actually reflect deliberate behavioral adjustments. Changes in temporal and intensity
patterns of the calls indicate that at a distance of ca. 50 cm the bats acoustically discriminated
between the targets. Differences in bandwidth between the targets during the last stage of the
approach (50 cm onwards) therefore probably mainly reflect different behavior as bats contin-
ued to approach the flower but turned away from the hemisphere.

In summary, we observed that bats exhibited similar behavior at the two target conditions
not only during the search phase but also at the beginning of the approach, at a distance
between ca. 1 m and 50 cm from the target. This suggests that the echoes reflected from a cac-
tus branch with a hemisphere target and from a cactus branch with an open flower initially
indicated the potential presence of food. However, at ca. 50 cm from the hemisphere, bats
sensed the difference between the echoes and realized that the object in front of them was not a
cactus flower. Therefore, after this point they did not continue to develop the echolocation
behavior into a typical final approach phase but aborted the approach.

Terminal group

Before inserting their snout into the cactus flower all individuals of L. yerbabuenae broadcast a
long terminal group of 10–20 calls of short duration (0.8 ± 0.1 ms) and short pulse interval
(9.8 ± 0.8 ms). This is the first report of this behavior for a nectar-feeding bat. Until now only
one phyllostomid species was known to exhibit this kind of terminal-buzz-like phase, the insec-
tivorous trawling bat Macrophyllum macrophyllum [9,51]. The absence of a typical terminal
buzz in phyllostomids has usually been explained by their main sensory requirements during
foraging: as almost all members of this family feed on motionless objects, such as fruits or
insects that are in dense vegetation, there is no need for an increase in information flow, com-
pared to when feeding on fast moving insects [13,19,51]. The fact that the flower-visiting Lepto-
nycteris emits a long terminal group immediately before visiting a flower confirms our
hypothesis that this species uses echolocation for locating a flower and, in particular, the flower
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opening. By emitting this terminal group bats obtain exact information not only about the loca-
tion of the flower, but also on flower structures (e.g., the corolla) that can be a good guide to
the nectar resources. This behavior allows these bats to visit the flower almost without hesita-
tion and error, which may play a particularly important role when visiting plants with long
spines, such as columnar cacti, where even small navigational errors may turn out to be fatal.

The echoes reflected from the inside of the long tube of the cactus flower might function as
an acoustic guide that provides the bat with detailed information on the location of the flower
opening and the orientation of the floral tube [22]. In addition, cacti as well as many bat-polli-
nated flowers have particularly robust and rigid petals [22] that may indicate the flower open-
ing not only visually but also acoustically. Leptonycteris yerbabuenae only emitted the long
terminal group while approaching the flower. We suggest that specific echo-acoustic character-
istics of the flower guide the bats directly into the opening of the flower, and emission of an
extended terminal group of calls at the end of the approach sequence aids this task.

Like many other bats, fruit- and nectar-feeding species use echolocation for orientation in
space and obstacle avoidance. For finding food these bats probably use a combination of differ-
ent sensory systems sequentially; odor and vision for a more diffuse long range detection of
resources, and echolocation during the actual short range approach that permits a precise local-
ization of the flower or fruit [11,18,19,23,42,50].Our data suggest that at short distance nectar-
feeding bats use echolocation for locating the presence of potential food and particularly for
finding the exact position of the flower opening. Nevertheless, because the bats never visited
the scentless hemisphere we cannot fully exclude the supplementary use of scent for target rec-
ognition at short range.

In conclusion, our evidence suggests that Leptonycteris yerbabuenae rely heavily on echolo-
cation for detection and localization of the flower, and more specifically of the flower opening.
The significance of a terminal buzz for capturing prey is well documented for aerial insectivores
foraging in open or edge space [23,42,50,52,53]. So far, the trawling Macrophyllum macrophyl-
lum and now also L. yerbabuenae are the only phyllostomid species that also broadcast a long
group of echolocation calls just before feeding. Both of these species forage in more open areas,
which suggests that species of this family might have a greater flexibility in echolocation behav-
ior than currently believed, influenced by ecological factors, such as foraging behavior and hab-
itat use [9,54].
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