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Bats (Chiroptera) are the only mammals capable of true flight and rely heavily on
echolocation for navigation, foraging, and predator avoidance in nocturnal environments.
However, the mechanisms of echolocation signal regulation, its coevolution with
morphology and ecology, and adaptive strategies under acoustic interference remain to be
systematically integrated. This paper uses a literature review method to synthesize findings
from 14 studies, exploring three core aspects: the structural and functional characteristics of
the echolocation system, ecological and evolutionary drivers of signal diversity, and
adaptive regulatory strategies under acoustic interference. The paper concludes that bat
echolocation systems exhibit high plasticity—Constant Frequency-Frequency Modulation
bats (e.g., Rhinolophus ferrumequinum) adjust call components via Doppler shift
compensation, while FM bats (e.g., Eptesicus fuscus) modify frequency and amplitude to
avoid interference; echolocation signals coevolve with body size (forearm length) and jaw
morphology, reflecting foraging niche differentiation; and anthropogenic noise and
conspecific calls drive species-specific regulatory behaviors, with rural bats more sensitive
to high-frequency insect noise and urban bats dominated by low-frequency anthropogenic
noise. These findings provide a comprehensive framework for understanding bat sensory
adaptation and inform conservation strategies for noise-affected bat populations.

Bats, Echolocation, Sensory Adaptation, Acoustic Interference, Coevolution

Bats (order Chiroptera) comprise over 1,462 known species worldwide, distributed across all
continents except Antarctica, and it is the only mammals with truly powered flight capabilities. Most
bat species are nocturnal or crepuscular, relying on echolocation—a sophisticated active sensory
system—to perceive their environment, locate prey, and navigate through complex habitats such as
dense forests and caves. This reliance on echolocation makes bats an ideal model for studying
sensory adaptation, but gaps remain in integrating findings on signal regulation mechanisms,
morphological coevolution, and responses to human-induced noise. With urbanization intensifying
acoustic interference and climate change altering bat habitats, clarifying how echolocation systems
adapt to biotic and abiotic pressures is critical for both ecological theory and conservation practice.
Recent studies have advanced the understanding of bat echolocation. Ding systematically
investigated acoustic interference responses in Constant Frequency-Frequency Modulation bats
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(e.g., Rhinolophus ferrumequinum and Hipposideros armiger), finding that these species reduce call
intensity, widen sonar beam width, and decrease flight speed to avoid clutter echoes in dense
environments; they also adjust terminal FM (tFM) component frequency to focus on conspecifics
rather than avoid interference [1]. Lu complemented this by showing CF-FM bats (e.g.,
Hipposideros pratti) exhibit differential amplitude compensation—strengthening FM component
intensity more than CF components—only when noise overlaps with their dominant call frequency,
indicating spectral-dependent sensory masking mechanisms [2]. Castro used phylogenetic
comparative methods on 314 bat species, revealing that larger bats tend to produce low peak
frequency, narrow bandwidth, and long-duration calls, with nasal emitters differing from oral
emitters in call baseline rather than adjustment rate [3].

This paper synthesizes these and other key studies via literature review, focusing on four
dimensions: the structural and functional overview of the echolocation system, ecological and
evolutionary drivers of signal diversity, time-varying modeling of signals, and adaptive strategies
under interference. By integrating neural, physiological, and ecological evidence, this review fills
gaps in scattered findings, providing a holistic understanding of bat echolocation and offering
actionable insights for conservation—such as designing noise-reduction zones for FM bats and
protecting roosting sites for Neotropical species to mitigate viral spillover risks.

Echolocation is an active sensory mechanism where bats emit ultrasonic pulses (15-200 kHz),
receive echoes reflected off objects, and analyze echo parameters to extract environmental
information (e.g., target distance, direction, and texture). Three core parameters define echolocation
signals: peak frequency (the frequency with the highest energy), bandwidth (frequency range of the
call), and duration (time from call start to end) (see figure 1). For example, FM bats like Eptesicus
fuscus produce short-duration (1-20 ms), wide-bandwidth calls to enhance spatial resolution, while
CF-FM bats like Rhinolophus ferrumequinum emit long-duration (10-50 ms) constant frequency
(CF) components with terminal FM (tFM) segments for detecting fluttering prey via Doppler shifts.

The echolocation process involves four stages: emission, propagation, reflection, and neural
processing. Bats emit calls via the larynx (oral emitters) or nasal structures (nasal emitters, e.g.,
Hipposideros armiger), with laryngeal muscles contracting in as little as 1-2 ms to generate rapid
pulses. Once emitted, ultrasonic waves propagate through the air, reflect off targets (prey, obstacles),
and are received by the bat’s highly sensitive ears. In the brain, echo information is processed along
three axes: the delay axis (calculating target distance via call-echo time lag), the azimuth axis
(determining horizontal direction via interaural time differences), and the frequency axis (analyzing
target texture via frequency shifts). A key brain region, the DSCF (delay-tuned, spectral, constant
frequency) region, integrates these cues—for CF-FM bats, the DSCF area amplifies sensitivity to CF
component frequency fluctuations, enabling detection of insect wing beats.

Bats avoid self-interference (masking of echoes by their own calls) via two primary strategies:
muscle contraction and short pulse emission. When emitting calls, the tensor tympani and stapedius
muscles (middle ear muscles) contract synchronously, reducing cochlear sensitivity to the intense
outgoing call and preventing auditory damage; as echoes return (after a 58 ms delay per meter of
distance), the muscles relax, restoring sensitivity to weak echoes. Additionally, bats emit extremely
short pulses (3-50 ms), with pulse duration reduced to <0.5 ms when approaching targets (e.g.,
during prey capture), ensuring echoes return before the next call is emitted. They also use time or
frequency "tags"—for example, FM bats vary call frequency between pulses to distinguish their own
echoes from those of conspecifics.
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CF-FM bats (e.g., Rhinolophidae and Hipposideridae) use high duty cycle (>30%) calls, with
long CF components focused via nasal leaves to enhance directionality. These bats use Doppler
frequency shift compensation (DCS): as they fly toward a target, the approaching motion increases
echo frequency, so the bat actively lowers its call frequency to keep the echo within the auditory
fovea (a region of high frequency sensitivity), enabling detection of tiny frequency fluctuations from
fluttering insects. In contrast, FM bats (e.g., Vespertilionidae) use low duty cycle calls (<30%) with
wide bandwidths, relying on time differences between call emission and echo reception for precise
ranging (see Figure 1). For example, Eptesicus fuscus narrows its mouth opening by 15-20% to
focus sound energy during foraging, improving signal directionality in open environments.
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Figure 1. Types of bat echolocation calls [1]

Different bat species have distinct echolocation call structures, with the big brown bat (Eptesicus
fuscus) producing frequency-modulated (FM) calls, the greater horseshoe bat (Rhinolophus
ferrumequinum) emitting long constant frequency-frequency modulated (CF-FM) calls, and the
great roundleaf bat (Hipposideros armiger) generating short CF-FM calls—all adapted to their
specific foraging habitats and target detection requirements.

3. Ecological and evolutionary logic of echolocation
3.1. Coevolution of body size and acoustic signals

Body size constrains echolocation signals through its link to laryngeal structure, ear size, and energy
use. Across 314 bat species, peak call frequency decreases by 8—12 kHz for every 10 mm increase in
forearm length (see Figure 2). HDC bats (e.g., Hipposideros caffer) show a steeper slope (-1.26
kHz/mm) due to CF—auditory fovea coupling, whereas LDC bats (e.g., Myotis lucifugus) adjust FM
calls more flexibly. Nasal and oral emitters differ in baseline frequency but share conserved size—
signal scaling.
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Figure 2. Correlation between bat body size and echolocation parameters [2]

Data from 314 bat species (castro, 2024) reveals two key correlations in echolocation signals:
One between forearm length and peak frequency, and another between body mass and call duration.

3.2. Link between flight morphology and signal evolution

Flight morphology—including wing loading (body mass per unit wing area) and aspect ratio (wing
span squared per wing area)—correlates significantly with echolocation parameters, driven by
shared foraging ecological pressures [4]. Bats with high wing loading (e.g., fast-flying Tadarida
teniotis) use low-frequency, narrow-bandwidth calls to cover longer distances during open-space
foraging; their high aspect ratio wings enable sustained flight, matching the long-range detection of
low-frequency signals. In contrast, bats with low wing loading (e.g., maneuverable Myotis
daubentonii) that forage in dense vegetation produce high-frequency, wide-bandwidth calls to
enhance spatial resolution, with short, broad wings facilitating quick turns to avoid obstacles. This
linkage reflects coevolution: foraging habitat (open vs. cluttered) selects for both flight efficiency
and signal detectability, creating a feedback loop between morphology and echolocation.

3.3. Effects of ecological environment on signal selection

Habitat complexity shapes echolocation divergence. Bats in dense vegetation (e.g., Phyllostomus
discolor, PK bats) emit high-frequency, wide-band calls (80-120 kHz) to minimize echo overlap
from foliage, as shorter wavelengths enhance reflection from small targets. In contrast, cave-
emerging species (e.g., Rhinopoma microphyllum, RM bats) use low-frequency, narrow-band calls
(25-40 kHz) for long-range propagation and reduced conspecific interference (see Figure 3). Bio-
logger studies (e.g., AudioMoth) confirm habitat-driven shifts: in rural areas, activity aligns with
high-frequency insect noise (15-30 kHz), whereas urban low-frequency noise (0—2 kHz) promotes
downward call adjustments.
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Figure 3. Echolocation signal adaptation to ecological environments [1]

Figure 4 shows PK bats in dense corridors use broadband high-frequency signals, while RM bats
during cave emergence employ narrowband low-frequency signals.

3.4. Advances in field recording and behavioral ecology

Technological advancements in miniaturized bio-loggers and microphone arrays have revolutionized
the study of bat echolocation in wild settings. Devices like the AudioMoth (sampling rate 96 kHz)
enable long-term, remote recording of bat calls and environmental noise, capturing fine-scale
changes in foraging behavior—for example, tracking Pipistrellus kuhlii activity across urban and
rural gradients to show that urban bats adjust call duration by 10%-15% to improve signal
detectability. High-speed infrared cameras (240 frames/second) paired with microphone arrays (e.g.,
15-channel ultrasonic arrays) allow reconstruction of 3D flight paths and sonar beam patterns,
revealing that Hipposideros armiger widens its beam width by 20-30% in dense vegetation to
expand sensory coverage. These tools have advanced sensory ecology by linking lab-based findings
on signal regulation to real-world ecological contexts, such as how bats balance foraging efficiency
and interference avoidance in group settings.

4. Time-varying modeling of echolocation signals

Based on Zhong’s framework [5], the time-varying model of bat echolocation describes dynamic
adjustments of call parameters by integrating neural, physiological, and environmental inputs. It
includes three modules: signal generation, feedback regulation, and environmental interaction.

The signal generation module simulates laryngeal muscle activity and emission pathways. For
CF-FM bats, CF duration (10-50 ms) and tFM bandwidth (5—15 kHz) depend on muscle contraction
speed and nasal geometry, which focuses sound into a 5-10° beam. For FM bats, frequency sweeps
(20-80 kHz) and pulse intervals shorten from 50—100 ms to <10 ms as prey distance decreases.

The feedback regulation module includes auditory-vocal and echo feedback. FAF gamma
oscillations (30-120 Hz) increase 30-40% before call emission, enhancing sensorimotor
coordination. In noise, FAF activity rises by ~25%, modulating amplitude via PAG pathways. Echo
feedback reduces call intensity by ~6 dB per halving of distance, maintaining echo levels near 70-90
dB SPL (see Figure 4).
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The Equivalent Model of Bat Vocal System

Figure 4. Time-varying modeling framework of bat echolocation signals [5]

The time-varying modeling framework of bat echolocation signals comprises three modules:
signal generation (transforming Gaussian white noise into structured signals via time-varying all-
pole models), feedback regulation (deriving and adjusting AR coefficients in real time), and
environmental interaction (adapting parameters to external conditions to enhance detectability). The
environmental interaction module captures how abiotic (noise) and biotic (conspecific) factors
influence signaling. Under anthropogenic noise, Rhinolophus ferrumequinum (CF-FM) reduces
DSC precision by 10-15% when its CF band (60-80 kHz) is masked, while Pipistrellus kuhlii (FM)
increases call amplitude by 24 dB (Lombard effect). Conspecific interference triggers focused
responses—Rhinolophus sinicus raises tFM peak frequency by 3-5 kHz to maintain individual
acoustic identity. Field data validate model predictions across rural (R?>=0.21) and urban (R?=0.18)
environments.

5. Conclusion

This study aimed to systematically synthesize the bat echolocation system by reviewing 14 key
studies, focusing on signal mechanisms, ecological coevolution, and interference responses. The
findings indicate that bat echolocation exhibits high plasticity: CF-FM bats use Doppler shift
compensation and component-specific intensity adjustment, FM bats modify frequency and
amplitude, and signals coevolve with body size and flight morphology to reflect foraging niches;
additionally, acoustic interference (anthropogenic noise, conspecific calls) drives species-specific
regulatory behaviors, with rural and urban bats showing divergent sensitivity to noise frequency.
These results fill gaps in integrating scattered lab and field findings, extending previous theories by
linking neural mechanisms (e.g., FAF gamma oscillations) to ecological adaptation (e.g., habitat-
specific signal selection).

Practically, this research informs bat conservation: designing high-frequency noise reduction
zones for rural FM bats and low-frequency noise barriers for urban CF-FM bats can mitigate
foraging efficiency declines; protecting cave roosts of Neotropical vampire bats (Desmodus
rotundus) may reduce morbillivirus spillover risks, as their low-frequency calls (40-60 kHz) increase
contact with mammalian hosts. However, the study is limited by overreliance on temperate and
Neotropical species, with insufficient data on African and Asian bat communities; most neural
studies use captive bats, potentially differing from wild behaviors; and the link between
echolocation and viral evolution remains correlational.

Future research could address these limitations by expanding studies to underrepresented regions
(e.g., Southeast Asia), using miniaturized neural recorders to track wild bat brain activity, and
conducting experimental transmission studies to confirm noise-virus transmission causality. Overall,
this review highlights the complexity of bat echolocation as a product of neural prewiring,
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morphological adaptation, and ecological pressure, providing new insights for sensory ecology and
conservation in a changing world.
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