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Abstract

The auditory evoked potential (AEP) technique is a noninvasive electrophysio-
logical method that measures synchronous neural responses to sound stimuli.
This technique provides an efficient means of estimating auditory sensitivity
across taxa. Although AEPs do not directly measure the perceptual experience
of “hearing,” they are invaluable for indexing auditory abilities. AEPs are partic-
ularly useful when assessing the auditory sensitivity in species that are difficult to
study using behavioral assays, are endangered, or are accessible only in field
settings. Over the past several decades, AEPs have been widely applied to aquatic
animals—yet considerable methodological variability remains in how auditory
thresholds are determined. This review synthesizes 109 peer-reviewed AEP
studies published since 2015 that estimated auditory thresholds in aquatic taxa,
including fishes, amphibians, reptiles, birds, mammals, crustaceans, and mol-
lusks. Four primary threshold determination methods are reviewed: visual inspec-
tion, linear regression, signal-to-noise ratio-based determination, and magnitude-
squared coherence-based techniques. By comparing threshold criteria used across
taxa, this review highlights methodological differences that limit cross-species
comparisons and the ecological relevance of AEP data. Greater standardization
and integration of quantitative approaches are essential to enhance comparability,
rigor, and conservation utility of aquatic animal auditory research.

Keywords

Auditory evoked potential - Auditory brainstem response - Evoked potential -
Electrophysiology - Aquatic animals - Comparative

Introduction

The auditory evoked potential (AEP) technique is a noninvasive electrophysiolog-
ical method used to index auditory sensitivity by recording synchronous neural
activity of the auditory pathway in response to sound stimulation (Fig. 1). AEPs
are typically recorded using surface or subcutaneous electrodes placed on the scalp
or in close proximity to neural generators involved in hearing (e.g., Jewett et al.
1970).

It is important to note that AEPs do not provide a direct measure of the perceptual
experience of “hearing,” which can only be measured by a behavioral assay. An
electrophysiological response to a stimulus does not guarantee that the subject
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FFTof AEP

Present sound stimulus Record elicited response Measure AEP
from electrodes

Fig. 1 Schematic of measuring auditory evoked potentials (AEPs)

perceived the sound (Ladich and Fay 2013; Popper et al. 2019). Instead, AEPs
provide a useful, efficient, and noninvasive means of estimating auditory sensitivity.
These features of the AEP technique are particularly useful when testing animals that
are difficult to study using behavioral measures, are endangered, or encountered in
opportunistic situations such as strandings.

Over the past several decades, the AEP technique has become a versatile tool in
auditory research, allowing investigators to address diverse questions across taxa,
including fishes (e.g., Bullock and Corwin 1979; Kenyon et al. 1998) and aquatic
mammals (e.g., Dolphin et al. 1995; Supin and Popov 1995). Exemplar applications
have included (1) estimating auditory thresholds to generate species-specific audio-
grams, (2) assessing the influence of accessory auditory structures (e.g., swim
bladder in fishes) on auditory sensitivity, (3) evaluating temporal resolution or the
ability of an organism to detect rapid changes in acoustic signals, and (4) under-
standing the impact of anthropogenic sound on auditory sensitivity in both con-
trolled and field contexts.

The specific features of an AEP response that indicate the subject’s detection of a
stimulus depend on both the type of acoustic stimulus presented and the auditory
physiology of the species tested. For instance, in fishes, mollusks, crustaceans,
reptiles, and amphibians, tonal stimuli often yield response spectra with peaks at
twice the stimulus frequency. This doubling is thought to occur because the
mechanosensory receptors (e.g., hair cells in vertebrates) within the auditory epithe-
lia are oriented in opposite directions (Furukawa and Ishii 1967). As a result, a single
cycle of a sinusoidal stimulus produces two depolarizations, one associated with
condensation and the other with rarefaction. In contrast, auditory sensitivity in
aquatic mammals, which have cochleae containing hair cells of a common polarity,
is often quantified using long-duration tones modulated in amplitude at a specific
frequency. In this case, peaks appear at the modulation frequency rather than at twice
the stimulus frequency.
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Goal of the Review

As AEP responses vary across taxa and stimulus types, it is not surprising that methods
for defining a positive auditory response and threshold also differ across the literature.
However, even within the same taxonomic group and using similar stimulus para-
digms, studies have often adopted markedly different approaches to defining auditory
thresholds. The most common methods discussed in this review include visual
determination, linear regression, signal-to-noise (SNR)-based determination, and
magnitude-squared coherence (MSC)-based determination. How each of these
methods is implemented often varies across studies and will be discussed here.

Furthermore, subjective methods of threshold determination can introduce incon-
sistency and bias, leading to variable and inaccurate estimations of auditory sensitivity.
Particularly, visually determined thresholds have been questioned because of their
inherent subjectivity and dependence on observer judgment (Xiao and Braun 2008).

Such methodological inconsistencies may hinder meaningful cross-study com-
parisons of auditory capabilities (Sisneros et al. 2016). The consequences of these
differences are evident in the AEP-derived thresholds in goldfish (Carassius
auratus). Published thresholds in this species, determined with subjective and varied
threshold criteria, have been shown to differ by as much as 40 dB (Fay 1988; Ladich
and Fay 2013). Discrepancies of this magnitude undermine the reliability of cross-
study comparisons and limit the utility of AEP data for broader conservation
purposes. Improved ability to confidently compare auditory thresholds within and
across animal groups could provide critical context for assessing how anthropogenic
sound affects species in aquatic ecosystems. Such knowledge can directly inform the
development of effective sound-mitigation strategies and policies by regulatory
agencies and industries.

This review aims to synthesize the variety of methods used to determine AEP
thresholds in aquatic animals over the past decade. By focusing on literature
published since 2015, this review complements earlier syntheses (Nachtigall et al.
2007; Xiao and Braun 2008; Ladich and Fay 2013; Sisneros et al. 2016), while
highlighting more recent methodological trends. By identifying these trends across
the aquatic animal AEP field, this review aims to encourage greater dialogue among
subfields, promote more standardized and rigorous threshold determination
approaches, and improve the ecological relevance of AEP research.

The inclusion and exclusion criteria and the full list of the 109 systematically
coded studies included in this review are available at https://doi.org/10.5281/zenodo.
17372832.

Which Aquatic Animals Have Been Studied and How?
Fishes
Fishes account for approximately 30% of the AEP studies included in this review

(see summary for all animal groups in Fig. 2). Across 33 publications, researchers
have investigated 27 different families of fish. The primary auditory organs in this
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Fig. 2 The number of AEP threshold studies published by each family and aquatic animal group.
Each sub-square within a bar represents a unique taxonomic family. The height of each sub-square
indicates the number of studies published for that family. A single publication is represented
multiple times if the publication studied multiple families

group include the otolithic end organs (saccule, lagena, utricle), which contain
auditory hair cells, and possibly the neuromasts of the lateral line.

Most studies use short-duration tone burst stimuli delivered via an underwater
speaker—though the orientation of the fish relative to the sound source often varies
among experiments. In addition to loudspeaker playback, electrodynamic exciters
assembled on a “shaker table” (Fay 1984) have also been used to deliver calibrated
particle motion stimuli.

AEP responses in fish are analyzed in both time and frequency domains. In the
time domain, researchers often rely on the detection of repeatable AEP waveforms to
confirm auditory responses. However, due to tank resonance effects when presenting
sound stimuli, detailed analyses of AEP peak latency, response amplitude, or
contributions of multiple neural generators are typically limited. In the frequency
domain, responses are more reliably identified as spectral peaks at twice the stimulus
frequency, reflecting the bidirectional activation of hair cells.

Aquatic Mammals

Aquatic mammals account for approximately 28% of the AEP studies included in
this review. Across 31 papers, researchers have examined eight families. Delphinids
(oceanic dolphins) were the most studied family representing 58% of all aquatic
mammal publications. The primary auditory organ in this group is the cochlea.
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Many recent aquatic mammal AEP studies employ amplitude-modulated stimuli
that evoke the envelope following response (EFR) or auditory steady-state response
(ASSR; Dolphin 1997). As aquatic mammals share key auditory features with humans,
many recording and analysis methods developed for human/healthcare-oriented audi-
tory brainstem response (ABR) and ASSR studies have been successfully adapted for
use with aquatic mammals (Houser et al. 2025). ASSR responses are typically identi-
fied by a distinct peak at the modulation frequency of the stimulus in the response
spectra. Responses to transient stimuli (e.g., clicks, tone bursts) are typically analyzed
in the time domain, focusing on features such as peak latency and response amplitude.

Researchers deliver acoustic stimuli using underwater and in-air sound projec-
tors, headphones, and, specifically for odontocetes (toothed whales) specialized
devices like the “jawphone.” This acoustic transducer is embedded in a suction
cup, placed directly on the whale’s jaw, and transmits sound efficiently both in air
and underwater (Moore et al. 1995). Efforts to standardize aquatic mammal audio-
metric testing have led to the development of an ANSI protocol for determining
odontocete AEP audiograms (ANSI 2018). The ANSI protocol provides methodo-
logical consistency that facilitates more reliable cross-study comparisons. This level
of methodological standardization does not currently exist for other aquatic taxa.

Amphibians

Amphibians account for approximately 20% of the AEP studies included in this
review. Across 22 papers, six families of frogs (order Anura) and four families of
salamanders (order Urodela) have been studied. The primary auditory structures in
amphibians include the saccular macula, and the basilar and amphibian papillae
(Capshaw et al. 2020; van Dijk et al. 2011), which collectively mediate sensitivity to
acoustic stimuli in both aquatic and terrestrial environments. Experimental proce-
dures included presentation of sinusoidal, tone burst, and click stimuli via speakers
in air and underwater conditions. AEP recordings were most commonly analyzed in
the time domain. When spectral analysis was performed, a peak at twice the stimulus
frequency, reflecting bidirectional hair cell orientation of auditory epithelia, was
utilized as the AEP response feature of interest.

Reptiles

Reptiles represent approximately 9% of the studies included in this review, spanning
10 papers and 4 families. The most frequently studied family is the Emydidae
(i.e., pond turtles), particularly the red-eared slider turtle (7rachemys scripta
elegans). In reptiles, the primary auditory organ is the basilar papilla of the inner ear.

Experimental stimuli in these studies typically included tone bursts and broad-
band clicks, delivered via speakers in both air and underwater conditions. The AEP
responses were analyzed in both the temporal and spectral domains. Spectral ana-
lyses commonly identified peaks at twice the stimulus frequency, consistent with
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bidirectional hair cell orientation. Time-domain analyses focused on peak amplitude
and response latency to characterize auditory sensitivity.

Aquatic Birds

Aquatic birds account for approximately 7% of the studies included in this review,
represented by eight publications. The families investigated include Alcidae (murres
and puffins), Anatidae (ducks, birds, swans), Gaviidae (loons), Phalacrocoracidae
(cormorants), and Sulidae (gannets and boobies). The primary auditory organ in
these species is the basilar papilla—an analog to the mammalian cochlea that
underlies the capacity for sound detection in both aerial and aquatic environments.

Experimental stimuli in these studies consisted of clicks and tone bursts, pre-
sented primarily in air. One study of cormorants also presented sounds underwater.
Across all studies, AEP responses were analyzed in the time domain to identify
repeatable waveforms, response peaks, and latency measures.

Crustaceans

Crustaceans comprise about 3% of the AEP studies included in this review. Across
three publications, the following families are studied: Grapsidae (shore crabs),
Plagusiidae (rafting crabs), Ovalipidae (sand crabs), Varunidae (includes Chinese
mitten crab), Alpheidae (snapping and pistol shrimp), and Nephropidae (lobsters).
The primary auditory structures in these taxa include the statocyst—with possible
additional contributions from cuticular hairfan and hair-peg organs as well as
chordotonal organs (Jézéquel et al. 2021).

Experimental approaches typically employed tonal stimuli delivered via an
underwater speaker or a “shaker table” system. AEP responses were evaluated in
both the temporal and spectral domains. Consistent with responses observed in many
other aquatic taxa, crustacean auditory responses featured a spectral peak at twice the
stimulus frequency.

Mollusks

Mollusks account for approximately 2% of the AEP studies included in this review.
Across two publications, the species investigated include the longfin squid
(Doryteuthis pealeii) and the hummingbird bobtail squid (Euprymna berryi),
which are part of Loliginidae and Sepiolidae families, respectively. The main
auditory organ in squid is the statocyst (Mooney et al. 2010). Tonal stimuli between
100 Hz and 1000 Hz were presented. Analysis of the AEP response was performed
in both the time domain and the frequency domain to identify peaks at twice the
stimulus frequency.
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How Have AEP Responses Been Defined?

The following section focuses on the four most commonly employed methods for
determining auditory thresholds in the studies included in this review. These
approaches represent the dominant strategies currently shaping AEP research across
aquatic taxa. While several additional techniques have been reported, such as Monte
Carlo permutation tests, F-ratio analyses, audio-visual determination (i.e., detection
of neuronal discharge via loudspeaker), and voltage thresholding, these were used
less frequently and will not be described further here.

Visual Inspection

Visual inspection is the most common method of threshold determination among the
publications included in this review, with fish AEP studies accounting for more
instances than any other animal group (43%; see summary for all methods in Fig. 3).
However, this approach is used across all major animal groups—reflecting its
widespread use.

Visual detection of thresholds is implemented in a variety of ways. In some studies,
stimulus amplitude is progressively reduced until the response feature of interest, such
as a recognizable AEP waveform or peak in the power spectrum, is no longer visible
on the oscilloscope or acquisition software. In other cases, researchers define thresh-
olds by identifying “repeatable” waveforms or spectral peaks by overlaying replicate

Visual Threshold Determination Most Common

65 1 Animal Group

B Amphibians
M Aquatic Birds
Aquatic Mammals

60
55 4

50 Aquatic Reptiles

Crustaceans
45 4 |
Fishes

40 1 Mollusks

35

30

Number of Studies

25

20 4

o : —
Visual Inspection

Linear Regression SNR Threshold MSC

Fig. 3 The number of studies that use each auditory threshold determination method. A single
publication is represented multiple times if the study utilized multiple methods
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AEP responses to guide threshold judgment (Fig. 4a). Other variations include
defining the threshold as 2.5 dB (i.e., half of a conventional 5-dB step) below the
level where the AEP response becomes visibly indistinguishable from noise. Another
approach defines threshold as the average between the lowest amplitude that elicited a
visible AEP response and the highest amplitude that did not.

Researchers who use the visual method often cite studies such as Mann et al. (2001)
and Brittan-Powell et al. (2002), which reported that visually determined thresholds
were broadly similar to those obtained using quantitative techniques. The use of this
approach is also frequently justified by its widespread acceptance and is mentioned as
standard practice in the field across multiple studies included in this review.

Nonetheless, visual methods have drawn criticism. Xiao and Braun (2008), for
instance, argued that visually identifying AEPs is inherently subjective, prone to
observer bias, and “greatly reduces the value of statistical hypothesis testing.” More
recently, multiple groups have estimated auditory thresholds using both visual and
objective auditory threshold determination techniques. For example, Nieder et al.
(2023) explicitly examined the benefit of adopting quantitative approaches in sharks,
reporting that statistical methods yielded thresholds on average 4 dB lower (more
sensitive) than visual determinations.

To address concerns about subjectivity, some studies employing visual inspection
incorporated safeguards against bias. These included having multiple observers
independently determine thresholds, performing statistical tests (e.g., t-tests) to
evaluate differences in threshold values determined across observers, calculating
the mean threshold values determined across multiple observers, and providing
training protocols to improve consistency among raters.

A Visual Threshold Determination B

Using Overlaid Traces )
Magnitude-Squared Coherence (MSC)

Mean ()

1 Divide AEP trace into 2 Take the mean across all
MN-\I\M\,V/\’\M\W *  segments of equal length *  sub-segments to calculate
the“grand average” segment
The average power across

sub-segments = Mean Power (MP) The power in the “grand average”

WWWWW segment = Power of the Mean (PM)
MSC =PM/MP

Response trace
Selected replicate trace

Fig. 4 (a) An illustration, using synthetic taxon-agnostic responses, of overlaying AEP traces to
guide threshold determination. Inspired by Maiditsch and Ladich 2022. (b) A schematic of how
magnitude-squared coherence values are calculated
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Apart from concerns about subjectivity, another fundamental disadvantage of the
visual method is that the appearance of AEP waveforms is impacted by the noise
floor for a given subject and testing environment. As noise levels can vary substan-
tially within and across experiments, reliance on visual threshold determination can
limit confident determination and comparison of AEPs—even across subjects in the
same study. While visual methods remain the most accessible and broadly applied
approach, their subjectivity contrasts sharply with the quantitative rigor of statistical
determination techniques.

Linear Regression

Linear regression is the second most commonly used auditory threshold determina-
tion method in the reviewed studies. This approach typically involves plotting a
measure of the AEP response amplitude against stimulus level, selecting the linear
portion of the function, and extrapolating the function to estimate the threshold.
Metrics used for regression vary across studies and include (1) spectral measures
such as voltage at the double stimulus frequency or at the ASSR modulation
frequency, (2) waveform features such as ABR peak amplitudes (e.g., Peak IV),
and (3) cross-correlation function (CCF) peaks that quantify the similarity of
response waveforms to a selected exemplar AEP.

Thresholds are estimated by the x-intercept of the regression line, the point at
which the predicted response falls to “zero.” To refine accuracy, some studies
manually selected or iteratively adjusted the number of included data points to
determine a regression line with the best fit (highest R* value) or with the most
statistically significant slope (via an F-test).

Compared to visual inspection alone, the regression slope—intercept method may
reduce the influence of the noise floor in threshold estimation. Specifically, this
method allows experimenters to predict AEP responses that fall below the noise
floor, offering potentially more sensitive threshold estimates. However, application
of linear regression is not always free from subjectivity. In some cases, regression
was performed only after visual pre-selection of data points during live recordings.
Houser et al. (2025) caution that this subjective step introduces observer bias, which
can influence the regression outcome. Moreover, it has been reported that regression-
based thresholds underestimate true auditory thresholds (Houser et al. 2025). For this
reason, the 2018 ANSI protocol for odontocete audiograms recommends against the
use of regression methods.

Signal-to-Noise Ratio (SNR)-Based Threshold Determination

SNR-based threshold determination is the third most widely used technique in the
reviewed studies. This method typically defines the threshold as the lowest stimulus
amplitude that evoked an auditory response with a spectral- or time-domain peak
amplitude exceeding a preset multiple of the noise floor. The preset multiple values
adopted vary across studies. Common cutoffs include responses that are 2 or 3.5
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times greater than the noise floor power, exceed 2 standard deviations above the
noise floor, or exceed fixed signal-to-noise differences of 3 dB (most common) or
6 dB. In many cases, authors do not justify the specific threshold selected.
Approaches to estimating the noise floor also differ—including calculating the
amplitude of randomly selected single points across AEP epochs, the RMS value
of electrode signals when no stimulus is present, or spectral power around the
response frequency of interest.

Other uses of SNR values to guide threshold determination include fitting expo-
nential functions to SNR values plotted against stimulus amplitude and as a criterion
for reducing stimulus amplitude in a staircase stimulus presentation protocol.

As thresholds are explicitly linked to noise levels, SNR-based threshold determi-
nation is quantitative and allows for potential automation. However, threshold
multipliers and noise estimation techniques vary widely across studies, making it
difficult to compare results between taxa or studies. Furthermore, depending on the
chosen cutoff, SNR thresholds may underestimate or overestimate auditory sensi-
tivity. As with the visual method, determination of thresholds is beholden to noise
floor levels for a given subject and testing environment, which can vary widely
within an experiment and across studies.

Magnitude-Squared Coherence (MSC)-Based Threshold
Determination

Magnitude-squared coherence (MSC)-based technique is the fourth most used audi-
tory threshold determination method in the reviewed studies. The MSC is an objective
response detection technique used to determine whether an AEP response is signifi-
cantly different from the noise floor (Dobie and Wilson 1989). In the literature
surveyed, the MSC was used to guide threshold estimations exclusively in aquatic
mammal studies. This technique is also recommended as an objective response
detection method in the 2018 ANSI protocol for toothed whale threshold testing.

In MSC analysis, the response is divided into multiple equal-length time seg-
ments (typically 8 or 16, see Fig. 4b). A “grand average” segment is then calculated
by averaging across all sub-segments. Each segment undergoes a Fourier transform,
and the mean power (MP) of the sub-segments at the frequency of interest is
compared with the power of the mean (PM) from the grand average. The ratio
(PM/MP) vyields the MSC value. If only random noise is present, the MSC
approaches zero; if a genuine response is present, the MSC approaches one. The
MSC value is then compared to a critical value typically at the level of « = 0.01 to
determine statistical significance.

In the included studies that calculated MSCs, thresholds were typically defined as
the lowest stimulus level producing a statistically significant MSC value. MSC
values are also used to define thresholds as the midpoint between the lowest
significant and highest nonsignificant levels and as the decision rule in an adaptive
staircase protocol. Typically, if no significant MSC is obtained after a set of number
of trials (e.g., 1024 epochs), the stimulus is classified as “not detected.”



12 A. A. Hunsaker et al.

MSC is an objective response determination method that minimizes observer bias
compared to the other discussed methods. Further, its recommendation for use as an
objective response detection method in the ANSI standard highlights its acceptance
within the aquatic mammal AEP field. Despite its strengths, MSC has been used
almost exclusively in aquatic mammal and human research. The utility of this
technique in other taxa is currently unknown. Furthermore, as with the visual and
SNR-based methods, the noise floor directly constrains threshold assessment and can
vary widely within and across experiments.

Conclusion

The AEP technique provides a common electrophysiological framework—but their
implementation is strongly shaped by taxon-specific biology and research traditions.
Achievement of robust cross-species comparisons will ultimately require both
awareness of methodological differences and a push toward greater standardization
across aquatic AEP research fields. By identifying points of convergence (e.g., a
spectral peak at twice the stimulus frequency in crustaceans, mollusks, fishes,
amphibians, and reptiles) and divergence (e.g., ASSR exclusively measured in
aquatic mammals), this synthesis highlights opportunities for learning methods
utilized across varied disciplines that can ultimately improve the reliability of
auditory threshold estimation across the animal kingdom. These efforts also stand
to advance the broader ecological and conservation relevance of AEP research.
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