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ABSTRACT
Hydrophone recordings from three aquatic beetle species within the family Hydrophilidae, Berosus pantherinus
(LeConte), Tropisternus blatchleyi (d’Orchymont), and Tropisternus collaris (F.), were used to create an automated identification program. The identification program was designed using digital signal processing techniques and is capable of
identifying which species is present from hydrophone recordings alone. Using features based on the frequency content of
each beetle call and background sounds in reference recordings, half-second segments of audio recordings were classified as a specific beetle species call, a general beetle distress call, or as noise. Classification accuracy ranged from 87.5%
for reference recordings. Training calls had accuracies of 98% and above between beetle species and noise. The majority
of beetle recordings in a mesocosm environment were classified correctly. Often, T. blatchleyi was false-positively identified in recordings with non-beetle background noises, such as frogs or traffic, suggesting similar active frequencies
in the T. blatchelyi features and these noises. The use of digital signal processing to identify aquatic invertebrates by
sound is a new technique that has potential uses in taxonomy, surveys, and long-term biomonitoring of aquatic systems
by providing a hands-free method of detection, and eventually identification, in the field.
Key Words: behavior, sound production, stridulation, bioacoustics, aquatic, hydrophone

and Heteroptera (nymphs and adults). Of these,
adult heteropterans and coleopterans are the most
prolific vocalists (Aiken 1985).
Digital signal processing techniques have been
applied to many fields, most notably digital speech
and picture recognition, sonar and radar processing, and seismic data analysis. With the use of
computers in the field of bioacoustics, digital signal
processing has been used to identify a variety of
vocalizing animals. Cornell University created the
bird-identification software Raven™ that classifies
bird songs to species based on a massive library of
reference recordings and data (Bioacoustic Research
Program 2011). Chesmore and Ohya (2004) effectively differentiated among four species of grasshoppers in a noisy terrestrial environment; they
achieved call and noise recognition of 75–100%
accuracy within the grasshopper’s natural habitat.
The ability to sense vibrations is ubiquitous in
insects (Drosopoulos and Claridge 2006), and it
is advantageous for aquatic invertebrates to use
non-visual forms of communication in areas with

A hydrophone is a tool that can detect sounds,
including those created by animals, underwater.
One well-known application of hydrophones is
the detection and tracking of ocean mammals, such
as dolphins and whales, whose calls can travel
through water for hundreds of kilometers (Watkins
et al. 1987). The study of the creation and function
of auditory signals in animals is called bioacoustics
(Drosopoulous and Claridge 2006). In recent years,
bioacoustics has been expanded into freshwater
environments, although few studies have examined
the bioacoustics of aquatic invertebrates.
Acoustic communication is relatively common
among insects because of their ridged exoskeleton.
Acoustic signals in most invertebrates are created
via “friction of differentiated parts”, i.e., a scraper
is rubbed against a file to create sound (Dumortier
1963). This is known as stridulation and is familiar
to most among the terrestrial orthopterans (grasshoppers, crickets, and katydids). Stridulation is
prevalent in four aquatic insect orders: Trichoptera
(larvae); Odonata (nymphs); Coleoptera (adults);
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low visibility and high numbers of potential receivers
(Forrest et al. 1993; Dodson et al. 1994; Lema and
Kelly 2002). Sound travels 4.5 times faster through
water than through the atmosphere, so water can
act as an accelerated medium for auditory communication, especially compared with chemical cues
(Dodson et al. 1994).
Sound production in the family Hydrophilidae,
also known as the water scavenger beetles, has
been relatively well-studied resulting from the early
identification of the stridulatory structure (Aiken
1985). Stridulation occurs in many hydrophilids
when a raised area on the laterosternites are rubbed
against a roughened area on the underside of the
elytra (Van Tassell 1965; Ryker 1972). Hydrophilid
beetles often stridulate with a wide frequency range
during distress and premating calls. These wide frequency stridulations could affect the audibility of
calls in an evolutionarily advantageous way by
ensuring that some frequencies penetrate through
the water, when others do not (Bennet-Clark 1998).
During courtship and mating calls, lower frequencies have been observed, limiting the distance these
sounds travel in shallow water (Van Tassell 1965;
Ryker 1972; Aiken 1985).
Male and female hydrophilid beetles vocalize
for a number of reasons: defense against predators;
warnings; identification/discrimination among individuals and species; and sexual signaling (Ryker
1972; Otte 1974; Masters 1978). Members of
Berosus Leach are known to vocalize forcefully
when being handled as well as extemporaneously
when meeting another individual or while feeding (Van Tassell 1965). Aggressive stridulation
when hydrophilids are disturbed in some way
has been observed in many members of the family
(Van Tassell 1965; Ryker 1972; Masters 1978;
Aiken 1985) and is referred to in this study as
distress calling. Different stridulation types within
hydrophilids are characterized with words like chirp,
tick, disturbance chirp, buzz, trill, and tremolo,
although all are created by the same physical
mechanism. Variation in call production exists
between species and even sexes within the same
taxa (Heller and von Helversen 1986). Generally,
distress calls and premating calls are longer and
more pronounced, while courtship and mating calls
are fast and short (Ryker 1972).
Previous attempts have been made to differentiate hydrophilid beetle species based on their stridulations. Van Tassell (1965) examined 12 different
Berosus species and noted that species living
together have relatively different premating calls,
especially in terms of timing. She deduced that this
may serve as a reproductive isolation mechanism
between species. She found that closely related
species are more likely to have similar distress
calls than more distantly related species. Ryker

(1972) also observed these differences in calls
within species of Tropisternus Solier, with premating
calls being more distinct than distress calls. Early
work by Van Tassell (1965) and Ryker (1972)
attempted to classify hydrophilids within a single
genus based on call frequency and rate. However,
only general classifications could be made. Ryker
(1972) found that an increase in water temperature
may decrease the average call length in Tropisternus
mixtus (LeConte), however, the frequencies (tones)
within the calls remained relatively unchanged.
To date, no definitive method of differentiation
based on stridulations has been made for hydrophilids or for any other group of sound-producing
freshwater invertebrates.
In this study, three sympatric hydrophilid beetles
were classified to species by their stridulations
using underwater recordings taken with a hydrophone and common digital signal processing techniques. Individual species were recorded in different
environments, ranging from a small foam bucket to
in situ pond recordings, to determine the possibility
of identifying each taxon under varied acoustic conditions. Species were also recorded together to determine if it were possible to identify these taxa in a
more acoustically complex environment, and calling
beetles were recorded at fixed distances from a
hydrophone to determine the range at which they
can be recorded while calling in water.

MATERIAL

AND

METHODS

Beetle Collection and Recording. Three aquatic
beetle species, Berosus pantherinus (LeConte),
Tropisternus blatchleyi (d’Orchymont), and
Tropisternus collaris (F.), were collected via
dip netting from Lake Hancock, a small, perennial pond on the property of the Hancock Biological Station in Murray, Kentucky. At the time
of sampling, the pond had a faunal community
that included aquatic invertebrates, salamanders,
frogs, mosquito fish (Gambusia holbrooki Girard),
and golden shiners (Notemigonus crysoleucas
Mitchill). Specimens of each beetle species were
preserved in ethanol and identified to species based
on the keys in Brigham et al. (1982), Chapman
(1998), Ciegler (2003), and Lago and Testa (1994).
Voucher specimens were deposited at the Hancock
Biological Station, Murray, KY.
Training of our beetle classification consisted of
the following steps:
1. record beetles with hydrophone;
2. write beetle calls to separate files and plot
using the fast fourier transformation (FFT);
3. select unique exemplar calls for each beetle;
4. define the distinctive call characteristics as mathematical features to create the training dataset;
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5. test the accuracy of classifications with reference recordings, cross validation, and new
hydrophone recordings;
6. repeat steps 3–5 to increase classifier accuracy.
Once collected, sounds from each beetle species
were recorded outdoors, next to the pond. We used
an HTI-96 MIN (High-Tech Incorporated) series
hydrophone with a 9-volt preamp attached to a
ZOOM H4n Handy Mobile 4-track digital recorder.
The hydrophone recorded sounds from 2 Hz to
30 kHz, and the digital recorder sampled data at
96 kHz and stored the recordings on a SD card as
.WAV files. Reference recordings with 2–3 individuals were made for each species using a technique similar to that used by Sueur et al. (2011) for
recording water boatmen (Hemiptera: Corixidae).
Automated Classification. The reference recordings were used to determine features to identify the
three beetles and a general beetle distress call. Halfsecond audio clips of beetle calls were selected from
the reference recordings to use as “exemplar” calls
(Fig. 1). The half-second duration was chosen because
the beetle calls were usually 0.5 seconds in length or
shorter. Exemplars for noise (sounds not from beetle
stridulation) included sounds created by beetles
moving within the bucket, bumping or crawling on
the hydrophone, brushing against the containment
vessel, cars driving by, doors closing, and footsteps.
Each half-second section of sound data was transformed from the time domain into the frequency
domain, so that the frequencies of different beetle
calls could be compared (Fig. 1). Analyzing the data
in the frequency domain decreases the dependence
of the classification system on the amplitude (loudness) of the beetle calls. During the reference recordings, the beetles made several different types of
calls. When plotted in the frequency domain, beetle
calls within a species often showed different frequency spectrums. To choose which of the calls to
use as exemplars for training purposes, the most
prolific non-distress call in the recordings was
chosen. By choosing the most prolific and distinct
call, exemplar calls for each beetle species all had
relatively similar frequency spectra (Fig. 1). A total
of 30 exemplar calls for B. pantherinus, 24 for
T. blatchleyi, 36 for T. collaris, 47 distress calls
from both B. pantherinus and T. blatchleyi, and
43 exemplars of noise were selected from all of
the reference recordings. The exemplar calls were
created by several individuals for each species but
many exemplar calls were potentially from the
same individual. The sex of each individual calling
beetle was not determined, and thus no attempt
was made to differentiate the calls based on sex.
Feature Selection. To decide on the features
for each beetle species, sound data in the exemplar
sound files was transformed from the time domain
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into the frequency domain using the fast fourier
transformation (FFT), then plotted to show the
active frequency bands and check for consistency
among calls (Fig. 2). If a large number of exemplars
seemed to be a different call-type, then all exemplars and the original recording were re-examined
to determine which type should be used. In this
way, exemplars did not contribute outlying data
to the training dataset. Features were created subjectively, based on active frequencies in each call
that seemed to be unique and characteristic of each
classification category.
Most feature equations were chosen to describe
peaks around certain frequency ranges in the beetle
exemplar calls. Active and inactive frequency bands
were used as ratios in equations. Therefore, the features described the relative intensity of active frequencies compared to other frequencies. Features
were not only selected to define each beetle species,
but were also chosen to rule out other beetle calls.
For example, inactive frequency ranges in features
were often specifically chosen because they were
active ranges for one or more of the other species.
A running average filter was used to smooth the
data in the frequency spectrum and create features
that depended on the underlying shape of the frequency curve, rather than features influenced by
the natural variation within each species or variations due to noise. To account for varying signal
energies, in most cases the maximum frequency
magnitude in active beetle call frequencies was
normalized to 1.
In total, four features were used to classify the
three beetle species: two to distinguish T. blatchleyi,
and one each for B. pantherinus and T. collaris
(Fig. 3 shows classification example with two features). The following features were based on the ratio
of summing the magnitudes in the active frequency
ranges to sums of magnitudes in the inactive ranges.
Tropisternus blatchleyi feature #1: The frequency
values were normalized to the maximum magnitude
between 500–1,500 Hz. The feature is the ratio of
the sum of magnitudes in the “active” range of
750–1,250 Hz to the sum of magnitudes in an inactive frequency band, 2,200–2,700 Hz (Fig. 4).
Tropisternus collaris: A running average filter
with a window width of 10 Hz was applied, and
the data was normalized to the maximum value
between 5,000–7,000 Hz. The feature is the ratio
of magnitudes from 5,200–6,800 Hz (active frequency range) to the magnitudes from 3,800–
5,000 Hz (inactive frequency range).
Tropisternus blatchleyi feature #2: This feature
looks for a peak within a certain frequency range.
It does this as follows: the frequency spectrum is
smoothed with a small window. We then found the
maximum magnitude value in the 1,500–2,500 Hz
range and summed the magnitudes within ±130 Hz
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Fig. 1. Each graph is a frequency plot of a one half-second exemplar sound clip. One exemplar call from each
species and an exemplar distress call from an individual Tropisternus blatchleyi (that is indicative of all four beetles’
distress calls) is shown transformed into the frequency domain using the fast fourier transformation with normalized
amplitudes and plotted from 0–10,000 Hz.
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Fig. 2. Five distress calls by Berosus pantherinus transformed into the frequency domain using the fast fourier
transformation from 0–12,000 Hz (x-axis). Wide active frequency bands can be seen from 1,500–6,000 Hz and
7,000–9,500 Hz. The feature for distress calls is the sum of the data points between 1,000–6,000 Hz with an amplitude
(y-axis) greater than 2.

around that peak (for this species, there was always a
peak within this range, but it is not always at the same
frequency). The feature is the sum of the frequency
magnitudes around the peak divided by the sum of
the magnitudes at the base of the peak. The base of
the peak is defined as the 130 Hz below the peak
width and 130 Hz above the peak width. For example, if the peak frequency is at 1,700 Hz, then the peak
width is 1,570–1,830 Hz, and the base is defined as
1,440–1,570 Hz plus 1,830–1,960 Hz (Fig. 5).
Berosus pantherinus: This feature also looks for
a peak within a certain frequency range. Frequency
magnitudes were normalized to the maximum
magnitude between 3,000–7,000 Hz, and a running
average filter of 1.5 Hz was applied. The feature
is the ratio of the sum of the frequency magnitudes ±70 Hz around the peak value between
4,400–5,400 Hz to the sum of the magnitudes at
the base of the peak which is 70 Hz above and
below the peak width.
Distress Call. To capture the wide frequency
range of a distress call in a feature, all magnitudes greater than 2 (without normalization) were

summed in the frequency range 2,000–12,000 Hz
(Fig. 2). The magnitudes were not normalized to
account for the higher volume observed in distress
calls relative to other beetle calls. This feature also
helps keep flat noise from making its way into a
positive beetle classification. Noise was present
in all recordings simply due to the outdoor recording environment as well as from the reverberation
of sounds within the recording vessel.
Classification of new recordings was done by
computing the feature values for each half-second
interval in the recording and comparing those feature values with those from the exemplar (reference) set. From the comparison of feature values,
the half-second intervals were classified as one of
the beetle species, a distress call from any of the
species, or as noise. The classifier used quadratic
discriminate analysis to categorize the interval
based on the similarity of its feature values to the
features obtained from the training (exemplar) data
(Fig. 3). The accuracy of classification was defined
as the number of correct beetle species calls divided
by the total species calls, not counting distress calls.
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Fig. 3. The classifier algorithm with two features
shown in a two-dimensional graph. Beetle call data and
noise data are classified based on two beetle call features:
difference in active frequency range shape (x-axis and in
Matlab™ as a template) and a ratio of amplitudes in an
active and non-active frequency range (y-axis). The algorithm is shown as a solid black line. Most beetle calls fall
within the correct classification in the lower left-hand
corner, however, some fall outside the equation and are
classified as noise. Likewise, noises are occasionally classified as beetles. As more features are added, the algorithm becomes multidimensional.

Accuracy of distress call classification was defined
as the number of distress call classifications divided
by the number of all beetle classifications.
Cross Validation. Cross validation is used to
assess how a predictive model will perform in practice when there is a limited amount of training data.

Fig. 4. A half-second vocalization by Tropisternus
blatchleyi from 0–5,000 Hz changed into the frequency
domain using the Fast Fourier Transformation. Active
call frequency regions are at 1,100 Hz and 4,400 Hz.
The first feature for T. blatchleyi divides the sum of the
points in the active frequency band by the sum of the
points in the inactive band, yielding a large number in
T. blatchleyi exemplar calls.

Fig. 5. A half-second vocalization by Tropisternus
blatchleyi vocalization from 0–2,200 Hz changed into the
frequency domain using the Fast Fourier Transformation.
The second feature for T. blatchleyi normalized amplitude
and searched for the maximum value at 700–1,250 Hz,
summed the amplitudes of 65 Hz on both sides of the
maximum point, and divided this by the summation of
65 Hz on both sides of 1,250 Hz. This gave a numerical
representation of the intensity of the peak. This number
was compared to the same ratio in new sound data.

For this work, 12-fold cross-validation was used;
subsets of exemplars (reference recordings) were
used as training data to test the features on the
remaining exemplars for that beetle. Subsets were
iterated so that all exemplar data contributed to
the training results. The overall accuracy was calculated by dividing the number of correct classifications by the total number of classifications.
Non-Reference Recordings. Recordings of
stridulating beetles were made in a mesocosm
environment, as well as in Lake Hancock, from
which the beetles were collected to test the ability
of our program to classify non-reference recordings (test data). Mesocosm recordings were taken
with the hydrophone suspended in the center of a
189-L Rubbermaid™ stock-tank (1.32 × 0.78 ×
0.30 m), filled to a height of about 20 cm of pond
water. Single- and multiple-species recordings were
made, each with five or more individuals of each
species. There were no mesocom recordings taken
of T. collaris by itself. In addition, an in-situ Lake
Hancock recording was taken immediately after
sunset, approximately 1 m from the pond’s edge
in a vegetated area about 20 cm deep.
Distance recordings were made to test the sensitivity of the hydrophone and the classification
program to hydrophilid distress calls. To do this,
the hydrophone was placed in the middle of the
pond (depth of approximately 30 cm). Recordings
were made by holding an actively calling beetle
in the water at successive 0.25-m intervals from
the hydrophone. Distances between 0–4 m for
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T. blatchleyi and from 0–2 m for B. pantherinus
were recorded. Disturbance recordings, lasting less
than two minutes, were also made for all beetles in
all three recording environments (bucket, mesocosm,
and pond) in which the beetle recorded was disturbed
for the duration of the recording.

RESULTS
Reference Recordings. The beetle classification
system showed acceptable accuracy across all species when applied to the training data (reference
recordings) (Table 1). When compared to the
reference recordings, B. pantherinus was classified
with 98.5% accuracy, T. blatchleyi with 87.5%
accuracy, T. collaris with 92% accuracy, and distress calls with 61.5% accuracy. In all reference
recordings, there were more correct beetle classifications than incorrect classifications. The beetle
present in reference recordings was, in each case,
classified most frequently.
The 12-fold cross-validation yielded high feature accuracy. Testing with only exemplar data,
the lowest accuracy for beetle and noise combinations was 87.5%. Internal accuracy for each beetle’s
feature(s) (when cross-validated with themselves)
was 100%. Pearson’s chi-squared tests (1 df ) on
the results showed significant differences ( p <
0.0001) for all beetle and noise combinations.
Non-Reference Recordings. The results for the
beetle classification system when applied to nonreference recordings (test data) ranged from 37.5%
to 98.4% (Table 2). The Lake Hancock recording
was 34 minutes long, and all beetle species, as
well as distress calls, were classified in the program. Berosus pantherinus and T. blatchleyi could
be correctly classified when recorded alone in an
undisturbed mesocosm, with classifications generally above 80% (Table 2). When B. pantherinus
and T. collaris were recorded together in the
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mesocosm, both taxa were correctly identified. However, T. blatchleyi was misidentified about 19% of
the time. Recordings where beetles were manually
disturbed for the majority of the time were all classified correctly as distress calls. Berosus pantherinus
was not detected in the pond in this recording, even
though samples collected after recording showed
that it was present.
In distance recordings, B. pantherinus and
T. blatchleyi distress calls were clearly audible to
the human ear (using headphones in combination
with field recorder) up to 4 m from the hydrophone, and the classifier effectively detected these
calls for both beetles and classified them as distress
calls. This is the equivalent of a detection area of
greater than 50 m2 in open water. Beetle recordings
with an individual specifically being disturbed were
accurately classified as distress calls in all three
recording environments.
The classifier program was very effective at
classifying white (background) noise but identified non-beetle noises poorly (Table 2). A loud
car was classified as noise with 10% accuracy.
Loudly chirping frogs, spring peepers (Pseudacris
crucifer Wied-Neuwied), were classified as noise
with 58% accuracy and were commonly classified
as T. blatchleyi. The sound of water running in a
stream was classified as noise with 53% accuracy.
Many misclassifications in noise recordings and
non-reference beetle recordings were classified as
T. blatchleyi, possibly due to non-specific feature
definitions for this beetle or a general overlap
between frequencies of the beetle’s call and nonbeetle noises. To reduce the number of incorrect
noise classifications in the future, more noiseidentifying features can be derived and added to
the classifier system.
Overview. These results show that the beetle
classification program can accurately determine
which beetle, out of three species, is present based

Table 1. Classification sound by half-second intervals for each beetle’s reference recording. The distress recording
came from a recording with manual disturbance of Berosus pantherinus. Reference recordings of Tropisternus blatchleyi
were taken in a foam bucket, whereas those of Berosus pantherinus and Tropisternus collaris were taken from a
mesocosm. Numbers correspond with the number of half-second sound clips that were classified into that category.
Bold numbers show beetle classifications that correspond to the beetle present in the recording. Accuracy for species
classifications is the ratio of correct classifications divided by the total beetle species classifications, not including
distress calls. Distress call accuracy is the ratio of distress calls classified to the total number of beetle classifications.
B. pantherinus

T. collaris

T. blatchleyi

Manually
disturbed beetle

B. pantherinus
T. collaris
T. blatchleyi
Distress call
Noise

326
5
0
10
2,630

0
169
15
67
3,382

0
18
126
65
1,848

0
6
14
32
1,033

Accuracy of classifications

0.985

0.919

0.875

0.615

Species detected
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Table 2. Results of beetle classification process on reference and non-reference recordings. Bold numbers represent
correct classifications. Distress calls, which are common for all recordings, relate to beetle sounds not included in the
feature selection process but do show general beetle activity. Percent correct (% correct) for the beetles (Berosus
pantherinus, Tropisternus collaris, and Tropisternus blatchleyi) does not include distress or noise classifications.
Recorded B. pantherinus T. collaris T. blatchleyi Distress Noise % correct

Beetle
1 B. pantherinus - Reference
2 T. collaris – Reference
3 T. blatchleyi - Reference
Non-reference Recordings
4 T. blatchleyi
5 T. blatchleyi
6 T. blatchleyi
4-m disturbance
7 B. pantherinus other
8 B. pantherinus disturbance
9 B. pantherinus
4-m disturbance
10 T. collaris and
B. pantherinus
Noises (non-white)
11 Spring Peeper
12 Car
13 Riffle

Mesocosm
Mesocosm
Foam

336
0
0

5
169
18

0
15
126

10
67
65

2,630
3,382
1,848

98.5
91.9
87.5

Mesocosm
Mesocosm
Mesocosm

21
0
0

55
212
2

45
148
1

183
80
81

3,809
3,199
1

37.2
41.1
96.4

Mesocosm
Foam
Mesocosm

19
0
0

10
6
1

0
14
1

5
32
123

4,712
1,033
6

65.5
61.5
98.4

Mesocosm

1

16

4

63

3,649

81.0

Pond
Pond
Stream

0
0
0

0
0
4

51
35
11

0
0
1

72
4
18

58.5
10.3
52.9

solely on beetle calls. In non-reference recordings,
beetles are generally correctly classified in the
mesocosm environment, however, the program
was ineffective at classifying foam-bucket recordings if the reference recording for that species was
made in the mesocosm. The program effectively
classified hydrophilid distress calls in a foam bucket,
mesocosm, and pond environment, but was not
effective at classifying outside non-white noise,
such as frog calls.

DISCUSSION
Results from this study suggest that establishment of a standardized system for the automated
detection of aquatic invertebrates can be developed. This study has shown that it is possible to
identify species based upon characteristics intrinsic
in their auditory signals in both reference and completely new recordings. Additionally, distress calls
in these hydrophilids showed a high sound output
for their body size (8–10 mm) and are effective for
communication over large areas of water. Combining bioacoustics with digital signal processing is
applicable to a variety of fields such as taxonomy,
habitat surveys, and long-term biomonitoring of
aquatic invertebrates. Advances in technology
and modern computer processing speeds make
the use of digital signal processing a viable technique when combined with a general increase in
availability of these technologies and decrease in
costs. Efforts to build on the library of sounds produced by freshwater invertebrates from a variety of

habitats and taxonomic groups may prove to be a
useful tool for aquatic scientists in the future.
Even though the results of this study may highlight the challenges of characterizing additional
taxa, the accuracy of identifications were extremely
high (up to 98.5%) when exemplars were developed
from taxa calling in the same environment as they
were tested. Although four features were used to
classify these beetles, many features were added
and subtracted, and existing features were extensively manipulated to achieve correct reference
classifications. Originally, the approach was to program two features for each beetle; through trial and
error, however, it was determined that classifier
accuracy was increased by removing redundant
and less influential features. The detection features
for each species and the classification boundaries
were chosen to provide a representation of a
“normal” call for each species. Clearly, there was
variation in the acoustic signatures for each call,
which lead to an occasional erroneous classification
result. The errors could potentially be reduced by
adding more features or deriving a more complicated decision boundary. However, restricting
decision boundaries comes with a tradeoff of
overfitting the data and subsequently worse results
as more species are added to the classifier. Furthermore, it is important to point out that the goal of
this research was to establish a framework on
which to build a method for identifying and characterizing aquatic communities using signal processing. The call features that we characterized
may only represent a small part of the decision
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boundary for an individual taxon when the library
of calls for other species are added.
If more extensive classification systems are created from a library of many different vocalizing
invertebrates, several features likely will be necessary for each classification. These features will
have to be made alongside classifications which
rule out non-beetle sounds more effectively.
Carefully choosing exemplar calls for each new
taxon is the most critical aspect in adding more
species to this classification system. Classification
of other animal calls, such as birds or whales, is
less complicated because their calls are more toneand time-specific. Each time they call, notes are
hit in a specific order and with specific timing. In
stridulating beetles, many different notes may be
hit at the same time with variability in timing.
There is concern about the low correct classification for one of the T. blatchleyi recordings (only
30% correct). This could be due to overfitting of
the classification system to the training data, but
the other non-reference recording for T. blatchleyi
shows acceptable results (79%). Therefore, it is
likely that the poor results are from (i) T. blatchleyi
signals being distant and thus faint or (ii) interference or distortion during the recording process.
Misidentifications in the program could be
attributed to multiple factors. The features selected
beetles based on one type of call. Even in reference
recordings, however, more than one call type
existed. To increase future accuracy, multiple types
of calls for each beetle should be taken into
account, as Cornell University’s Raven does with
bird calls (Bioacoustics Research Program 2011).
Further, effort to determine sex of the beetles prior
to recordings may increase precision as studies
show that there can be high variability in acoustic
signals due to calling structure morphology (Heller
and von Helversen 1986) and in stridulation movements of homologous structures (von Helversen
and von Helversen 1997) that differ between sexes
of the same species. If call types varied across the
sexes of the beetle taxa we sampled for this project,
results would show fewer detections (i.e., be more
conservative) as novel call types would be classified as noise or other taxa. Many calls were similar
across all species, such as the “tick”, and in future
studies could be used as a presence/absence indicator for aquatic invertebrates. Such universal
stridulations should be classified using specific
classifier feature(s) and assigned to a generalized
beetle call, like the distress call.
In the future, these techniques could be used to
monitor habitat recovery after disturbance events
based on these generalized call characteristics.
Similarities in call frequencies between species
also led to misclassifications, and future systems
should strive to incorporate and classify those calls
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which are similar in multiple species. Outside noises
in similar frequency ranges as the beetles should
also be programmed as features. The classification
step in the process may be extended to include more
features, such as a classification for environmental
calls that are prevalent during sampling, such as frogs
and birds, which would lead to a more robust identification system. It is likely that future systems will
need to automate feature characterization as this is
the most time-consuming aspect of the classification.
Although a foam bucket and buffer pad, and later
a mesocosm, were used for reference recordings
in this study, future reference recordings should be
sampled directly within the invertebrate’s habitat.
This would eliminate any distortion of sound due
to plastic, foam, or other synthetic materials, while
allowing the natural auditory filters of the aquatic
system to be incorporated into the classification
program. An increase in environmental noise will
be the tradeoff with in-situ habitat recordings,
however, exemplar calls can still be hand-selected
based on known insect sources. This could significantly increase the accuracy of the features when
classifying non-reference recordings. The natural
propagation of sound takes precedence over clarity
of calls or noise mitigation because sound distortion from recording in artificial habitats can affect
the frequencies recorded, leading to the features
and a classification system which only work when
recording in that artificial environment.
Because many aquatic invertebrates create sounds
and are represented in almost every aquatic environment, they are logical subjects for aquatic biomonitoring, and indices of biotic integrity (IBIs) routinely
incorporate freshwater invertebrates as part of the
index. The ability to passively identify and determine presence/absence and relative abundance of
aquatic invertebrates is a novel application of freshwater bioacoustics and could supplement traditional IBIs. Potential monitoring sites could be
installed in water-bodies with known species by
pre-programming features for those species into a
classification function. Monitoring equipment
could be pre-programmed to record at certain times
of the day, and data could be classified on-site. The
application of a hydrophone and field-recorder
could potentially replace or supplement presence/
absence surveys and minimize damage to fragile
or rare aquatic habitats by replacing destructive
sampling techniques such as dip-netting in fragile
or protected habitats. Schofield and Chesmore
(2008) used similar methods to effectively identify
invasive beetle larvae to species in imported wood
with an acoustic detection system that was more
cost efficient than cutting into expensive timber.
Furthermore, aquatic beetles and other invertebrates are often difficult to identify to the species level, and many studies only classify them
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definitively to family or genus. Discerning morphological features to classify specimens in a laboratory can be time-consuming and often requires the
eye of an experienced taxonomist (Merritt et al.
2008). Most aquatic beetles are less than 2 cm long,
making a dissecting microscope necessary for most
species-level classification. The largest beetle in our
study (T. collaris) is only 8–9 mm long. Using auditory classification systems based on taxa-specific
calls could decrease identification time of aquatic
invertebrates and lower the costs of studies. Taxa
could be identified and possibly even quantified
in situ, reducing sampling and time required counting and identifying specimens.
In conclusion, this paper establishes a process
for the automated detection of sound-producing
freshwater invertebrates by combining high-quality
acoustic recording and storage with modern digital processing techniques. The application of these
methods and technologies is limited by the small
population of recorded invertebrate sounds. However, the addition of more sounds from a variety
of invertebrates will result in a system that is
more robust and will lead to a better understanding of the diversity of sound profiles made by
aquatic invertebrates.
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