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Potential for use of passive acoustic monitoring of piranhas in
the Pacaya-Samiria National Reserve in Peru
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2. Piranha captured as part of routine annual monitoring by Operation Wallacea
within the Pacaya—Samiria National Reserve in Peru were auditioned for sound
production prior to release. Auditioning was done by gently holding a fish under-
water in the river near a suspended hydrophone, thus recordings included the
piranha sound as well as natural ambient sound.

3. Seventy-nine per cent of the 129 auditioned piranha, including Pygocentrus
nattereri, Serrasalmus maculatus, Serrasalmus cf. sanchezi and an unidentified
Serrasalmus spp. complex, produced sounds consisting of 2 to 23 barks in a
sequential series. Sound production by S. maculatus and S. cf. sanchezi are
reported for the first time. Bark characteristics exhibited high variation within
bark series of individual fish. Piranha could not be distinguished by single vari-
ables but did exhibit significant multivariate differences. The relationship of sev-
eral variables to fish size also differed significantly among species. Measurements
of within-fish variation and bark series pattern attributes were found to be useful
for discrimination of sounds among piranha species.

4. We demonstrate that closely related species of piranha can be distinguished by their
sounds under natural acoustic conditions based on multivariate analyses, suggesting
that passive acoustic monitoring (PAM) can be an effective tool for ecosystem man-
agement in the Amazon. More broadly, our study also suggests (a) the need to report
more detailed statistical descriptions of fish sounds, including measures of within-fish
variation, (b) the importance of describing characteristics of sound series produced
by fishes in addition to those of individual sound types and (c) the need to deposit

museum voucher specimens to anchor specific sounds to specific individuals.
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1 | INTRODUCTION

Passive acoustic monitoring (PAM) is becoming an important tool for
ecosystem and fisheries management (Rountree et al., 2006) and is
especially useful in remote habitats that are difficult to sample with
conventional methods (ACT, 2007). However, PAM requires a
detailed knowledge of the acoustic characteristics of sounds to be
effective. Further, we suggest that measurement of sound character-
istics under “real-world” conditions would improve the applicability
of PAM in field studies. The Pacaya-Samiria National Reserve
(PSNR) is the largest in Peru, the second largest reserve in the Ama-
zon, is located about 180 km from the city of Iquitos and more than
3,000 km from the mouth of the Amazon. Due to its remote loca-
tion, its fish fauna has not been well surveyed (Ortega & Vari, 1986;
Chang & Ortega, 1995). Ecological studies of fishes in the reserve,
and in Peru overall, are in their infancy (Ortega & Hidalgo, 2008)
and would benefit from PAM studies due to the high diversity of
soniferous fishes in the Amazon (e.g., Kaatz & Stewart, 2012).

Sound production by piranha (Characidae) is well known
(Meschkat, 1957; Markl, 1971; Kastberger, 1981a,b; Millot, Vande-
walle, & Parmentier, 2011; Millot & Parmentier, 2014; Mélotte,
Vigouroux, Michel, & Parmentier, 2016; Meélotte, Parmentier,
Michel, Herrel, & Boyle, 2018); however, these studies were
focused on describing sound production mechanisms and/or beha-
viour associated with sound production and used mainly commer-
cially obtained specimens. In most cases, sounds were recorded
under laboratory conditions, or otherwise within aquaria while in
the field. However, Kastberger (1981a) apparently made some field
recordings but does not distinguish field and laboratory data. Most
recently, Mélotte et al. (2016) provided a detailed comparison of
bark sounds among eight species of piranha (Serrasalmus compres-
sus, Serrasalmus manueli, Serrasalmus spilopleura, Serrasalmus rhom-
beus, Serrasalmus eigenmanni and Pygocentrus nattereri), based on
duration, fundamental frequency and cycle structure of individual
sounds. Although Kastberger (1981a) reported no species-specific
sounds of four piranha species, Mélotte et al. (2016) were able to
differentiate sounds among piranha with a multivariate approach.
Our objective was to describe the characteristics of piranha
sounds under natural acoustic conditions in order to evaluate the
potential of PAM monitoring for the group. We were particularly
interested in determining if easily measured parameters such as
duration and peak frequency (based on energy content, see Charif,
Strickman, & Waack, 2010) would be sufficient for species identifi-
cation under field conditions based on univariate or multivariate
approaches. Although we focus on piranha, findings from our
study have implications for the application of PAM for other
fishes in the Amazon and elsewhere.

2 | METHODS

The study was conducted within the PSNR in Peru under the

umbrella of Operation Wallacea (http://www.opwall.com/). The

PSNR is contained within the confluence of the Maraién and Ucay-
ali rivers where the main stem of the Amazon River originates. Oper-
ation Wallacea conducts regular fishing surveys of the region as part
of their long-term monitoring programme (Bodmer et al., 2017). Pir-
anha and other fishes were captured by fishing with cane poles or
gill nets from small boats or canoes in shallow water (<2 m depth)
while tied up to vegetation along the river bank or within the
flooded forest floor. Sampling was conducted within a 2.5 km tribu-
tary of the Samiria River draining Huisto Lake (approximately at
4°53.891'S 74°20.929'W) from 6 to 25 July 2012. Operation
Wallacea Peru Expedition 2012 staff and volunteers identified and
measured (standard length, SL, +0.5 cm) each specimen prior to
release back into the wild. In most cases, we accompanied the sur-
vey and obtained specimens for sound auditioning prior to their
release at the capture location. Occasionally, specimens captured
during fishing surveys were transported to a floating dock at the
base camp and held in a small inflatable pool overnight prior to audi-
tioning and release. Because Operation Wallacea's permits did not
allow for collection of specimens or removal of materials from the
reserve, each fish was photo-documented and georeferenced. Spe-
cies identifications were made in the field or by subsequent exami-
nation of photographic materials.

Piranha were gently hand-held underwater within 30 cm or less
of the hydrophone to audition for sound production, first within a
container (plastic tub, aquarium or inflatable pool as available) and
then within the river. Most fish spontaneously produced sounds
when grasped by hand. Only sounds recorded in the river auditions
are reported herein (except where noted below), because container
size and type could not be controlled and caused unquantifiable sig-
nal distortion. Sound production within the container, the river or
both was recorded using an uncalibrated SQ26-H1 recorder system
with a $Q26-08 Hydrophone (sensitivity = —169.00 re. 1 V/uPa rms,
Cetacean Research Technology, Seattle, WA).

Terminology used to describe the pulse structure of biological
sounds is often confused and inconsistent throughout the literature
due to the wide range of oscillation patterns (see Gerhardt & Huber,
2002 for a detailed discussion of the problem). For example, the
individual pulsed sounds produced by fishes have variously been
described as being composed of “pulses” (e.g., Millot et al., 2011),
“oscillation peaks” (Kaatz & Stewart, 2012) or “cycles” (Mélotte et
al., 2016). The confusion extends to parameters derived from these
measurements as well, so pulse rate might refer to the cycle rate
within a pulse or the rate of pulses within a sound series and it is
not always clear which definition applies in a particular study. We
define a piranha bark as one distinct pulsed sound made up of oscil-
lation cycles with characteristic cycle duration, rate, period and inter-
val. We note that in our case, the cycle rate is also a measure of the
fundamental frequency of the bark (Bradbury & Vehrencamp, 1998;
Gerhard, 2003). A bark series is defined as a bout of barks forming
one temporally distinct sound sequence with characteristic series
duration and component bark duration, interval, rate and period.
Acoustic measurements of selected parameters of all sounds were

made in Raven Pro 1.5 acoustic software (Bioacoustics Research
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Program, 2014) following Charif et al. (2010). Variables are defined
in the Supporting information Table S1. Spectrogram parameters
were set at 1,024 FFT, Hanning window, 50% overlap.

To prevent bias due to pseudoreplication when comparing bark
characteristics among species and within species by fish size, statis-
tics of all acoustic parameters were summarized within each individ-
ual bark series produced by an individual fish, hereafter referred to
as “within-fish” measures, including the mean, standard error of the
mean (SE), minimum, maximum, range and coefficient of variation
(CV) and then averaged over all individuals in a treatment group. For
example, the within-fish peak frequency range is the difference
between the bark with the highest peak frequency and the bark with
the lowest peak frequency in an individual bark series produced by
an individual fish. The within-fish peak frequency range was then
used as a variate in statistical comparisons among species and to cal-
culate the within-fish average (and SE) peak frequency range for
each species. We tested for univariate among-species differences in
natural-logarithm-transformed parameters with an analysis of covari-
ance (ANCOVA) controlling for fish size using SAS/STAT software,
version 12.1 (SAS Institute Inc., 2012). A significant species main
effect and nonsignificant species-by-fish size interaction effect would
indicate differences in the variable among species, while a significant
interaction would indicate that the relationship between the variable
and fish size differed among the species. Because of the low sample
size (three fish), Serrasalmus cf. sanchezi was excluded from the
ANCOVA.

Canonical discrimination analysis (CDA) and multiple analysis of
variance (MANOVA) were used to test for multivariate differences
in transformed within-fish sound characteristics among P. nattereri,
Serrasalmus maculatus, S. cf. sanchezi and Serrasalmus spp. groups,
after first conducting a stepwise discriminant analysis to select a
subset of the variables for group discrimination (Pielou, 1984; Harris,
1985; Friendly, 1991; SAS Institute Inc., 2012). The CDA tests
whether species can be distinguished by their sounds, and if so,
which acoustic parameters contribute the most to the observed dif-
ferences. Pearson correlations of the original (but transformed to
normalize) variables with the derived canonical variables from the
CDAs were calculated to determine which sound parameter con-
tributed most to the group discrimination (Harris, 1985; Friendly,
1991).

Potential differences among species in sound production were
also examined by qualitatively comparing their power spectra. Spec-
tra were measured from three barks from each individual specimen
(specimens with less than three barks in a series were excluded)
using SpectralLab Professional Sound Analysis software (Sound
Technology, Inc., Campbell, CA). Because the recording system was
not calibrated, we could not calculate average spectra for each fish
or species, but since our goal was to compare the shape of the
spectra, rather than the amplitude, each spectra was normalized as
per cent of peak amplitude within the frequency range 94-
1031 Hz (which encompassed the main energy of all species).
Mean and SE for normalized spectra for each species could then
be calculated.

Freshwater Biology =AWV LEYﬁ
3 | RESULTS

Four types of piranha were auditioned in the field and co-occurred
at sampling locations, including P. nattereri, S. maculatus, S. cf. san-
chezi and an unidentified Serrasalmus spp. complex (Figure 1,
Supporting information Table S2). Piranha types sampled are photo-
documented herein (Figure 1) in lieu of museum specimens to help
anchor sounds to specific species in the event of future taxonomic

revisions of the group. Two specimens in the Serrasalmus complex

FIGURE 1 Photographs of representative specimens of each
piranha species examined: (a) Pygocentrus nattereri (specimen 375,
11.5 cm SL, 20 July 2012 at 1612 hr); (b) Serrasalmus maculatus
(specimen 420, 7.5 cm SL, 22 July 2012 at 634 hr); (c) Serrasalmus
cf. sanchezi (specimen 344, 11.5 cm SL, 20 July 2012 at 657 hr); (d)
Serrasalmus spp. complex (specimen 516, 7.5 cm SL, 25 July 2012 at
1021 hr)
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were identified as possible examples of S. compressus. Both pro-
duced sounds, but one escaped before it could be auditioned in the
river. Another 2 cm SL specimen from the Serrasalmus group was
tentatively identified as S. eigenmanni, which produced vigorous
sounds in the air and the inflatable pool, but also was lost before it
could be auditioned in the river. We report basic bark attributes of
the single river auditioned S. cf. compressus, and the single pool audi-
tioned S. cf. eigenmanni (Tables 1 and 2), but otherwise exclude the
two species from further consideration.

A total of 129 piranha were auditioned of which 102 (79%) pro-
duced sounds (Supporting information Table S2). All of the S. macu-
latus auditioned produced sounds, while only three of six
S. cf. sanchezi did. Soniferous fish ranged from 2 to 13.5 cm SL, but

S. cf. sanchezi individuals were significantly larger than other species

(Supporting information Table S2). Interestingly, silent individuals
tended to be larger than vocal individuals. Piranha usually only pro-
duced sounds when specimens were grasped by the hand to remove
them from the hook, or when held in the air or underwater for audi-
tioning. They rarely produced sounds when hooked and landed, or
while in the holding container even when pursued by a net for cap-
ture.

Examples of the spectrogram and waveform plots for individual
barks of each of the four main species groups suggest some differ-
ences in the acoustic properties of individual barks (Figure 2;
Table 1). Frequency parameters tended to be lowest for S. cf. san-
chezi and P. nattereri (Table 1), which were also the largest fishes
(Supporting information Table S2). Barks of Serrasalmus spp. individu-

als tended to have three frequency modes (Figures 2d and 3b),

TABLE 1 Summary statistics of piranha bark acoustic parameters calculated after first taking the mean of each parameter of all barks

produced by an individual fish (e.g., mean of the within-fish means, minimum of within-fish means). All measurements were taken of hand-held
fish in the natural environment, with the exception of the single specimen of S. cf. eigenmanni which was recorded in the audition pool. Values
in each table cell are mean (SEM): minimum-maximum. Parameter definitions are provided in Supporting information Table S1

Parameter
Frequency (Hz)
Low
5th percentile
Q1
Peak
Centre
Q3
95th percentile
High
IQR bandwidth

90th percentile
bandwidth

Bandwidth
Duration (ms)
IQR duration

90th percentile
duration

Duration

Other measures

Aggregate entropy
Average entropy

Number of cycles

Main cycles

Cycle rate
(cycles/s)

Cycle period
(ms/cycle)

Number of fish

Number of barks

Pygocentrus
nattereri

42 (5): 0-187
88 (6): 47-281
140 (10): 70-375
186 (16): 75-469
200 (13): 94-469
281 (16): 141-563
429 (20): 234-853

643 (32):
141 (8): 47-250
342 (17): 146-722

601 (32): 320-1164

30 (2): 11-53
63 (3): 34-103

85 (3): 47-119

2.8 (0.1): 1.5-3.8
2.6 (0.1): 1.3-34
10.1 (0.3): 7.2-13.8
7.6 (0.2): 40-11.2

128 (4): 86-265

8 (<1): 4-12

37-39
176

359-1164

Serrasalmus
maculatus

49 (7): 21-101
110 (8): 64-160
178 (23): 81-328
254 (42): 81-523
252 (31): 132-457
350 (34): 188-555
529 (37): 294-707
911 (151): 402-2437
172 (14): 107-277
419 (33): 230-572

862 (153): 374-2415

22 (4): 6-48
46 (7): 20-98

64 (8): 29-125

3.0 (0.1): 2.4-3.6
2.8 (0.1): 2.2-3.2
9.2 (0.8): 5.1-13.6
7.3(0.7): 4.0-11.6
153 (6): 107-178

7 (<1): 6-9

11-12
126

Serrasalmus cf.

Serrasalmus cf.

Serrasalmus cf.

sanchezi Serrasalmus spp. compressus eigenmanni
27 (9): 9-40 38 (3): 11-78 50 67
71 (11): 59-94 89 (4): 47-141 94 125
135 (38): 94-211 163 (11): 87-288 203 156
152 (38): 94-223 224 (17): 100-448 359 188
173 (44): 114-258 236 (15): 127-391 312 188
244 (78): 147-398 335 (19): 172-531 453 250
390 (145): 223-680 530 (24): 216-891 625 500
621 (151): 328-826 800 (36): 476-1269 1009 885
110 (40): 54-188 171 (13): 47-281 250 94
319 (134): 164-586 442 (24). 117-812 531 375
595 (156): 287-796 761 (38): 443-1258 960 817
29 (8): 19-44 19 (1): 11-34 18 14
61 (13): 43-87 42 (2): 26-62 43 36
83 (14): 63-111 62 (3): 39-85 81 49
2.6 (0.4): 2.2-3.5 3.1 (0.1): 1.7-4.0 3.6 2.5
2.4 (0.4): 2.0-3.2 2.8 (0.1): 1.6-3.6 3.3 2.5
8.3 (0.6): 7.2-9.5 8.4 (0.3): 6.1-11.5 9 8
5.7 (0.5): 4.8-6.4 6.0 (0.2): 4.0-8.7 57 8
105 (7): 91-116 138 (3): 114-160 129 162
10 (1): 9-11 7 (<1): 6-9 8 6
3) 27
19 214 3 3
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TABLE 2 Characteristics of piranha bark series (trains of repeating barks) by species. All measurements were taken of hand-held fish in the
natural environment, with the exception of the single specimen of S. cf. eigenmanni which was recorded in the audition pool. Values in each
table cell are among-fish mean (SEM): minimum-maximum. Parameter definitions are provided in Supporting information Table S1

Pygocentrus Serrasalmus Serrasalmus cf. Serrasalmus cf. Serrasalmus cf.
Parameter nattereri maculates sanchezi Serrasalmus spp. compressus eigenmanni
Barks per series 4.9 (0.6): 2-17 11.3 (1.3): 6-23 3(2.0): 4-11 3(0.8): 2-17 3 2
Series duration 5.1 (0.5): 0.3-10.5 10.3 (1.4): 4.4-18.9 12.6 (4.4): 74-21.4 0(0.7): 1.6-13.8 1.3 1.8
Bark repetition 1.3 (0.2): 0.3-6.7 3(0.2): 0.4-2.7 6(0.2): 0.4-1.0 3(0.1): 0.6-2.3 2.3 1.1
Bark period 1.1 (0.1): 0.2-3.5 0 (0.2): 0.4-2.4 8 (0.4): 1.1-2.3 8 (0.1): 0.4-1.6 0.4 0.9
Bark interval 2.3 (0.4): 0.3-10.2 1.1 (0.2): 0.4-2.9 4 (0.6): 1.3-2.9 1.9 (0.5): 0.6-14.3 0.6 1.7
Bark interval SE 0.7 (0.3): 0.01-7.1 0.2 (0.04): 0.05-0.6 5 (0.03): 0.4-0.5 1.0 (0.5): 0.04-12.6 04
Bark interval CV 46 (5): 1-122 51 (5): 23-94 0 (15): 30-79 76 (8): 20-207 77
Bark interval 1.6 (0.3): 0.2-10.2 0.6 (0.2): 0.1-2.0 4 (0.6): 0.2-2.3 0.5 (0.1): 0.2-1.7 0.3 1.7
minimum
Number of fish 39 12 3 27 1 1
0l (a) 100 -
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FIGURE 2 Spectrograms (left column) and waveform (right g
column) plots of individual piranha sounds plotted on the same 3
130 ms time scale (x-axis). Amplitudes (y-axis) in the waveforms [
are on a relative scale and not comparable among species. g 80
(a) Pygocentrus nattereri; (b) Serrasalmus maculatus; (c) Serrasalmus cf. g'
sanchezi; (d) Serrasalmus spp. complex. Spectrogram parameters were g
set at 1,024 FFT, Hanning window, 50% overlap [Colour figure can =
be viewed at wileyonlinelibrary.com] 70 : : I S : :
94 375 656 938
P. nattereri (Figures 2a and 3a) and S. maculatus (Figures 2b and 3b)
Frequency (Hz)

usually had two modes, and S. cf. sanchezi tended to have a single
mode (Figures 2c and 3a). The fundamental frequency estimated
from the first mode in the spectra plots (which is dependent on the
frequency resolution of the spectral analysis) was 141 Hz for all spe-
cies except for S. cf. sanchezi which appears to have a fundamental
below 94 Hz (Figure 3).
from the waveform (cycle rate) tended to be highest for S. maculatus

Mean fundamental frequency measured

and lowest for S. cf. sanchezi (Table 1).

FIGURE 3 Comparison of mean normalized power spectra
(normalized as per cent of peak amplitude within the frequency
range 94-1031 Hz), among the four piranha types. Spectra were
measured from three barks from each individual specimen
(specimens with less than three barks in a series were excluded).
(a) Pygocentrus nattereri N = 26 and Serrasalmus cf. sanchezi N = 3;
(b) Serrasalmus maculatus N = 13 and Serrasalmus spp. complex

N = 28. Vertical bars are standard error of the mean
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Time (s)

FIGURE 4 Spectrograms of example piranha bark series plotted
on the same 12.8 s time (x-axis) and 1000 Hz frequency (y-axis)
scales. (a) Serrasalmus maculatus; (b) Serrasalmus cf. sanchezi;

(c) Pygocentrus nattereri; (d) Serrasalmus spp. complex. Spectrogram
parameters were set at 1,024 FFT, Hanning window, 50% overlap

Examples of spectrograms of bark series for each of the four
main piranha types are plotted on the same scale in Figure 4 illus-
trating both how bark series differ among species in their temporal
patterns, and how barks vary within the bark series of individual fish.
Movies of the scrolling spectrogram with audio corresponding to
each panel in Figure 4 are provided as Supporting information
individual fish
(Supporting information Table S3). For example, within-fish peak fre-
quency range averaged (+SE): 90 + 17 Hz, 176 + 30 Hz, 47 + 27 Hz

Videos S1-S4. Bark variation was high within
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and 137 + 27 Hz for P. nattereri, S. maculatus, S. cf. sanchezi and
Serrasalmus spp., respectively. The mean within-fish range in the
number of cycles in barks were 3.2 £ 0.5, 5.5+ 1.0, 3.7 £ 0.9 and
4.6 + 0.6, respectively (Supporting information Table S3). The num-
ber of barks in a series of S. maculatus was twice that of P. nattereri,
but their bark repetition rates were similar (Table 2). Bark series
durations and bark periods were greatest in S. cf. sanchezi. The inter-
val between barks in a series was much shorter in S. maculatus than
the other piranha. Average bark series patterns of selected variables
illustrate consistent differences among the four piranha types
(Figure 5). A greater percentage of S. maculatus had longer bark ser-
ies than P. nattereri (Figure 5a). Bark duration tended to decline
within bark series for all species except S. cf. sanchezi (Figure 5c).
Peak frequency declined in longer bark series for each species (Fig-
ure 5b) but the fundamental increased in P. nattereri (Figure 5d).

All acoustic parameters with a significant fish size-by-species
interaction, based on transformed variates, in the ANCOVA are
shown in Supporting information Table S4, while the strongest rela-
tionships are shown in Figure 6. No univariate within-fish, or bark ser-
ies, parameters were significantly different among species groups
independently from fish size. All significant parameters were nega-
tively related to fish size except for cycle period and number of barks
per series. Perhaps surprisingly, the only peak frequency variable to
exhibit significantly different species-by-fish size interactions was the
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FIGURE 5 Comparison of bark series patterns among piranha species: (a) per cent of individuals exhibiting bark numbers (e.g., 49% of
Pygocentrus nattereri have at least 4 barks in a series), (b) mean peak frequency of barks by order in the series, (c) mean duration of barks,
(d) mean cycle rate (fundamental frequency) of barks. Vertical bars are one standard error of the mean. (O = P. nattereri, A = Serrasalmus
maculatus, [] = Serrasalmus cf. sanchezi, {) = Serrasalmus spp. complex) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Effect of fish size on selected acoustic properties with significant differences among piranha species (see analysis of covariance
results in Supporting information Table S4): (a) maximum 95th frequency percentile, (b) maximum 90th percentile of frequency bandwidth,

(c) maximum aggregate entropy, (d) maximum cycle rate, (e) minimum cycle period and (f) number of barks per series. A and solid

line = Pygocentrus nattereri (N = 36 fish), [] and short-dashed line = Serrasalmus maculatus (N = 11 fish), O and long dashed line = Serrasalmus
spp. complex (N = 26). Species with significant regressions are indicated by the asterisk “*”. Plots are of untransformed variables, but statistical

tests were performed on transformed variables

maximum peak frequency exhibited among barks within an individual.
Similarly, the maximum within-fish fundamental frequency (as mea-
sured from the cycle rate) was more strongly negatively related to fish
size and discriminant among species than the mean fundamental (Sup-
porting information Table S4, Figure 6a). Although the number of
cycles in a bark did not show significant size or species effects, sev-
eral cycle rate and cycle period variables did show significant size
trend differences among species (Supporting information Table S4,
Figure 6d,e). Finally, the number of barks in a series was significantly
affected by fish size and different among species (Figure 6f). Among-
species differences in size relationships for most parameters were dri-
ven by differences between P. nattereri and S. maculatus, whereas
Serrasalmus spp. lacked a size effect (Supporting information Table S4,
Figure 6). However, the significant positive interaction of the number
of barks in a series with fish size was driven by a significant trend for
Serrasalmus spp. (Figure 6). Aggregate entropy was negatively corre-
lated with fish size for P. nattereri and S. maculatus indicating that the

number of harmonics declined with fish size, except for Serrasalmus
spp. which tended to have multiple harmonics over the entire size
range (Supporting information Table S4, Figure 6c).

The CDA revealed a highly significant discrimination among the
four species groups tested (Figure 7, Supporting information
Table S5). The first canonical best discriminates among P. nattereri
(negative) and S. maculatus (positive) with Serrasalmus spp. falling in
between. It is most strongly driven by the minimum 90th percentile
bark duration and median cycle period (negative) and the number of
barks in a series and mean range of the 90th percentile bandwidth
(positive). The second canonical best discriminates between the
three-species group (positive) and S. cf. sanchezi (negative) and is dri-
ven most strongly by the median cycle rate (positive) and median
cycle period and mean bark period (negative). Although the CDA
does not control for fish size effects, an examination of the scatter
of fish sizes in the plot (i.e., the size of the dots) suggests size did

not bias the discrimination.
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FIGURE 7 Multivariate comparison of bark characteristics among
piranha types using canonical discrimination analysis of known groups:
Pygocentrus nattereri = red circles labelled “N”; Serrasalmus

maculatus = yellow circles labelled “M”; Serrasalmus cf.

sanchezi = black circles labelled “S’; Serrasalmus spp. complex = blue
circles labelled “U.” Each symbol represents mean measurements from
asingle fish (N = 73). Symbol size is proportional to fish size. Dashed
ellipses are the 95% confidence intervals of the group means. Vectors
are proportional to the canonical loading for each attribute and indicate
their relative influence on the group discrimination. Canonical statistics
are provided in Supporting information Table S5

4 | DISCUSSION

The taxonomy of piranha has been problematic for decades (Géry,
1964; Jégu, Ledo, & dos Santos, 1991; Machado-Allison, 2002; Jégu,
2003; Hubert et al., 2007; Orti, Sivasundar, Dietz, & Jégu, 2008;
Hubert & Renno, 2010) which has confounded our understanding of
the behaviour of fishes in the group. For example, behaviour studies
of S. spilopleura (e.g., Sazima & Zamprogno, 1985) are most likely
attributable to S. maculatus due to taxonomic revisions (Jégu & dos
Santos, 2001; Jégu, 2003). Similarly, reports of S. spilopleura in Peru
are now known to be S. maculatus (Jégu, 2003). Observations by
Sazima and Zamprogno (1985) of the importance of floating vegeta-
tion to S. spilopleura (=S. maculatus) may explain why we did not col-
lect the species until later in the study when the river tributary
began to be choked off by floating mats of vegetation as the water
receded through the dry season.

The following species are currently known from Peru: S. com-
pressus, Serrasalmus elongatus, S. humeralis, S. maculatus, S. rhombeus,
S. sanchezi and Serrasalmus serrulatus (Jégu & dos Santos, 2001;
Jégu, 2003; van der Sleen & Albert, 2017). Thus, our Serrasalmus
spp. is likely a complex of these species. The occurrence of S. cf.
sanchezi in our collections is not surprising as the species was first

described from Cano Yarina, a tributary of the Pacaya River (Géry,

1964), and is known to prefer vegetated shallow shoreline habitats
(Hubert & Renno, 2010). However, photographic attributes of many
of the Serrasalmus spp. individuals we collected (e.g., Figure 1) show
striking similarities with the newly described Serrasalmus odeyssi
from Bolivia (Hubert & Renno, 2010), with many appearing interme-
diate between S. cf. sanchezi and S. odeyssi (Frank Magallanes, Ore-
gon Piranha Exotic Fish Exhibit, https://www.opefe.com, and Michel
Jégu, Muséum national d'histoire naturelle, Laboratoire d'ichthyolo-
gie, Pers. Comm.).

The continued revision of piranha taxonomy and expectation
that additional species will be described may further confuse the
attribution of specific sound characteristic to piranha species
recorded in studies which lack voucher specimens. Unfortunately, in
our case we were forced to rely on photo-documentation of speci-
mens because collection of physical specimens was prohibited. Our
study highlights the need for researchers to deposit georeferenced
voucher specimens in museums to anchor fish sounds to specific
species and specific individuals in sound production studies of fishes.

Because of this taxonomic confusion, we are uncertain of the
species attribution of piranha sounds to S. spilopleura by Kastberger
(1981a,b) who collected specimens in the Rio Negro near Manaus,
Brazil, where S. maculatus may co-occur. Data plotted in his Figure 3
suggest similar bark duration (50-75 ms vs 64 + 8 ms) and funda-
mental frequency (140-150 Hz vs 153 + 6 Hz) between his S. spilo-
pleura and our S. maculatus, respectively (Supporting information
Table S6). Unfortunately, Kastberger (1981a,b) does not report the
size of fish auditioned for sound production, and fish used for mor-
phology were adults purchased from commercial dealers. A compar-
ison of our data with Mélotte et al. (2016) suggests S. maculatus has
a shorter bark duration (64 ms vs 73 ms) than S. spilopleura but a
similar fundamental frequency (153 Hz vs 149 Hz). We therefore
tentatively assume Kastberger's (1981a) S. spilopleura is correct and
our observations for S. maculatus to be new. Our sound recordings
of S. cf. sanchezi are also new.

Sound durations of P. nattereri barks in this study were nearly
identical to those reported by Mélotte et al. (2016) but were much
shorter than those reported by Millot et al. (2011), most likely due
to the effects of fish size (Supporting information Table Sé). Simi-
larly, our fundamental frequency estimate of 141 Hz based on the
spectra (Figure 3a) and 128 Hz based on the waveform (Table 1)
falls within the range of other studies (Supporting information
Table Sé).

Millot and Parmentier (2014) reported that bark and cycle dura-
tions increased significantly with fish size in P. nattereri, but that
bark dominant frequency declined, while the number of cycles
increased before declining at larger sizes. Mélotte et al. (2016)
reported similar findings, but also found that size effects were not
exhibited by all species. Sound duration declined with fish size for
S. elongatus but increased for Serrasalmus marginatus and P. nattereri.
Cycle period of the first two cycles increased for P. nattereri and
marginally for S. marginatus, while the fundamental frequency
declined with fish size for S. elongatus, S. rhombeus, S. eigenmanni
and P. nattereri. Our study, controlling for within-fish variation, did
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not find significant relationships with fish size for bark duration or
peak frequency for any species (though the trends were similar), but
did find significant relationships with related variables. The funda-
mental frequency (cycle rate) declined with fish size, but the trend
was strongest for the maximum fundamental frequency within a bark
series for S. maculatus and P. nattereri (Supporting information
Table S4). In other words, smaller individuals were more likely to
have at least one bark in a bark series with a higher fundamental
than the highest fundamental in larger fish. While the duration of
individual barks was not significantly related to fish size, the number
of barks within a bark series was (Figure 6f). We did not measure
cycle duration directly but found cycle period to be positively related
to fish size (Figure 6e), while cycle rate (fundamental frequency) was
negatively related (Figure 6d). Although we did not observe the
expected relationship of peak frequency to fish size, other frequency
variables were significantly related to fish size, most importantly the
95th percentile and the 90th percentile bandwidth (Figure 6a,b).
These observations suggest that differences in the characteristics of
barks within individual bark series produced by individual fish have
the potential to indicate important behavioural or physiological regu-
lators of sound production.

Although previous studies of piranha sounds have focused on
describing the characteristics of individual barks, we note that a lot
of temporal information is contained within a bark series (e.g., num-
ber of barks, intervals between barks, variation in bark acoustic fre-
quency, including the fundamental, duration, cycle structure), which
can be used to identify fishes. Our observations of the influence of
bark order within a bark series on bark parameters (Figure 5) suggest
that studies that pool sounds from individual fish might confound
effects of bark order with fish size and species. Attempts, such as
ours to reduce this potential bias by using means for each fish (or
other statistic), only partly work. A better approach might be to use
repeated-measures analysis that take into account the ordered pat-
tern in the bark series, but that requires large sample sizes (i.e.,
sounds from more individuals). It is also possible that some of this
pattern information may have biological significance. For example,
the length of the series (number of barks), and timing of changes in
bark duration or fundamental frequency (Figure 5), may code for
species, gender, individual or some aspect of physiological condition.

Although we assumed that the occurrence of silent individuals in
our study resulted from fatigue after capture, the tendency for larger
fish to be silent is puzzling. We note that Millot and Parmentier
(2014) also reported unexpectedly finding two of the four individuals
in their largest size class of P. nattereri to be mute. In fact, there is
some suggestion that larger piranha may become mute due to
changes in sonic muscle physiology with growth and/or lack of use
in captive specimens (Eichelberg, 1977, 1978; Millot & Parmentier,
2014). Observations of a decline in bark amplitude in larger P. nat-
tereri, after an initial increase with size (Millot & Parmentier, 2014),
might also be explained by a gradual decline in function due to atro-
phy of sonic muscles in captive specimens.

Although the relationship among acoustic parameters and fish
size was clearly different among the species (Supporting information
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Table S4, Figure 6), such relationships are not as useful in PAM
applications. In order to use PAM to study the temporal and spatial
distribution of soniferous species, we must be able to reliably iden-
tify fish by the acoustic structure of individual sounds, or of sound
series when they can be identified. Like Mélotte et al. (2016), we
found that even closely related piranha can be distinguished by their
sounds with multivariate approaches. Unfortunately, no single
parameter could be used to identify piranha species. However, our
observations demonstrate that species can be distinguished by their
sounds under field conditions, using easily measured characteristics,
despite the presence of high levels of background ambient sound
compared to controlled laboratory studies. Suggestions of bias in
sound production characteristics due to muscle atrophy in captivity
(see discussion above), and recent findings of unexplained differ-
ences in fish sounds recorded in the laboratory versus those
recorded in the natural habitat (e.g., Holt & Johnston, 2014), suggest
that in situ recordings may be preferable for developing PAM meth-
ods whenever possible.

Unfortunately, sound characteristics routinely reported in the lit-
erature for most fishes would not have been adequate to distinguish
piranha sounds that would typically be recorded in PAM studies.
That is, we need more than basic parameters like peak/fundamental
frequency, bark duration, and cycle rate (although these parameters
are of critical importance to behaviour and morphology studies). In
fact, at least for piranha, it appears that other frequency measures,
such as bandwidth, are more useful, regardless of their biological
function. Publishing detailed statistical data on fish sounds, including
more fully describing the frequency structure of sounds, structure of
sound series and within-fish variation in these measures, is essential
to rigorous comparisons of sound production among species, and
they are critically needed to develop reliable PAM of habitats and
ecosystems where sounds of many species occur.

In conclusion, we demonstrate that piranha species can be distin-
guished by relatively easily measured variables with a multivariate
approach based on sounds recorded under natural conditions. How-
ever, differentiation is greatly improved with the addition of mea-
surements of the cycle structure of the barks. Although it is
generally not possible to include fish size measurements in PAM
data, it is often possible to identify discrete bark series that can be
attributed to individual fish due to their temporal isolation. In that
case, measurements of bark series parameters and variation in bark
characteristics within a bark series can greatly enhance species dif-
ferentiation. Although we doubt that PAM would be effective to
measure piranha abundance, it can be useful to identify locations
where piranha are active and in field studies of their behaviour. For
example, preliminary processing of recordings of ambient sounds in
our study area suggest that piranha sounds may be useful for detect-
ing locations where they are actively feeding (Pers. Obs.).
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