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Acoustic competition in the gulf toadfish Opsanus beta:
Acoustic tagging

Robert F. Thorson? and Michael L. Fine®
Department of Biology, Virginia Commonwealth University, Richmond, Virginia 23284-2012

(Received 28 September 2001; revised 9 January 2002; accepted 6 Februgry 2002

Nesting male gulf toadfis®psanus betgroduce a boatwhistle advertisement call used in male—
male competition and to attract females and an agonistic grunt call. The grunt is a short-duration
pulsatile call, and the boatwhistle is a complex call typically consisting of zero to three introductory
grunts, a long tonal boop note, and zero to three shorter boops. The beginning of the boop note is
also gruntlike. Anomalous boatwhistles contain a short-duration grunt embedded in the tonal portion
of the boop or between an introductory grunt and the boop. Embedded grunts have sound-pressure
levels and frequency spectra that correspond with those of recognized neighbors, suggesting that one
fish is grunting during another’s call, a phenomenon here termed acoustic tagging. Snaps of nearby
pistol shrimp may also be tagged, and chains of tags involving more than two fish occur. The
stimulus to tag is a relatively intense sound with a rapid rise time, and tags are generally produced
within 100 ms of a trigger stimulus. Time between the trigger and the tag decreases with increased
trigger amplitude. Tagging is distinct from increased calling in response to natural calls or
stimulatory playbacks since calls rarely overlap other calls or playbacks. Tagging is not generally
reciprocal between fish, suggesting parallels to dominance display2002 Acoustical Society of
America. [DOI: 10.1121/1.1466865

PACS numbers: 43.80.Ka, 43.80.[WA]

I. INTRODUCTION IIl. METHODS

Toadfish produce sounds by contracting extremely fast  Boatwhistles were recorded from a hydrophone installa-
muscles on the sides of a heart-shaped swimbldddéts  tion placed on the bottom of a bayside canal at Plantation
originally shown by Skoglund,the muscle contraction rate Key, Islamorada, FL. We listened to over 300 hours of un-
generates the fundamental frequency of their sounds. Toaderwater sound in 200@Gounds were heard from January 9
fish of both sexes in the subfamiBatrachoidinaeproduce to April 4) and over 200 hours in 20028 December 2000
short pulsatile grunts in agonistic situatidhd,and nesting to 4 May 2001. Most attention was devoted to the crepus-
males produce a long-tonal boatwhistle advertisemengular period, when calling rate increases, although recordings
call®®? that functions in male—male competition and in fe- were made at various times. We present detailed @atan-
male choice:'*~'* Males increase their calling rate in re- tification of all grunts and boatwhistlegrom a typical 2-h
sponse to calls or playbacks of nearby mafes? and fe-  twilight recording from 12 March 2000. Additional qualita-
males have been attracted to playbacks in pen ¥&the  tive and quantitative observations from other recordings in-
boatwhistle begins with a gruntlike component before exhibdicate these results are typical until near the end of the mat-
iting a clear fundamental frequency with harmoni@psa-  ing seasor(see Sec. il
nus tau and Haplobatrachus didactylugproduce a boat- The hydrophone was at approximated m depth and
whistle of a single not&? but the gulf toadfistDpsanus beta abou 3 m from the sea wall. The canal is about 26 m wide
produces a more complex céit’ Its boatwhistleg[Fig. 3@]  and 230 m long and leads out to Florida Bay. The sea wall is
includes from zero to three introductory grunt pulses fol-made of coquina block and extends down about 2 m. The
lowed by a long tonal boop note and up to three shortepottom of the canal is coral covered by silt and vegetation.
boops'? Males call occasionally and irregularly during the The hydrophone installation remained fixed in the water dur-
day and increase their calling rates around sulisétCall-  ing the course of the study. Sin@psanus tatboatwhistles
ing males remain in nests for extended periotfoyhich has  attenuate rapidly with distance in shallow wakewe tested
allowed us to separate the calls of individual fish by theirthe hypothesis that acoustic interactions and tagging are re-
sound parameters. stricted to nearby fish by making several additional stereo

Fine™ recorded anomalous boatwhistles@psanus tau  recordings utilizing a second hydrophone positioned along
that contained a grunt embedded within the tonal portion othe sea wall 4 m to théeft of the first one. Although two
the call. We examined this phenomenon in the gulf toadfisthydrophones are insufficient to localize a position, marked
Opsanus betdiving in a canal in the Florida Keys and changes in level between the two channels would suggest
present evidence that it is caused by a second fish gruntingat it is unlikely for fish to communicate over long dis-

during the call, i.e., acoustic tagging. tances.

The ceramic piezoelectric hydrophone and ac amplifier
dpresent address: 133 Mockingbird Rd., Tavernier, FL 33070. (deS|gned and COHStrU.Cted' by RoberF F. Tho}swere bat-
YElectronic mail: mfine@atlas.vcu.edu tery powered and built with low-noise components. The
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sounds were transmitted to a receiver via a Wavecom Sr,
2.4-GHz microwave transmission link, demodulated, and
then stored digitally on the hard disk of a CTX FC3A300
computer and archived on CD. The hydrophone and ampli-
fier were sensitive from 14 H@B-dB down point to nearly

20 kHz. Most energy in toadfish calls is below 1 KPiand
Opsanus tathears to about 800 HZ.

Boatwhistles were analyzed using a sampling rate of
11020 Hz with SPECTRA-PLUS PROFESSIONALVersion 4.0
software on the CTX FC3A300 computer. Because fish were
of unknown distance from the hydrophone, sound-pressure
levels were determined in dB relative to full scale on the
monitor, and frequency spectra were determined using a
1024-point fast Fourier transform with a Hanning window.

As in previous work'® we identified boatwhistles of in-
dividual callers by a combination of their signal level, fre-
guency spectra boop number, and duration. Grunts were also
sufficiently stereotyped that we attempted to separate indi-
viduals similarly by a combination of frequency and ampli-
tude on their frequency spectf&igs. 1 and 2 For this
analysis we obtained one representative frequency spectrum
for each of the four fish weekly for 9 weeks. Since fish 4 did
not call for 2 of these weeks, it was represented with seven
spectra. Amplitude values were obtained from each spectrum
at 50-Hz intervals and averaged for each fish. Data were
analyzed with a two-way analysis of varian¢ANOVA)
with frequency and fish number as the two factors. Grunts
were also separated into clusters by plotting the peak fre-
guency against the amplitude at that frequency.

For analysis of tagging, each grunt was individually
identified as coming from one of four nearby fish by deter-
mining its frequency spectrum and comparing it with repre-
sentative templates from the individual fish. Latencies to tag,
i.e., time from a soundgrunt or gruntlike portion of a boat-
whistle) to grunt tag were measured in milliseconds using the
oscilloscope display in the analysis software. In cases with
multiple potential tag trigger§i.e., two separate grunts be-
fore a boatwhistle and the beginning gruntlike portion of the
boatwhistlg, we considered any tag occurring later than the
shortest tag latency recorded from that fish to be triggered by
that soundsee Sec. Ill for further clarification

In order to demonstrate that tags are in fact triggered by
an acoustic stimulus rather than being a random occurrence,
we examined every grunt produced by fish 1 during the 2-h
recording on 12 March 2000 and measured the time from the
preceding stimulus that could have triggered the grunt. This
interval could potentially vary from a small number of mil-
liseconds to many seconds or even minutes. A histogram of
this data(equivalent to a time-interval histogram in neuro-
physiology will indicate whether grunts occur randomly in
time or are tied to a specific stimulus.

Amplitude (dB)

Amplitude (dB) Amplitude (dB)

Amplitude (dB)

-10-
220
30
40
-50]
60

-704

-10 4
20
.30
40
-50]
60

-704

10
220
.30
-40 ]
.50
60

-70.

-10-
204
230
-40]
.50

-60 4

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000

50
100

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000

-704

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000

150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000

Fish 1

Fish 2

Fish 3

Fish 4

Frequency (Hz)

FIG. 1. Mean amplitudet s.d. at 50-Hz intervals determined from fre-
guency spectra of individual grunts obtained weekly over the course of 9

[ll. RESULTS

weeks for fish 1-4N=7 for fish 4 who did not call during two of the

recordings. Spectra were determined with a 1024-point fast Fourier trans-

A. Individual identification

form and a Hanning window.

Four fish (fish 1-4 remained close enough to the hy- rations based on boatwhistle parametéfgys. 1 and 2
drophone to be recognized repeatedly. Grunt frequency speGomparison of the frequency spectra by fish number and
tra are relatively stable for weeks, and differences in soundrequency with two-way ANOVA is highly significant. There
amplitude with frequency vary among fish and support sepais a significant interaction accounting for approximately
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FIG. 2. Plot of peak amplitude in dB against the frequency of peak ampli- 1 —t
tude for individual grunt spectra of all four fisiseparate symbolsData 100 T 100 ms / div
points represent a single grunt per week recorded on 9 separate \Weeks. c
=7 for fish 4 who did not call during two of the recordings. % FS 0-
22.85% of the variance Hg;go=10.62,0<<0.0001). Be- -100

cause of the interaction, row and column effects are difficult
to interpret and will be given here as approximations. FreFIG. 3. Sounds oDpsanus beta@ Typical boatwhistle advertisement call

; 0 - with an initial grunt(G); a long tonal booggB1) and two shorter boopd2
quency accounts for apprOX|mater 18.45% of the total vari and 3. (b) Sonogram andc) Oscillogram of a boatwhistle produced by fish

ance €19,605= 25-721p_< 0.0001), and fish number accounts 5 it was tagged by fish 1. The T marks the tag, which has a greater
for 36.06% of the varianceH; go=318.42p<<0.0001), the  amplitude and lower frequency energy than the call of fish 2.
largest of the three factors. For our current purposes it is

unnecessary to compare the amplitude values for the fOL1E)cation at a greater distance from the other fish, as sug-
fish individually at each of the 20 frequencies, but it is clear 9 . . ) 9
ested by the lower amplitude level evident in its frequency

that there are major differences in the frequency SpeCtrspectrum(Fig. 1. In early April 2001, toward the end of the

among these individuals. Likewise, plots of the peak dB™" . . .
. . mating season, three of the fish appeared to move from their
level against frequency separate the four fish into clusters

with no overlap in peak frequend§ig. 2. Although there is original territories, causing t_helr sound Ievgls to chan.ge. Fish
: . . N L 1 ceased spontaneous calling on 24 April but continued to
no independent confirmation of fish identity in field record-

: : S . tag occasionally. At this time we encountered incidents of
ings, our separation of individuals is reasonable and parsi-

monious reciprocal tagging.
. The decision to tag is made rapid(ifig. 5. Latencies

B. Tagging

We recognize tagging in about a third of the boat-
whistles emitted during the crepuscular period during the
two winter—spring seasons. Tagging is abg@M00 or rare
(2001 during daylight hours. Note that the tag by fish 1 of
fish 2[Figs. 3b) and(c)] has both lower frequency compo-
nents(sonogram and greater amplitudéoscillogram than
the grunt or the gruntlike beginning of the boatwhistle of fish
2. Fish also tagged snaps of snapping shriiig. 4), and
both snaps and toadfish calls could set off chains of multiple
tagging [Fig. 4(c)]. During the recording session, fish 1
tagged boatwhistles of all the other fi§h32 tag$, concen-
trated on fish 2(128 tag$, and shrimp(42 tags, but was
tagged itself only twice. Fish 2 tagged 251 times and was
tagged 149 times. Fish 3 and 4 tagged 20 and 3 times, re-
spectively, and were tagged 234 and 18 times. The number of
boatwhistles produced by fish 1-4 is relatively simil285,
372,282, and 197, respectivglput the number of untagged
calls is higher in fish 1 and 233 and 22Dthan in fish 3 and
4 (48 and 179 The percentage of tagged calls for the four isFIG. 4. Tags of shrimp snapsa) Oscillogram of a pistol shrimp snap

0 0 0 0 ; ; tagged by fish 1 with a latency of 41 ms shown in real tiri®. Same
0.9%, 41%, 83%, and 9%, respectively. Fish 4 produced onl election expandedc) Chain of tags initiated by a shrimp snap that is

three tags, _bUt _it was tz_;lgge(_j OnIY_ 18 ti_mes- The smaller NUMagged by fish 3. The fish 3 tag is then tagged by fish 2, who in turn is tagged
ber of tagging interactions involving fish 4 may relate to itsby fish 1.

1 sec / div

50 ms / div

S F3 F2 Fl
100 ms / div
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FIG. 5. Histogram of tag latencies on 12 March 20@).Latency of fish 1
tags of fish 2 boatwhistlegb) Latency of fish 1 tags after correction for
triggering on grunt 1, grunt 2, or the initial gruntlike portion of the first
boop.(c) Latency of all tags from the four fish after correcting for timing of
trigger stimulus.
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FIG. 6. Relationship of latency to peak amplitude for 144 shrimp snaps
tagged by fish 1 on 21 March 2000. The regression equation is latency
=—46.13-4.36 dB.

64 ms for fish 3, and 56 ms for fish 4 to tag a gr(indid not

tag shrimp snaps in this recording\fter correcting for the
trigger, latencies from all fish are similar, and average 68.7
+23.7 ms(s.d) [Fig. 5c)].

The trigger to tag is a relatively intense sound with a
rapid rise time, a feature shared by toadfish grunts and
shrimp snaps. Toadfish tend to tag more snaps when there are
few boatwhistleqi.e., early in the crepuscular period before
the toadfish increase their calling rate or on days with little
calling). From a session with few call21 March 2000, we
measured latencies of fish 1 to tag 144 shrimp siBjzs 6).
Snap amplitudes vary by over 20 dB, suggesting shrimp are
in different positions relative to the hydrophone and there-
fore the focal fish. There is a linear relationshif € 0.73)
between latency and amplitude so that latencies range from
34 to 144 ms for snaps ranging from21 to —43 dB). Re-
siduals from the regression line increase for weaker snaps,
likely because the hydrophone was not immediately next to
the fish.

Measurement of the intervals between each grunt pro-
duced by fish 1 and the preceding sound., potential trig-
gen in the 2-h recording indicate that tags occur immediately
after a trigger stimulus and not randomly in tirtieg. 7). Of
178 grunts, 168 occur within 150 ms of a toadfish sound or a
shrimp snap. Time intervals vary between 32 and 1630 ms,
and the median interval is 73 ms. With 178 grumt<ih and

from the recording are as short as 41 ms for a pistol shrimp
snap, which has a faster rise time than a toadfish grunt, and
53 ms for a grunt tagged by fish 1. Longest latencies are
approximately a third of a second. The latency histogram of
fish 1 tagging fish 2 is bimodal, with the first peak between
53-110 ms and a pause of over 43 ms before the start of the
second moddFig. 5a)]. Fish 2 sometimes produced two
grunts before the gruntlike beginning of the boop. Using
these three events as possible triggers, we estimate the la-
tency by counting any tag occurrinrg53 ms(the latency of

the shortest tagged grurds evoked by that trigger. With this
correction almost all tags occur within the first time mode
[Fig. 5(b)]. There are 25 tags after the first grunt, 12 after the
second, and 63 after the gruntlike beginning of the boop.

Number

40

Latency (10 ms/ Bin) to 1630

Sim”ar.ly’ earliest Igtencies to tag shrimp Snaps_ and calls OﬂgIG. 7. Histogram of intervals between the preceding sdgndnt or snap
other fish, respectively, are 43 and 44 ms for fish 2. 48 andnd all 178 grunts produced by fish 1 in 2-h recording on 12 March 2000.
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a time interval of 150 m$a conservative value that includes with a rapid rise time, and the decision to tag is usually made
94% of the grunts by fish)1the sum of all grunt intervals is within 100 ms. The shrimp snap is an intense signal with a
26.7 s out of 7200 s (120 mi60 s/min). Dividing the shorter rise time than the toadfish gryfig. 4(b)], and the
number of grunts into the session duration indicates thaghortest latency was faster for a snap than for a toadfish
grunts would occur at an average of 40-s intervals if progrunt. Most of the energy in the shrimp snap is above the
duced randomly. Clearly, these grufsir tag$ are triggered  audible frequency range of toadfi¢hbout 800 Hz inOpsa-
by an acoustic stimulus and are not a random occurrence. nus tay,!’ but the snap’s lower frequency components will
Late season recording with two hydrophortafier three  pe audible to the toadfish. We suggest that snaps are tagged
of the fish had moved from their original positionsdicates  because they mimic characteristics that stimulate the toadfish
that fish 1, 2, and 4 were closer to hydrophone 1, and fish 3nd not because of interspecific communication. Observa-
was closer to hydrophone 2; representative differences ifions that toadfish tag shrimp snaps more frequently at times
sound levels between the hydrophones for the four fish wer@jth few toadfish calls suggest an ability to discriminate
3,4, 9, and 16 dB. Figure 8 illustrates a two-hydrophonesnaps from grunts, a remarkable feat considering the short
recording of a chain of tags in which the second grunt of fishatency for a decision.
4 is tagged by fish 1, who in turn is tagged by fish 3. The  gjnce we cannot localize the position of the calling fish
grunts of fish 4 are, respectively, 4.5 and 3.3 dB greater ofith two hydrophones, comparison of levels of sounds of the
hydrophone 1, and the tag by fish 1 is 9.6 dB greater oRaqgging and tagged fish are not clearly meaningful. However,
hydrophone 1. Fish 3, however, whose tag would not bg gifference of as much as 16 dB between two hydrophones
recognized above the boatwhistle on the oscillogram frony 1 apart indicates rapid attenuation of these signals with
hydrophone 1, is at least 0.7 dB greater than the boatwhistigisiance in this shallow-water habitat. Further, a tag by fish 3
on hydrophone 2. A peak dB measurement of the highesk 4jmost completely masked in the oscillogram of the boop

amplitude of the most prominent frequency in the tag, whichg, by drophone 1. Rapid attenuation of signals with dis-
removes the background level of the boatwhistle, is 6.5 dBtance in other toadfidf'® and a damselfidf likewise sup-

higher on hydrophone 2. ports the notion that communication @psanus betas re-
stricted to short distances in shallow water.

Fisht® apparently stimulated tagging experimentally in

The finding that gulf toadfish can gruftag) during the  Opsanus tauwithout recognizing the phenomenon. Play-
boatwhistle of another solves the riddle of boatwhistles rebacks of boatwhistles or tone bursts at a rapid rate to calling
corded with embedded grunts in the oyster toadi@psanus  toadfish will stimulate them to call fast&r!? but playbacks
tau).'® Latencies were not measured in the earlier study, buof continuous tones suppress callffgPlaybacks of two 6-s
they appear to be longer i®. tau than O. beta perhaps tone bursts with a silent interval between the bursts stimulate
because th®. taucall is simpler, typically without preced- toadfish to produce a boatwhistle in the silent period. By
ing grunts that could cue the tagging fish. Gulf toadfish tagshortening the interval between the bursts, Fish succeeded in
calls of nearby fish and snapping shrimp, and generally iggetting toadfish to call with a “minimum auditory time” of
nore less intense calls of toadfish located at a greater di$0 ms and more commonly response times of 120 to 140 ms.
tance. The stimulus to tag appears to be an intense soubout 90% of the boatwhistles began in the silent interval

IV. DISCUSSION
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even when the intervals were only 0.26—0.32 s long. Theséc. R. Skoglund, “Functional analysis of swimbladder muscles engaged in

playbacks also evoked grunse., our tags which FisH° sound production of the toadfish,” J. Biophys. Biochem. Cyi®(Supp),

; ; ; 187-200(1961).
interpreted as aborted boatwhistles. Grunts became InCreaSM. P. Fish, “Character and significance of sound production among fishes

ingly common as the intervals shortened, and 521 of 535 o the western North Atlantic,” Bull. Bingham Oceanogr. Cdl, 1—109
grunts occurred in the first 100 ms of the second tone burst, (1954.
with most Occurring within 70 ms, approximate'y the same 5G.A. Gray and H. E. Winn, “Reproductive ecology and sound production

: .. . of the toadfishOpsanus tayi Ecology 28, 274—-282(1961).
time as our average Iatency to tag. We suggest that it IssW. N. Tavolga, “Underwater sounds produced by two species of toadfish

highly Unlike'y for a fish to hear a neighbor’sf boatwhistle  opsanus tawnd Opasnus beta Bull. Mar. Sci. 8, 278—284(1958.
clearly over his own call, react to that boatwhistte tone- "T. D. Waybright, U. Kollenkirchen, and M. L. Fine, “Effect of size and
burst playback and then somehow abort a caditop the sex on grunt production in the oyster toadfish,” Soc. Neurosci. Al§fr.

. . 578(1990.
motor message already descending from the foreﬁpa%hn 8M. E. Dos Santos, T. Modesto, R. J. Matos, M. S. Grober, R. F. Oliveira,

such a short time window, presuming of course that it can ang A. canario, “Sound production by the Lusitanian toadfisiobatra-
stop it at all. chus didactylug Bioacoustics10, 309—321(2000.
The rapid reaction time for tagging and placing a boat- 9M. L. Fine, “Seasonal and geographic variation of the mating call of the

. . . . h oyster toadfistOpsanus tayi Oecologia 36, 45—-57(1978.
whistle in the silent interval between tones is supported bYo;” ¢ Fich The effect of sound blayback on the toadfish, Biehavior of

intimate connections of the auditory and motor pathways in marine Animals, Vol. 2edited by H. E. Winn and B. OlléPlenum, New
toadfish?*%3Routine electrical stimulation of the mating call _ York, 1972, pp. 386-434.

in the forebrain but not lower centéf<! suggests that the H. E. Winn, Vogal fapllltatlon a}nd the biological significance of toadfish
sounds,” in Marine Bio-acousticsedited by W. N. TavolggPergamon,

decision to tag is made at higher centers rather than being &y, vork, 1967, pp. 213-231.

reflex. 12K, E. Winn, “Acoustic discrimination by the toadfish with comments on
We believe that tagging is an undescribed phenomenonsignal systems,” irBehavior of Marine Animals: Current Perspectives in

in animal communication. It is quite different from a facili-  Research, Vol. 2. Vertebraesdited by H. E. Winn and B. L. Oll&Ple-

d h I lavback . dfi num, New York, 1972 pp. 361-385.
tated response to other callers or playbacks since toadfi . F. Thorson and M. L. Fine, “Crepuscular changes in emission rate and

boatwhistles rarely overlap in the field3It is also different  parameters of the boatwhistle advertisement call of the guif toadBigh,
from phenomena like production of the “co” note of the _sanus betg Environ. Biol. Fish 63, 321-331(2002.
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