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Bottlenose dolphins, Tursiops truncatus, exhibit flexible associations in which the compositions of
groups change frequently. We investigated the potential distances over which female dolphins and
their dependent calves could remain in acoustic contact. We quantified the propagation of sounds in
the frequency range of typical dolphin whistles in shallow water areas and channels of Sarasota Bay,
Florida. Our results indicated that detection range was noise limited as opposed to being limited by
hearing sensitivity. Sounds were attenuated to a greater extent in areas with seagrass than any other
habitat. Estimates of active space of whistles showed that in seagrass shallow water areas,
low-frequency whistles �7–13 kHz� with a 165 dB source level could be heard by dolphins at
487 m. In shallow areas with a mud bottom, all whistle frequency components of the same whistle
could be heard by dolphins travel up to 2 km. In channels, high-frequency whistles �13–19 kHz�
could be detectable potentially over a much longer distance ��20 km�. Our findings indicate that the
communication range of social sounds likely exceeds the mean separation distances between
females and their calves. Ecological pressures might play an important role in determining the
separation distances within communication range. © 2006 Acoustical Society of America.
�DOI: 10.1121/1.2226559�

PACS number�s�: 43.80.Ka �WWA� Pages: 1671–1683
I. INTRODUCTION

Understanding how acoustic signals are used by animals
to communicate is basic to describing how relationships are
formed and maintained. This is particularly important in tur-
bid aquatic environments such as those inhabited by coastal
bottlenose dolphins �Tursiops truncatus�. Bottlenose dol-
phins leave and rejoin their conspecific associates frequently
and acoustic communication might be used to find and locate
distant conspecifics. The maximum distance that an acoustic
signal can travel is likely the maximum distance over which
associates can remain in contact with one another �Brenow-
itz, 1982; Klump 1996�. However, the hearing capabilities of
a species must be taken into account along with environmen-
tal features affecting sound transmission to understand how
far a signal can travel before it drops below the masked
auditory threshold or noise floor limiting communication.
Therefore, knowledge of the maximum propagation distance
of an acoustic signal, the characteristics of ambient noise,
and the hearing capabilities of bottlenose dolphins is impor-
tant for understanding what constitutes a group; if individu-
als are within communication range they may be part of the
same social unit despite being temporarily separated. The
approach is valuable to understand if individuals considered
as different groups based on their distance of temporary
separation �Wells and Scott, 1990; Smolker et al., 1993�
could be part of a single group maintaining acoustic contact.

This paper estimates the communication range of social
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sounds produced by bottlenose dolphins that are within the
hearing threshold of the species.

Bottlenose dolphins use sounds known as whistles to
contact conspecifics over long distances �Janik and Slater,
1998; Caldwell et al., 1990�. Whistles are narrow-band,
frequency-modulated sounds ranging from 4 to 20 kHz
�Caldwell et al., 1990�. Janik �2000a� revealed that wild,
unrestrained dolphins located at distances up to 580 m apart
could mimic each other’s whistles. He proposed this as evi-
dence that dolphins use whistles to communicate over long
distances. The active space of a signaler is the distance that a
signal can be detected and recognized by a receiver �Bre-
nowitz, 1982; Klump, 1996; Janik, 2000b�. In the only study
on communication ranges in bottlenose dolphins, Janik
�2000b� examined propagation of natural dolphin whistles in
a 10 m deep channel by measuring source levels and then
estimating propagation and the active space using a model.
He found that the active space where dolphins could perceive
unmodulated whistles between 3.5 kHz and 10 kHz was be-
tween 20 km and 25 km at sea state zero.

Sound propagation can be dramatically affected by the
habitat through which sound travels �Rogers and Cox, 1988;
Forrest, 1994; Tyack, 2000; D. P. Nowacek et al., 2001�.
Large reflecting surfaces or vegetation attenuate some fre-
quencies and amplify others �Michelsen and Larsen, 1983�.
In the aquatic environment, habitat features such as bottom
type, bathymetry, temperature, salinity, and vegetation affect

the transmission and reception of sounds �D. P. Nowacek et
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al., 2001�. The effect of vegetation is not surprising since it
acts as a discontinuous barrier to the transmission of sound.
Researchers have also found that in shallow waters, low fre-
quency sounds do not propagate as far as high frequency
sounds �Forrest et al., 1993; Forrest, 1994�. This suggests
that dolphin whistles may be affected by environmental vari-
ables. Hence, as in other species, the structure of dolphin
signals might represent an acoustic compromise balancing an
ensemble of ecological and perceptual factors �Wiley and
Richards, 1978; Brown et al., 1979�.

Other factors determining whether a sound is detected
and identified by an individual are the animal’s hearing
threshold, critical ratio, and the spectrum level of back-
ground noise. In bottlenose dolphins, the lowest hearing
thresholds are in the frequencies near 50 kHz �Johnson,
1967�, but whistles have much lower frequencies. Johnson
�1967� found that below 50 kHz the threshold increases con-
tinuously with decreasing frequency to a maximum of about
137 dB at 75 Hz. Information on the background noise levels
is also necessary to estimate the active space of whistles
since high-noise levels can significantly mask a sound. The
critical ratio is defined as the difference between the level of
a just-detectable tone and the spectrum level background
noise spanning the same frequency �Johnson, 1968; Janik,
2000b�. Like the hearing threshold, critical ratios are also
frequency-dependent and they have been calculated for fre-
quencies within the whistle range �Johnson, 1968�.

We conducted a series of sound transmission experi-
ments to quantify the propagation of sounds in shallow water
areas and channels in Sarasota Bay, FL. This habitat is quite
different from the Moray Firth studied by Janik �2000b�, in
that it is very shallow and many areas contain seagrass. In
contrast, the Moray Firth is an unusual habitat for coastal
dolphins because the inner waters have depths of up to about
50 m. The outer waters resemble the open sea more with the
deepest areas being up to 235 m �Wilson, 1995�. The Moray
Firth is the northern extreme of the species range. The shal-
low water of Sarasota Bay provides an excellent opportunity
to estimate the active space for typical coastal bottlenose
dolphins. We examined the effects of habitat characteristics
such as depth, bottom type, vegetation, and bottom sediment
on sound propagation. We used regression models to esti-
mate maximum distance of detection taking into account the
hearing capabilities of bottlenose dolphins, the background
noise levels, and the critical ratios for masking sounds. We
also examined the active space of different types of whistles
in the same habitats where experiments were conducted. This
allowed us to compare estimates of maximum communica-
tion range with the distances of separation observed during
observations of wild dolphins.

II. MATERIALS AND METHODS

This study consisted of three basic components: �1� be-
havioral observations of mother/calf pairs to identify the
habitats that they used and where they temporarily separated,
�2� sound propagation experiments at the locations where

mothers and calves temporarily separated, and �3� modeling
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of sound propagation data and information on hearing sensi-
tivity, background noise levels, and critical ratios to estimate
the active space of whistles.

A. Behavioral observations

Behavioral observations of 7 resident female dolphins
and their dependent calves �3 years old� were conducted
from June to September 2003 from a 7-m-long boat
equipped with a 115 hp 4-stroke engine. We recorded acous-
tic and behavioral data continuously using focal animal ob-
servations �Altmann, 1974�. Focal animal observations were
conducted on the mother of mother-calf pairs. The research
vessel was kept at a distance of approximately 20 m from the
mother. Separation distances between mother and calf were
estimated each time the mother surfaced and the observation
zone included an area of approximately 200 m from the
mother. Behavioral observations allowed identification of the
habitats where sound transmission experiments were to be
conducted and acoustic data allowed us to determine the fre-
quency range of whistles used in different habitats to quan-
tify their active space.

The set up of the acoustic recording was as follows. At
the bow of the observation boat, two 1.5 m sections of PVC
pipe were joined in a T joint and secured across the gunwales
�Sayigh et al., 1993�. On each side of the boat approximately
2 m of hydrophone cable were extended from the end of the
pipe into the water; each calibrated HTI-96-MIN hydrophone
was approximately 1 m below the surface when the boat was
not moving. We used two hydrophones to ensure that we
would have a backup recording. To prevent the hydrophone
from bouncing at the surface while the boat was moving, the
cable of the hydrophone was weighted with a chain attached
to the end of the PVC pipe by a carabiner. Each hydrophone
was connected to a 2-kHz high-pass filter to reduce engine
noise.

Signals from each hydrophone were digitized at
48.8 kHz with a Tucker-Davis Technologies RP2 module,
and stored to a computer hard drive. Signals from each chan-
nel were sampled at precisely the same time on each channel.
Data were recorded with a 24-bit A-to-D converter and were
stored as 32-bit floating point values. Data were analyzed
with MATLAB® 6.5.

Behavioral observations allowed us to identify the areas
in which to conduct sound transmission experiments. Such
areas were chosen based on the fact that �1� dolphins were
observed there temporarily separated and thus the active
space of whistles used during separations could be examined
and �2� the general areas have been identified as areas of
high use by dolphins during the long-term studies of the
Sarasota Dolphin Research Program �Wells, 2003�. Specific
locations of temporary separations were recorded as latitude
and longitude from a Garmin GPS 12 Personal Navigator.

B. Sound transmission experiments

Nine sound transmission experiments were conducted in
Sarasota Bay, Florida, from September to October 2003 �Fig.
1; Table I�: five in shallow water areas ��3 m� and four in

channels ��3 m, up to 5.3 m�. Each experiment was con-
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ducted in an area where dolphins were observed to engage in
temporary separations. In each experiment, we used
computer-generated tones that spanned the same frequencies
as dolphin whistles �5, 7, 9, 11, 13, 15, 17, and 19 kHz�.

FIG. 1. Study area showing the experimental transects in Sarasota Bay,
Florida. White circles represent the location of the hydrophone and black
circles represent the last location in which the speaker was placed in each
transect. Shallow areas are represented by solid lines: Palma Sola Bay
�PSB�, North West of Palma Sola Bay �NWPSB�, South West of Palma Sola
Bay �SWPSB�, Sister Key flats �SKF�, and South East of Anna Maria Sound
�SAMS�. Channels are represented by dashed lines: Main Channel �MC�,
San Remo Channel �SRC�, Anna Maria Sound �AMS�, and Cortez Channel
�CC�.

TABLE I. Overview of transects per habitat where so
Bay, Florida.

Habitat Site
No. of

Transects

Shallow
water

SE Palma Sola Bay
�PSB�

2

NW Sister Key
�SKF�

1

NW Palma Sola Bay
�NWPSB�

2

SW Palma Sola Bay
�SPBS�

2

SE Anna Maria
Sound �SAMS�

2

Channel Main Channel �MC� 1

San Remo Channel
�SRC�

1

Anna Maria Sound
�AMS�

1

Cortez Channel �CC� 1
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Tones were played simultaneously for 10 s and then repeated
with a period of silence of 0.03 s separating them. In each
transect, the tone-silence loop was broadcast for �1 min
from an underwater transducer �source� located in a
7-m-long boat. Sounds were played from a laptop computer
through a power amplifier �Hafler P1000� connected to an
underwater speaker �Aqua Synthesis�. The computer was
connected to a RP2-system �Tucker-Davis Technologies�
with a HTI-96-MIN hydrophone �sensitivity
−169.8 dBV/�Pa; 1–24 kHz�.

The source and the receiving hydrophone �receiver�
were located 1 m below the water surface. This depth was
chosen because it was the depth of the hydrophones used to
record dolphin whistles during animal observations. Propa-
gated signals and environmental noise were recorded on a
NOMAD Jukebox 3 �Creative Labs, Inc.� kept in a stationary
kayak. The kayak and the boat were kept in placed during the
experiments by using two anchors in each vessel.

The source was moved at a constant heading from the
receiver �transect line� to simulate the movement of one dol-
phin relative to another. The start point of a given transect
was the position of the mother at the time of maximum sepa-
ration from the calf. The position was recorded as a geo-
graphical coordinate during behavioral observations. When
possible two transect lines were done for every experiment.
In such cases, the direction of each transect was different so
that each one followed the general direction of the movement
of dolphins before and after they were temporarily separated.
For example, if dolphins traveled from point A to B to C with

ransmission experiments were conducted in Sarasota

t Latitude/
ngitude Bottom type Mean depth±SD

7°28�14�
2°39�24�

Seagrass PSB1:
1.6±0.1 m �n=9�

PSB2:
1.6±0.3 m �n=18�

7°26�51�
2°40�34�

Sand SKF:
2.0±0.2 m �n=17�

7°29�14�
2°39�26�

Sandy mud NWPSB1:
2.1±0.5 m �n=12�

NWPSB2:
2.6±0.2 m �n=19�

7°28�59�
2°40�26�

SPSB1: mud
seagrass

SPSB2: mud

SPSB1:
1.7±0.2 m �n=10�

SPSB2:
1.4±0.3 m �n=11�

7°29�13�
2°41�45�

Mud AMS1:
2.0±0.3 m �n=18�

AMS2:
1.3±0.1 m �n=9�

7°29�57�
2°40�31�

N/A 3.5±1.0 m �n=19�

7°28�45�
2°40�31�

N/A 4.1±0.7 m �n=14�

7°30�09�
2°41�34�

N/A 3.1±0.4 m �n=22�

7°27�23�
2°41�01�

N/A 3.4±0.3 m �n=16�
und t

Star
Lo

N 2
W 8

N 2
W 8
N 2
W 8

N 2
W 8

N 2
W 8

N 2
W 8
N 2
W 8
N 2
W 8
N 2
W 8
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B being the point of maximum distance of separation, one
transect was done from point B to A, and another transect
was done from point B to C. The transect size varied based
on water depth and size of the sampled area. When possible,
the source was located at the following experimental dis-
tances from the receiver: 1 m, 5 m, 10 m, 20 m, 30 m,
40 m, 50 m, 75 m, 100 m, 150 m, 200 m, 250 m, 300 m,
350 m, 400 m, 450 m, 500 m, 600 m, 700 m, 800 m,
900 m, 1000 m, and 1100 m. The experimental distances ex-
ceeded the maximum separation distances because we were
interested in determining sound propagation beyond that
range. Experimental distances up to 800 m were measured
with a Leica LRF 800 laser range finder. Distances greater
than 800 m were measured with a Garmin GPS 12 Personal
Navigator �accuracy: 15 m RMS�. At each experimental dis-
tance, water depth was recorded and in shallow water
transects, vegetation type �presence or absence of seagrass�,
and sediment type �sand or mud� were also noted. A transect
was defined as unvegetated if no seagrass was found in more
than 75% of the sampling locations. Surface sediment
samples were grabbed at each distance and they were classi-
fied as sand �granular matter of a few millimeters in size�,
mud �semiliquid mixture of water and soil�, and sandy-mud.
The sandy-mud sample was taken to the Geological Ocean-
ography Program of the College of Marine Science at the
University of Florida for its classification. All experiments
were conducted in sea state zero. Channel width at the nar-
rowest and widest points was measured using digitized
bathymetry data from ESRI®ArcGIS™9.0. Transmission ex-
periments were conducted around 2 h before, and 2 h after,
the same tidal state recorded during the behavioral observa-
tions of the maximum separation event.

For every experiment, the spectrum level sound of tones
at each distance was calculated using a 48000-point FFT
with a Hanning window, which resulted in a frequency reso-
lution of 1 Hz. In the calculation, we corrected for the analy-
sis bandwidth, the hydrophone sensitivity �−169.8 dB re:
1 V/�Pa�, the calibration of the NOMAD Jukebox recorder
�18.9 dB re: 1 V�, and the Hanning window �6 dB�.

Noise level was measured using the recorded signal
where no sound was being broadcast up to 7.5 ms before
each tonal frequency. The signal-to-noise ratio �SNR� of
each frequency was calculated by subtracting the noise level
from the corresponding received level.

C. Modeling of active space of whistles

The transmission loss data were used to calculate regres-
sions that model sound propagation and the ability of a dol-
phin to detect that signal in each experimental transect. Re-
gression equations were calculated for each channel transect
and for one of the two transects of each shallow water ex-
periment for a total of nine models of sound propagation. A
logarithmic curve was fitted to the received levels of sound
propagation and the resulting equation was used to estimate
the active space of hypothetical whistles taking into account
the spectrum level background noise, dolphin critical ratios
�Johnson, 1968�, and dolphin hearing thresholds �Ljungblad

et al., 1982�. This is because a sound can be heard by a
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dolphin only if its received level is above the spectrum level
background noise and the animal’s critical ratio. Thus, sound
detection is limited by the combined effects of the dolphin
hearing threshold and the spectrum level background noise
plus critical ratio. Since different frequencies propagate dif-
ferent distances, the propagating distance of the first whistle
frequency reaching the threshold was defined as the fre-
quency limiting the active space of whistles. For example, if
the attenuation of 5 kHz, 9 kHz, and 11 kHz frequencies of a
5–11 kHz whistle are examined, it is found that the 9 kHz
signal reaches the noise floor plus critical ratio before the 5
and 11 kHz frequencies. In this example, the hearing range is
noise limited.

The results of the regression models were used to calcu-
late the active space of two hypothetical whistles. The first
whistle had frequencies from 7 to 13 kHz, which corre-
sponded to the mean minimum and mean maximum frequen-
cies of whistles recorded during separations of dolphins in
shallow water areas. We referred to this whistle as a low-
frequency whistle. The second whistle had frequencies from
13 to 19 kHz and we referred to it as a high-frequency
whistle. The minimum frequency of the high-frequency
whistle corresponded to the closest frequency of the tone
played to the mean minimum frequency �12 kHz� of whistles
recorded during separations in channels. Similarly the maxi-
mum frequency of the high-frequency whistle corresponded
to the closest frequency of the tones played to the mean
maximum frequency �20 kHz� of whistles recorded during
separations in channels.

The hearing thresholds of the frequencies played were
calculated from the hearing thresholds reported by Ljungblad
et al. �1982�. We fitted a regression line to the hearing thresh-
olds of frequencies 5 kHz, 10 kHz, 15 kHz, and 20 kHz to
calculate the hearing threshold of the tone frequencies not
included in their study: 7 kHz, 9 kHz, 11 kHz, 17 kHz, and
19 kHz. Since Ljungblad et al. �1982� calculated lower-
frequency hearing thresholds using two projector systems,
we used the calculated regression values from their project
LC-10 projector data because they had the highest coefficient
�R2=0.95�. Hearing thresholds calculated were 81.5 dB SPL
for 5 kHz, 79.8 dB SPL for 7 kHz, 78.4 dB SPL for 9 kHz,
77.5 dB SPL for 11 kHz, 76.7 dB SPL for 13 kHz, 75.9 dB
SPL for 15 kHz, 75.3 dB SPL for 17 kHz, and 74.8 dB SPL
for 19 kHz.

The critical ratio of each frequency was added to the
average background noise of that frequency. The critical ra-
tios were calculated by fitting a regression line to the critical
ratios of frequencies that Johnson �1968� did not examine but
that were included in our experiments. These critical ratios
corresponded to 23.6 dB for 5 kHz, 25.2 dB for 7 kHz,
26.8 dB for 9 kHz, 28.4 dB for 11 kHz, 29.9 dB for 13 kHz,
31.5 dB for 15 kHz, 33.2 dB for 17 kHz, and 34.8 dB for
19 kHz.

The development of a model of whistle propagation re-
quired data on the source levels of whistles produced under
natural circumstances. No information exists on the source
levels of the whistles produced by the Sarasota dolphins.

Thus, we constructed a table of possible source levels of
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whistles �155 dB, 160 dB, and 165 dB� using as a reference
the maximum source level reported for other wild bottlenose
dolphins �169 dB re 1 �Pa; Janik, 2000b�.

We compared the means of the slopes of the regression
models using a two way analysis of variance �two-tailed,
alpha=0.05� to test for significant differences between habi-
tats, frequencies, and interactions between frequencies habi-
tats. The slope of the regression indicates how sound levels
fall off with distance. Statistical analysis was performed with
SPPS v. 14.0 �SPSS, Chicago, IL�.

III. RESULTS

A. Behavioral observations

A total of 224 separations of females and their depen-
dent calves were observed. Of these, 161 occurred in shallow
water and 63 occurred in channels. Mean separation distance
in shallow water was 115±48 m and in channels was
99±48 m. Eight separation events were used to identify the
areas where sound transmission experiments were con-
ducted. They corresponded to the most recent events and
they occurred on different dates. Five separations of three
different mother/calf pairs were recorded in shallow water
and their separation distances were 90 m, 95 m, 100 m,
120 m, and 200+ m. In channels, three separations events of
three different mother/calf pairs were recorded. One separa-
tion event occurred in the intersection between two channels
and this point was thus used as the start point of each experi-
mental transect in the two channels. Separation distances in
the channels were 50 m, 200 m �n=2�, and 200+ m.

During the separations, we recorded a total of 204
whistles. In the shallow water areas, 199 whistles were re-
corded in three of the five separations and they corresponded
to three different mother/calf pairs. The three separations
lasted a total of 38.0 min. In channels, 5 whistles were re-
corded in two of the four separations and they corresponded
to two different mother/calf pairs. The two separations lasted
17.1 min. In shallow water areas, whistles had a minimum
frequency with a mean equal to 7.5±2.5 kHz and a maxi-
mum frequency with a mean equal to 13±3.2 kHz. In chan-
nels, whistles had a minimum frequency with a mean equal
to 12±3.6 kHz and a maximum frequency with a mean equal
to 20±7.4 kHz.

B. Sound transmission experiments

Shallow water transects had mean depths varying from
1.3 m �SAMS2� to 2.6 m �NWPSB2; Table I�. The overall
mean depth of three transects was 1.9±0.5 m. Channel
transects had mean depths varying from 3.1 m �North Anna
Maria Sound� to 4.1 m �San Remo Channel� and their over-
all mean depth was 3.47±0.7 m.

Most frequencies either followed the spherical spreading
attenuation model or had transmission loss values that were
intermediate between the predicted values of the spherical
and cylindrical spreading attenuation models �Figs. 2 and 3�.
Low frequencies traveled much farther than high frequencies
and sound propagation varied within and between channels
and shallow water areas �Figs. 2 and 3�. In shallow water, the

attenuation was highly variable at distances up to 50 m when
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the average water depth was equal to 1.3 m �n=19, SD
=0.1�. In contrast, when the mean water depth was greater
than 2 m, attenuation was highly variable at shorter distances
�5 and 20 m; Fig. 2�.

To compare sound propagation among shallow-water
transects, we examined transmission loss at the 100-m point,
which is the maximum distance of the shortest transect. At
the 100-m point, three transects �SAMS2, SPSB1, and
SPSB2� had a depth of 1.1 m, and mean transmission loss
over all frequencies was −27.4 dB. In the other six transects
�PSB1, PSB2, SAMS1, SKF, NWPSB1, and NWPSB2� wa-
ter depth was greater �2.0±4 m�, and mean transmission loss
over all frequencies was greater than or equal to −30.2 dB
over 100 m.

We examined the effect of vegetation and sediment type
on sound transmission loss in shallow water areas. At the
100-m point, the mean transmission loss was greater in
transects with seagrass and lower in transects with mud or
sand bottom sediments �Fig. 2�. In seagrass transects, mean
transmission loss was approximately −36 dB for low-
frequency whistles, and −47 dB for high-frequency whistles.
In nonseagrass transects, mean transmission loss was similar
between the two type of hypothetical whistles �low-
frequency whistles −29.0±6.8 dB, high-frequency whistle
−29.8±4.8 dB�. Frequencies greater than 17 kHz were less
attenuated in sand-areas than in the sand-mud and mud areas.
Mean transmission loss was −41.8 dB in transects with sea-
grass �PSB1 and PSB2�, −29.5 dB in transects with sandy-
mud sediment �NWPSB 1 and NWPSB 2�, −27.7 dB in
transects with mud sediment �AMS1, AMS2, SPSB1, and
SPSB2�, and −25.6 dB in transects with sand sediment
�SKF�.

We examined transmission loss in channels at the 100
-m point also. At the 100-m point, three of the four channels
had relatively similar water depths �Anna Maria Sound
=3.4 m, Cortez Channel=3.4 m, and Main Channel=3.2 m�,
but their mean transmission losses were very different �Fig.
3�. The mean transmission loss over all frequencies was
−14.3 dB in the Cortez Channel, −26.7 dB in the Main
Channel, and −40.1 dB in Anna Maria Sound. Mean trans-
mission loss of low- and high-frequency whistles was, re-
spectively, −15.3 dB and −13.5 dB in the Cortez Channel,
−27.0 dB and −30.40 dB in the Main Channel, and −40.8 dB
and −38.1 dB in Anna Maria Sound. The fourth channel �San
Remo Channel� was deeper at the 100-m point �4.7 m� and
its mean transmission loss was equal to −35.2 dB. Mean
transmission loss of low- and high-frequency whistles was
−35.6 dB and −36.4 dB, respectively.

Mean transmission loss at the 100-m point was more
variable in channels than in shallow water areas. Mean trans-
mission loss varied from −14.3 dB to −40.1 dB in channels
and from −25.6 dB to −43.4 dB in shallow water areas.
However, at the same point, the range between the minimum
and maximum transmission losses was relatively similar be-
tween the two habitats with shallow water areas being wider
by 4 dB �−12 dB to −57 dB� than channels �−4 dB to
−45 dB�.

Noise levels were variable among transects both in shal-

low water and channels �Table II�. Noise levels plus critical

intana-Rizzo et al.: Bottlenose dolphin communication range 1675



ratios ranged from 94.5 dB to 106.9 dB re 1 �Pa2/Hz in
shallow water areas and from 100.6 dB re 1 �Pa2/Hz to
110.0 dB re 1 �Pa2/Hz in channels. For most frequencies,
the noise level plus critical ratio was lower in shallow water
transects than in channels. In some shallow water locations
�SKF, PSB� and all channels, the noise level plus critical

FIG. 2. Transmission loss data with distance for eight tones used during soun
and SPSB�. Except for SKF, two transect lines were done in each experim
corresponding area. Theoretical attenuation based on cylindrical and spheric
included.
ratio increased with increasing frequency, especially at fre-
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quencies greater than 11 kHz. However, in other shallow wa-
ter locations �SAMS, SPSB� the noise level plus critical ratio
was approximately the same among frequencies.

C. Modeling of active space

The theoretical detection range was noise-limited, as op-

smission experiments conducted in four shallow areas �PSB, SKF, NWPSB,
nd each transect line is represented with a number next to the code of the
eading is also shown. A profile of the depth contour of each transect is also
d tran
ent a
al spr
posed to hearing-sensitivity-limited, both in shallow water
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areas and in channels. This was evident in the fact that all
noise levels plus critical ratio measurements were greater
that the hearing thresholds obtained by Ljungblad et al.
�1982�.There were no significant differences in the mean re-
gression slopes between habitats �F=2.41, p=0.13, df=1� or
between frequencies �F=0.91, p=0.50, df=7�. There was a

FIG. 2.
significant interaction between habitat and frequency �F
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=2.42, p=0.03, df=7�, which was mainly due to differences
between 5 kHz and 9 kHz in channel and shallow water.

Active space was shorter in shallow water areas than in
channels. In shallow water, active space of whistles was
greater in unvegetated habitats than in seagrass habitats �Fig.
4�. For example, the active space of a low-frequency whistle

tinued).
�Con
with a source level equal to 155 dB was estimated to be

intana-Rizzo et al.: Bottlenose dolphin communication range 1677



approximately 662 m in an unvegetated habitat �mud bot-
tom: SAMS� and 186 m in a habitat with seagrass �PBS�. In
channels, the same whistle had an estimated active space
approximately between 230 m to 1 km depending on the
channel �SRC=230 m, AMS=345 m, MC=750 m, CC
=6070 m�. Active space was also different between whistles
with different frequency components. While a low-frequency
whistle with a source level of 155 dB can travel up to a
6 km, a high-frequency whistle with the same source level
can travel approximately up to 4 km depending on the chan-
nel.

Active space almost doubled with a 5 dB increase in
whistle source level �Fig. 4�. In shallow water, a low-
frequency whistle with a source level equal to 160 dB had an
estimated active space of approximately 1260 m in an un-
vegetated habitat �mud bottom: SAMS� and of 301 m in a
seagrass habitat �PBS�. The estimated active space of a low-
frequency whistle with a source level equal to 165 dB was
over 2 km in the same unvegetated habitat and close to
500 m in the same seagrass habitat. In channels, a similar
pattern was observed. Low-frequencies with a 160 dB source
level can travel between 400 m �SRC� and 13 km �CC�. If
the source level of the same whistle increased by 5 dB, the
estimated active space increased to 1 km �SRC� and 28.5 km
�CC�. It is important to notice that the estimates assume that
a habitat is homogenous in its propagation characteristics.

IV. DISCUSSION

Separation distances of females and their dependent
calves were shorter than the estimated active space of

FIG. 2.
whistles. Since whistles are thought to be used by dolphins to
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maintain group cohesion �Janik and Slater, 1998; Norris et
al., 1994; Smolker et al., 1993�, the results suggest that dol-
phins can communicate over the distances that temporary
separations occurred. The results also suggest that separation
distances are not necessarily determined by the maximum
communication range. Other factors such as predation pres-
sure or food distribution may be important. A calf may not
wander far from its mother if the cost of predation risk is
high. Furthermore, factors like ambient noise can affect com-
munication range by dramatically reducing the active space
�Urick, 1975; Forrest, 1994; Janik, 2000b; Slabbekoorn,
2004�. In this respect, our results showed the best-case sce-
nario of sound propagation and estimates of active space,
because experiments were conducted when no boats were
present within a radius of approximately 1 km of the record-
ings. In fact, the theoretical detection range was noise-
limited, as opposed to hearing-sensitivity-limited, both in
shallow water areas and in channels. However, background
noise can vary widely depending on the number of power
boats present, fish choruses, snapping shrimp, and wave ac-
tion. In Sarasota Bay, dolphins are frequently exposed to
boat noise as boats pass within 100 m of them on an average
of every 6 min during daylight hours �S. M. Nowacek et al.,
2001�.

Estimates of active space were based on the propagating
distance of the first frequency reaching the noise threshold
since different frequencies propagate different distances. Yet,
dolphins may be able to discriminate a whistle even if one of
its frequency components is lost with distance. However, it is
currently unknown how dolphins discriminate and identify

tinued).
�Con
sounds. It is one thing to detect a sound and quite another to
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comprehend its significance. Thus, our estimates may be
conservative if the distance over which the meaning of a
whistle is transmitted is greater than the distance over which
the first whistle frequency component is lost.

Estimated active space of whistles was highly variable

FIG. 3. Transmission loss data with distance for eight tones used during s
Remo Channel, Anna Maria Sound, and Cortez Channel�. Theoretical attenu
shown. A profile of the depth contour of each transect is also included.
according to habitat characteristics. For example, in shallow
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seagrasss areas, the active space of a 7–13 kHz whistle with
a source level equal to 160 dB was estimated to be 301 m.
Yet, the same whistle had an estimated active space over
13 km in channels. The regressions in Tables III and IV can
be interpreted to understand how sound propagates on aver-

transmission experiments conducted in four channels �Main Channel, San
based on cylindrical �lines� and spherical spreading �dashed lines� are also
ound
ation
age in each transect. The slope of the regression indicates
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how sound levels fall off with distance. Although we did not
find significant differences in the means of the distributions
of regression slopes between habitats and between frequen-
cies, it is important to note that individual transects showed a
lot of variation, and the transmission loss over each transect
is what is biologically relevant, not the mean for each habitat
type. A slope of 20 indicates that sound follows a spherical
spreading model. If the slope is 10, then it follows a cylin-
drical spreading model. The smallest slope was −13.8 dB,

TABLE II. Spectrum level background noise plus critical ratios in dB r
shallow-water transects �PSB1, PSB2, SKF, NWPSB1, NWPSB2, SPSB1, S

Frequency

Channels

MC SRC AMS CC PBS1 PBS2 S

5 kHz 102.6 106.5 100.3 103.8 99.2 100.3 9
7 kHz 101.8 103.7 95.0 105.3 95.8 96.9 9
9 kHz 104.9 105.7 103.5 104.0 98.1 98.5 9
11 kHz 103.4 105.5 96.4 106.1 98.7 99.4 9
13 kHz 105.1 107.2 96.9 107.4 100.0 100.3 1
15 kHz 106.3 108.4 101.1 107.7 100.0 105.4 1
17 kHz 108.2 110.0 100.6 108.6 103.1 103.7 1
19 kHz 108.9 109.5 102.8 107.6 102.6 102.8 1

FIG. 4. Estimated active space of low-frequency whistles �LFW
=7–13 kHz� and high-frequency whistles �HFW=13–19 kHz� with differ-
ent source levels in channels and shallow water areas of Sarasota Bay,
Florida. Distance is presented in logarithmic scale. Labels are defined in

Table I.
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which was in a channel. The steepest slope �i.e., greatest
propagation loss� was −28.0 dB, which was in shallow sea-
grass. The assumption of the propagation models is that a
habitat is homogenous in its propagation characteristics.
However, propagation characteristics are likely to be variable
and significant changes in habitat features like water depth,
substrate, seagrass cover, channel shape �horizontal and ver-
tical�, and channel width can alter active space greatly. Fig-
ures 2 and 3 show how propagation is affected by changes in
water depth and how some frequencies are more attenuated
than others with depth. In the Main Channel �MC�, received
levels of an 11 kHz signal fluctuated by more than 15 dB
with water depth changes of up to 1 m. A source level
change of even 5 dB can decrease or increase the active
space of whistles significantly as dolphins navigate through-
out the heterogeneous environment. Although the active
space of some whistles could be more than 13 km in chan-
nels, in reality most channels sampled are shorter than
3–4 km before their course changes direction. Yet, an active
space of even a few kilometers is still be a significant range
of communication between dolphins in Sarasota Bay where
channels are narrow and shallow areas extend hundred of
meters.

Variation in estimated active space was observed in shal-
low water areas. A low-frequency whistle with a source level
of 155 dB attenuated up to seven times more in seagrass
areas than in areas with other bottom type with respect to
distance �Fig. 4�. In seagrass, the active space of the same
whistle was estimated to be approximately 186 m. In con-
trast, the active space of the whistle was much greater, ap-
proximately 1319 m, in a sandy mud habitat of comparable
depth. The scale of the variation in active space is relevant to
dolphins because in Sarasota Bay dolphins use seagrass areas
extensively to feed �Waples, 1995�. If during feeding events
dolphins use whistles to maintain contact, their ability to
communicate over long distances �several hundreds of
meters� is greatly reduced in seagrass areas.

Seagrasses act as a complicated three dimensional dif-
fraction system which causes dramatic filtering of the sound
�Willey and Richards, 1978�. D. P. Nowacek et al. �2001�
reported that the transmission loss of frequencies between
4 kHz and 8 kHz was up to 6 dB greater over 50 m in shal-

Pa2 /Hz of each frequency in channels �MC, SRC, AMS, and CC� and
2, SAMS1, and SAMS2� in Sarasota Bay, Florida.

Shallow-water transects

NWPSB1 NWPSB2 SPSB1 SPSB2 SAMS1 SAMS2

101.6 101.6 95.6 94.5 101.7 96.4
99.0 98.6 95.1 96.0 101.9 99.0

100.8 100.3 96.9 95.5 101.6 98.3
99.8 100.4 96.7 98.6 106.9 97.9
100.9 102.0 96.4 97.1 101.9 96.3
105.4 105.3 100.4 101.5 106.5 97.2
105.3 104.5 99.4 101.0 106.5 99.7
102.9 106.6 101.3 102.5 105.6 102.4
e 1 �
PSB

KF

9.5
5.1
8.9
9.3
00.1
03.4
03.8
06.4
low seagrass areas than in shallow areas with mud or sand
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bottoms. Sound propagated farther in habitats with sparse
grass than habitats with dense grass �D. P. Nowacek et al.,
2001�. Other factors that influence sound propagation in
shallow waters include surface conditions, bottom contour
variability, water column sound speed properties, bathym-
etry, vegetation, and bottom type �Urick, 1975; Forrest et al.,
1993; Forrest, 1994; Jensen, 2001�.

Among nonseagrass areas, we found that whistles were
more attenuated in areas with mud bottoms followed by sand
and sandy mud bottoms. Mud, clay, and silt cause energy to

TABLE III. Regression equations representing the mathematical model of
sound propagation for different frequencies in shallow water habitats. Note:
To calculate the propagation distance, source levels are added to the inter-
cept of the equation. Frequencies from 7 to 13 kHz are referred to as a
low-frequency whistle and from 13 to 19 kHz are referred to as a high-
frequency whistle. R2 is the proportion of variability explained by the propa-
gation model.

Experimental
transect/habitat Frequency

Propagation distance
�x=distance in meters,

y=whistle source level� R2

PSB2
Seagrass

5 kHz y=−19.9 log�x�+3.5 0.9
7 kHz y=−22.6 log�x�+4.7 0.9
9 kHz y=−23.9 log�x�−2.2 0.9
11 kHz y=−22.9 log�x�−4.4 0.9
13 kHz y=−22.1 log�x�+1.9 1.0
15 kHz y=−28.0 log�x�+1.3 1.0
17 kHz y=−26.0 log�x�+0.9 0.9
19 kHz y=−26.6 log�x�+2.0 0.9

SKF
Sand

5 kHz y=−25.8 log�x�+13.9 0.8
7 kHz y=−23.5 log�x�+11.1 0.8
9 kHz y=−16.8 log�x�+3.2 0.9
11 kHz y=−15.9 log�x�+0.6 0.8
13 kHz y=−16.4 log�x�+2.9 0.9
15 kHz y=−15.2 log�x�+2.1 0.8
17 kHz y=−14.5 log�x�+2.5 0.8
19 kHz y=−26.6 log�x�−1.0 0.9

NWPSB2
Sandy mud

5 kHz y=−25.8 log�x�+8.4 0.8
7 kHz y=−23.5 log�x�+0.9 0.9
9 kHz y=−16.8 log�x�+0.7 0.7
11 kHz y=−15.9 log�x�+0.4 0.7
13 kHz y=−16.4 log�x�−0.5 0.8
15 kHz y=−15.2 log�x�+1.9 0.8
17 kHz y=−14.5 log�x�+2.8 0.7
19 kHz y=−26.6 log�x�−9.3 0.7

SPSB2
Mud

5 kHz y=−22.9 log�x�+10.6 0.6
7 kHz y=−20.2 log�x�+6.8 0.6
9 kHz y=−22.9 log�x�+6.0 0.8
11 kHz y=−14.9 log�x�+9.8 0.6
13 kHz y=−19.2 log�x�+5.4 0.9
15 kHz y=−16.8 log�x�+7.8 0.7
17 kHz y=−15.5 log�x�+2.6 0.8
19 kHz y=−15.9 log�x�+5.1 0.8

AMS1
Mud

5 kHz y=−16.1 log�x�+5.9 0.8
7 kHz y=−17.2 log�x�+5.8 0.9
9 kHz y=−20.9 log�x�+8.0 0.9
11 kHz y=−18.0 log�x�+2.5 0.9
13 kHz y=−18.5 log�x�+3.6 0.9
15 kHz y=−16.0 log�x�+5.1 0.8
17 kHz y=−16.2 log�x�+4.7 0.9
19 kHz y=−26.6 log�x�+5.4 0.9
dissipate more than sand and gravel �Urick, 1975; Jensen,
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2001�. Although the number of experiments conducted in
areas of each sediment type was low, similar results in the
sound transmission of sand and mud areas were found by
Marsh and Schulkin �1962�. Our estimates of whistle active
space in those habitats were greater than 500 m.

The active space of whistles was also variable among
channels, but the variation was not always directly related to
channel depth as expected. In two cases, active space was
related to channel width. In the widest channel, the estimated
active space of high-frequency whistles was over 4 km. The
mean separation distance of females and their dependent
calves in channels �99 m±48 m� was much shorter than the
estimated active space. A large whistle active space could
result in high masking noise for whistles if other dolphins
use the same whistle frequency range �Janik, 2000b� and are
whistling at the same time. A large communication range
may also result in animals being able to eavesdrop on acous-
tic interactions �Janik, 2000b�. This could be a benefit if

TABLE IV. Regression equations representing the mathematical model of
sound propagation for different frequencies in channels. Note: To calculate
the propagation distance, source levels are added to the intercept of the
equation. Frequencies from 7 to 13 kHz are referred to as a low-frequency
whistle and from 13 to 19 kHz are referred to as a high-frequency whistle.
R2 is the proportion of variability explained by the propagation model.

Experimental
transect/habitat Frequency

Logarithmic equation
�x=distance in meters,
y=whistle source level� R2

Main
Channel

5 kHz y=−15.4 log�x�+4.8 0.9
7 kHz y=−14.9 log�x�+1.5 0.8
9 kHz y=−18.4 log�x�+2.7 0.8
11 kHz y=−15.5 log�x�+7.6 0.7
13 kHz y=−18.3 log�x�+2.8 0.8
15 kHz y=−12.8 log�x�+2.4 0.6
17 kHz y=−15.9 log�x�+3.4 0.9
19 kHz y=−13.8 log�x�+3.5 0.8

San Remo
Channel

5 kHz y=−17.0 log�x�−3.9 0.8
7 kHz y=−18.0 log�x�+0.3 0.9
9 kHz y=−20.9 log�x�−0.0 0.9
11 kHz y=−21.0 log�x�+7.3 0.8
13 kHz y=−19.9 log�x�+0.9 0.9
15 kHz y=−18.1 log�x�−3.2 0.9
17 kHz y=−14.5 log�x�+2.5 0.9
19 kHz y=−16.7 log�x�−3.2 0.9

Anna Maria
Sound

5 kHz y=−13.9 log�x�−6.4 0.8
7 kHz y=−16.5 log�x�−3.8 0.9
9 kHz y=−20.9 log�x�+1.5 0.9
11 kHz y=−20.7 log�x�+2.3 0.9
13 kHz y=−21.8 log�x�+7.1 0.9
15 kHz y=−24.5 log�x�+7.1 0.9
17 kHz y=−21.8 log�x�+3.4 0.9
19 kHz y=−22.4 log�x�+8.7 0.9

Cortez
Channel

5 kHz y=−13.9 log�x�+3.4 0.8
7 kHz y=−16.5 log�x�+1.2 0.9
9 kHz y=−20.9 log�x�+5.5 0.8
11 kHz y=−20.7 log�x�+8.1 0.7
13 kHz y=−21.8 log�x�+4.2 0.7
15 kHz y=−24.5 log�x�−0.2 0.7
17 kHz y=−21.8 log�x�+3.6 0.8
19 kHz y=−22.4 log�x�+7.3 0.9
dolphins use whistles to look for specific associates since
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individual dolphins produce distinctive signature whistles
�Caldwell et al., 1990�. For example, a large active space
could help male dolphins to find each other. In Tursiops sp.
male dolphins are known to form coalitions with particular
males during the mating season. Male coalitions are formed
to control and sometimes steal receptive females from other
males �Connor et al., 1992�. For receptive females, a large
active space of whistles could be costly if they are avoiding
harassing males.

Janik �2000b� found that the active space of whistles in
a channel can decrease by several kilometers when whistle
frequency is higher than 10 kHz. In our study, the decrease
in active space by several kilometers occurred at 13 or
15 kHz in all four channels. Differences between studies
could be due to environmental differences. The channels of
our study were much shallower �3.1–4.1 m� and narrower
�139–390 m� than the channel studied by Janik �2000b;
depth=10 m, width=500 m�. Such environmental variability
makes it difficult to provide general conclusions about the
behavior of specific frequencies. Sound propagation may
change as water depth changes with tidal events, temperature
gradients, freshwater inputs, and obstacles in the sound path.

Changes in whistle source level or frequency could help
the transmission of whistles over long distances when asso-
ciates are temporarily separated. The active space of whistles
almost doubles when there is a 5 dB increase in source level
�almost a doubling in energy; Fig. 4�. This suggests that there
is an advantage if dolphins produce louder whistles in habi-
tats where propagation is poor than in other habitats. There
could also be an advantage in changes in frequency. For
example, the active space of low-frequency whistles was
larger in 75% of the shallow water areas than the active
space of high-frequency whistles in the same habitat. Studies
examining the characteristics of whistles used in different
habitats will help in understanding how dolphins communi-
cate over long distances.

It is important to note that our estimates of active space
assume that both the whistling and receiving dolphins are
1 m below the water surface. However, dolphins move ver-
tically within the water column as they surface to breath,
search for food, or socialize with other dolphins. It is pos-
sible that the active space changes with the position of the
whistling and receiving dolphins because the transmission
loss of sound varies within the water column. The influence
of the sender location on signals has been suggested for birds
�Lohr et al., 2003� and other aquatic animals �Forest et al.,
1993�. Active space also varies with hearing thresholds,
which can vary greatly among dolphins of different age
groups �Houser and Finneran, 2005�. Thus, each dolphin
might have a different communication range. Another aspect
to take into account is that studies have found that whistles
of some delphinds are somewhat directional at higher fre-
quencies, especially in respect to harmonics �Lammers and
Au, 2003�. Thus, even in a homogeneous environment, the
active space may not be radially symmetric around the dol-
phin.

The results of this study suggest that whistle active
space is greater than the distances commonly used to identify

dolphins as members of a group: 10-m chain rule �Smolker
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et al., 1993� and a radius of 100 m �Wells and Scott, 1990�.
Although such definitions make data collection manageable
and replicable in the field, they may not be biologically
meaningful if dolphins communicate over much larger dis-
tances. Since whistles are thought to be used by dolphins to
maintain group cohesion and to communicate over long dis-
tances �Janik and Slater, 1998; Norris et al., 1994; Smolker
et al. 1993�, understanding the communication range to de-
fine dolphin groups is extremely important.
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