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ABSTRACT

This dissertation is an investigation of dolphin sound production and
distribution off west central Florida. Although a wealth of information exists on the
production of common sounds (whistles, echolocation) made by captive, trained
dolphins, far less is known about free-ranging dolphin sound production and of
unusual sounds. In addition, while inshore dolphin populations or communities are
the subjects of research projects in many locations, dolphins in offshore waters are
less commonly studied. The objectives of this dissertation were to contribute
information on free-ranging dolphin sounds and continental shelf dolphin distribution.
While echolocation has been rigorously studied in captive, trained dolphins,
there is far less known about how free-ranging dolphins use their echolocation. In
order to investigate the use of echolocation by free-ranging dolphins, echolocation
recordings from 14 groups of common bottlenose dolphins (Tursiops truncatus) were
obtained during towed hydrophone cruises on the West Florida Shelf (WFS) and in
Tampa Bay. The mean echolocation pulse rate was inversely related to water depth,
suggesting echolocation pulse rate was a function of the two-way travel time of
echolocation pulses, which was related to depth. Pulse rate modes were related to
potential target distances, and indicated dolphins were commonly echolocating on
targets up to at least 91.8 m away. The results of this study indicate that freeranging bottlenose dolphins are using their echolocation in a manner similar to that
found in studies with captive, trained dolphins.

xii

Unusual low frequency sounds from bottlenose dolphins were found in the
towed hydrophone recordings in Tampa Bay, and the acoustic properties and
behavioral contexts of these sounds were investigated. Additional recordings were
obtained from Sarasota Bay and Mississippi Sound. These low frequency narrowband (LFN) sounds were tonal, had peak frequencies between 500 Hz and 1000 Hz,
and were produced in trains. Inter-LFN intervals (the time duration between
sequential LFN sounds) were significantly longer in recordings from Mississippi
Sound. Sounds were correlated with social behavior, and were common during
socio-sexual behavior. These sounds were found below optimal hearing range of
bottlenose dolphins, and are prone to masking by boats.
A combination of autonomous acoustic recorders and visual surveys were
used to determine the distribution and sound production patterns on the WFS.
Visual surveys supported the results of previous studies indicating that bottlenose
dolphins were more common in coastal areas and off of Tampa Bay, while Atlantic
spotted dolphins (Stenella frontalis) were more common beyond the 20 m isobath. A
single group of rough-toothed dolphins (Steno bredanensis) was observed. Overall,
dolphin numbers decreased from inshore to offshore. Acoustic detections mirrored
this distribution pattern, however acoustic detections were not as high in coastal
regions as expected from the visual survey results, which suggests low sound
production rates by coastal dolphins. Atlantic spotted dolphin numbers increased in
more northern and inshore waters in spring, suggesting a seasonal migration
pattern. Peaks in dolphin sounds in the coastal regions were commonly observed in
daylight and evening hours, while in offshore areas sound production peaked at
night. This pattern likely reflects foraging activity, and the diel activity cycles of
common prey species. Coastal dolphins made proportionately more echolocation
than whistles, while the opposite was true for deeper water dolphins.

xiii

In inshore waters (< 25 m depth), dolphin sound production was generally
positively correlated to water temperature (bottom temperature and sea surface
temperature) and negatively correlated with chlorophyll, while the opposite pattern
tends to occur in deeper waters (> 35 m). This delineation roughly coincides with
the distribution patterns of oceanographic properties, prey species distribution, and
the distribution of Atlantic spotted dolphins and bottlenose dolphin ecotypes. These
results suggest a shift from a benthic based ecosystem to a phytoplankton based
ecosystem with increasing depth on the WFS.
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CHAPTER 1: INTRODUCTION

The purpose of this dissertation is to investigate dolphin sound production and
distribution on the West Florida Shelf (WFS), Gulf of Mexico. Twenty eight species of
cetaceans are found in the Gulf of Mexico (Würsig et al., 2000). While numerous
cetacean studies have investigated offshore environments (e.g., Davis et al., 2002)
and coastal environments (e.g., Wells et al., 1987) in the Gulf of Mexico, few studies
have focused on the WFS.
Animal distribution, movement and abundance are commonly studied using a
variety of techniques, and many examples involving dolphins can be found (e.g.,
Ballance, 1992; Mate et al., 1995; Barlow and Forney, 2007). Many of these studies
use visual survey techniques, which can provide important information on group size,
species and behavior. However, these studies are normally subject to spatial and
temporal aliasing due to sparse sampling methodology. As all cetaceans appear to
produce sounds (Au and Hastings, 2008), passive acoustic monitoring can also be
used in cetacean research (Clark, 1995; Mellinger et al., 2007; Bailey et al., 2010).
Although such studies have limitations (e.g., some cetaceans produce sounds more
commonly than others, Mellinger et al., 2007), the use of stationary recorders can
allow for simultaneous investigations over large spatial scales, and over long time
periods. Therefore, in this dissertation I use both stationary, autonomous acoustic
recorders and visual survey data to quantify dolphin distribution (mostly common
bottlenose dolphins, Tursiops truncatus, henceforth referred to as bottlenose
dolphins, and Atlantic spotted dolphins, Stenella frontalis) on the WFS. In addition,
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attempts to correlate cetacean distribution to oceanographic features can be difficult
due to the lack of synoptic data sets. The synoptic nature of the acoustic data set in
this dissertation also allows for an investigation of dolphin abundance relative to
remotely sensed and in situ oceanographic data.
There is a wealth of literature regarding dolphin sound production; however,
many questions remain to be investigated. Although variations in acoustic behavior
exist, specific types of sounds are normally correlated with specific behavior (e.g.,
Nowacek, 2005; Henderson et al., 2012). Therefore, in this dissertation I use the
dataset available from the passive acoustic recorders to investigate the patterns of
acoustic behavior on large spatial and temporal scales on the WFS. In addition,
while echolocation has been rigorously studied in dolphins in captive settings, the
role of echolocation of free-swimming dolphins is not well understood. For example,
in trained dolphins performing echolocation tasks there is commonly an inverse
relationship between the distance to the target and the echolocation pulse rate. In
this dissertation, I investigate the relationship between echolocation pulse rate of
free-ranging bottlenose dolphins and water depth, using water depth as a proxy for
potential source-to-target distances. I also present the results of a serendipitous
investigation of an unusual low frequency sound which was recorded from freeranging bottlenose dolphins. For this particular project I use recordings from this
study and from other studies to investigate the acoustic structure, variation and
potential for masking by anthropogenic noise.
The purpose of this introduction is to present background information on
dolphin movement, distribution and sound production, as well as information on the
physical and biological environment of the WFS. Detailed discussions of the dolphin
species of the WFS are also presented. Finally, the specific objectives of the
dissertation are given.

2

Factors Influencing Dolphin Movement and Distribution

The distribution of marine predators has often been explained in terms of the
distribution of their prey (Austin et al., 2004; Pinaud and Weimerskirch, 2005; Block
et al., 2011), and cetacean prey items are commonly influenced by a variety of
abiotic and biotic factors (e.g., temperature, depth, bathymetry, Ballance et al.,
2006; Mann and Lazier, 2006). The distribution of dolphins is also influenced by
predation pressure and their complex social organization (Wells et al., 1980; 1999a;
Gowans et al., 2008). Dolphins are capable of traveling long distances (Waring et
al., 1990; Mate et al., 1995; Wells et al., 1999b), and the costs associated with
locomotion are relatively low for marine mammals (Williams, 1999). Therefore
dolphins are able to increase their travel distances relatively easily in order to
maximize individual fitness (e.g., to take advantage of optimum foraging conditions).
However, the movements and distribution patterns of dolphins can take place on
multiple temporal and spatial scales, and the factors influencing distribution changes
may be complex.
Heterogeneous prey fields are typical in the marine environment (Steele,
1985), and many species of fish and squid have depth dependent distribution and
are migratory (e.g., Hixon et al., 1980; Hoese and Moore, 1998). The distribution of
prey may be the most important determining factor of cetacean distribution (Gaskin,
1976; Kenney and Winn, 1986; Acevedo and Würsig, 1991; Baumgartner et al.,
2001). Feeding rates from captive animals indicate that they require approximately
3 to 7% of their body mass daily (Barros and Odell, 1990 and references therein),
and must feed every day (Baumgartner et al., 2001 and references therein).
Dolphins are often considered generalist feeders (capable of consuming a
wide variety of prey), although detailed analysis often reveals prey preferences
which may reflect selective foraging or local prey distribution. Such prey preferences
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can influence the distribution of dolphin species. For example, Risso’s dolphins
(Grampus griseus) are believed to be squid feeding specialists, and their distribution
is normally restricted to shelf break environments where their prey is found in
sufficient abundance (Baumgartner, 1997). Baird and Dill (1995) determined that
certain pods of transient (mammal-eating) killer whales (Orcinus orca) off southern
Vancouver Island were commonly found near harbor seal (Phoca vitulina) haul-outs
during the weaning and post-weaning periods of the seals. Several species of
dolphin forage on the deep scattering layer (DSL, e.g., Hawaiian spinner dolphins,
Stenella longirostris, Benoit-Bird and Au, 2003; dusky dolphins, Lagenorhynchus
obscurus, in Kaikoura, New Zealand, Würsig et al., 1997; Benoit-Bird et al., 2004).
The distributions of coastal DSL feeders are determined by the diel cycle of their
feeding, being nearshore during the day for resting and in deeper water at night for
foraging. Individual dolphins can at least in some cases dramatically change their
feeding behavior. For example, dusky dolphins photographically identified in
Kaikoura Canyon (where foraging occurs at night) have been identified in the
Marlborough Sounds, New Zealand, approximately 200 km to the north, where
daytime surface foraging takes place (Markowitz et al., 2004). Bottlenose dolphins
are frequently found to consume a wide variety of prey items (e.g., Barros and Odell,
1990; Barros and Wells, 1998), although specialized foraging appears to be
common. For example, a specialized foraging technique appears to be used by
certain bottlenose dolphin individuals (Tursiops sp.) in Shark Bay, Western Australia,
which involves covering their rostra (beaks) with sponges to facilitate benthic
foraging (Smolker et al., 1997; Krützen et al., 2005). The distribution of these
“spongers” was positively correlated with the distribution of sponges within the bay
(Sargeant et al., 2007; Tyne et al., 2012). Passive listening for prey sounds has
been suggested for bottlenose dolphins by several studies in the southeastern United
States (Barros and Odell, 1990; Barros and Wells, 1998; Gannon et al., 2005), and
4

bottlenose dolphins resident to Sarasota Bay selectively forage on soniferous fish
species (Berens McCabe et al., 2010).
Prey preference can also vary over time within a group of dolphins, driven by
metabolic changes or prey distribution, and this can in turn influence dolphin
distribution. Lactating female bottlenose dolphins off the Natal coast, South Africa,
consume more prey and have different prey preferences than other dolphins
(Cockcroft and Ross, 1990). Foraging preferences specific to lactation has also been
documented for pantropical spotted dolphins (Stenella attenuata) in the eastern
tropical Pacific (Bernard and Hohn, 1989). Prey preferences by lactating female
dolphins may reflect increased metabolic demands, osmoregulatory requirements, or
diving constraints to avoid leaving a calf unattended while foraging at depth (Bernard
and Hohn, 1989; Wells et al., 1999; Gowans et al., 2008).
Predation risk is thought to be a major factor leading to evolution of group
living in dolphins as well as other animals (Norris and Schilt, 1988; Gowans et al.,
2008 and references therein), and in many instances appears to be a major factor
driving dolphin distribution. The major predators of dolphins are sharks and killer
whales (Jefferson et al., 1991; Heithaus, 2001a), although false killer whales
(Pseudorca crassidens) and pilot whales (Globicephala sp.) have been documented
preying on small dolphins in the eastern tropical Pacific tuna purse-seine fishery
(Perryman and Foster, 1980). Predation by sharks is common in many areas,
although it is difficult to observe and most of what is known is from living animals
with shark bite scars and therefore only represent non-lethal attacks (Gowans et al.,
2008). Most information on shark predation is from coastal populations, which
generally have more observations, although predation risk may be higher in the open
ocean where there is less “cover” from predators (Wells et al., 1999a; Heithaus,
2001b). The occurrence of shark bites in well studied populations of coastal
bottlenose dolphins (common and Indo-Pacific bottlenose dolphins, T. aduncus) can
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range from 10% to almost 75% (Heithaus 2001a; 2001b). Fewer shark scars are
observed in offshore areas, although this may indicate that fewer dolphins survive
shark attacks in these areas (Heithaus, 2001b). Behavioral reactions to predators
for many species of dolphin include movement into inshore shallow water (where
there are more places to hide), and avoiding areas where predators tend to be
present (Corkeron et al., 1987; Jefferson et al., 1991; Constantine et al., 1998;
Heithaus and Dill, 2002; Gowans et al., 2008). Risk of predation can cause different
movements and distribution in different sex or age classes. For example, paired
male bottlenose dolphins from Sarasota Bay are more likely to be found in the Gulf
of Mexico than solitary males (Owen, 2003). This was thought to reflect that pairs
were more able to safely forage than single individuals (Owen, 2003). It is of course
important to remember that many of the same factors influencing dolphin
distribution (abundant prey, protected areas for young) will also be attractive to
sharks (e.g., Heithaus, 2001b).
Because dolphin distribution is influenced by multiple, interacting factors, it is
frequently difficult to determine the exact mechanisms driving distribution patterns.
For example, female resident bottlenose dolphins in Boca Ciega Bay, FL, reduced
their range to core areas when they had young calves (McCallister, 2011). Resident
female bottlenose dolphins with calves frequently used a shallow, nearly enclosed
bay, and very few resident Sarasota Bay bottlenose dolphins with calves were
observed in the open Gulf of Mexico (Scott et al., 1990; Fazioli and Wells, 1999;
Fazioli et al., 2006). In Kaikoura, New Zealand, mother dusky dolphins with calves
were found more commonly in groups with other mother-calf pairs in shallow water
(Weir et al., 1998). Such reductions in range could be for a number of reasons,
including a change in prey preference during lactation, avoidance of predators, or
harassment from male dolphins (Scott et al., 1990; Weir et al., 1998), or simply a
reduction of range for energetic purposes.
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Dolphins can change their distribution due to extrinsic factors. For example,
bottlenose dolphins in John’s Pass and Anclote Key, FL, were less likely to be found
in preferred foraging habitat of dredged channels and spoil islands during weekends,
when boat traffic was heavier in these areas (Allen, 2000; Allen et al., 2001).
Bottlenose dolphins in Sarasota Bay, FL, avoided boat channels during times when
boating activity was higher (Wells, 1993).

Correlations with Physical and Biological Parameters
The physical environment of the ocean has a great effect on the distribution
of water properties, nutrients and plankton, and thus is an important consideration
for the distribution of higher trophic levels (e.g., Mann, 1993; Polovina et al., 2001;
Waluda et al., 2001; Ressler and Jochens, 2003). Not surprisingly, investigations of
the relationships between bathymetry, oceanography and dolphin distribution are
common, as these animals are expected to redistribute themselves to maximize
foraging opportunities or minimize predation, and such relationships can provide
information about foraging and community ecology (e.g., Selzer and Payne, 1988).
Correlations between physical parameters in the environment are often
relatively straightforward; however, correlations between physical and biological
variables are often more difficult (Baumgartner et al., 2001), and it is often difficult
to obtain sufficient biological measurements with simultaneous environmental data
(Davis et al., 2002). Depth and bathymetry are static features; consequently,
correlations between these features and cetacean distribution are relatively easy.
However, dynamic ocean features are on a spectrum of physical and spatial scales;
large ocean features (e.g., ocean gyres, shelf break fronts) are relatively stable in
space and time, and small features (e.g., wind driven fronts, isolated phytoplankton
blooms) tend to be more ephemeral and mobile (Daly and Smith Jr., 1993; Mann
and Lazier, 2006). The importance of spatial and temporal lags when investigating
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the relationships between mobile or ephemeral features and animal distribution must
be considered (Jaquet and Whitehead, 1996).

Depth and bathymetry
Dolphin distribution and species composition are often determined by depth.
On the Scotian Shelf (western Atlantic), white-beaked dolphins (Lagenorhynchus
albirostris) were only abundant in coastal waters (Simard et al., 2006), while shortbeaked common dolphins (Delphinus delphis), striped dolphins (Stenella
coeruleoalba) and bottlenose dolphins were only found toward the shelf break
(Gowans and Whitehead, 1995). However, Atlantic white-sided dolphins (L. acutus)
were found in both locations (Gowans and Whitehead, 1995; Simard et al., 2006).
In Golfo San José, Argentina, bottlenose dolphins exclusively occupied shallow
waters (usually < 10 m), while dusky dolphins were found in deeper waters offshore
(Würsig and Würsig, 1979). Dolphins were also distributed by depth in the oceanic,
shelf break and continental shelf Gulf of Mexico (Fritts et al., 1983; Davis et al.,
1998; Baumgartner et al., 2001; Davis et al., 2002; Griffin and Griffin, 2003). For
example, Atlantic spotted dolphins were rarely observed in water shallower than 20
m on the WFS (Fritts et al. 1983; Griffin and Griffin 2003).
Within a species, different communities of dolphins can also arrange
themselves according to depth. For example, in coastal Gulf of Mexico waters near
Sarasota Bay, most photographically identified dolphins were Sarasota Bay residents
(Irvine et al., 1981, Fazioli et al., 2006); however, in waters 10 km from shore most
identified dolphins belonged to a Gulf community (Fazioli et al., 2006). Bottlenose
dolphin “ecotypes”, defined by morphology, hematology, parasite loads and
molecular differences, have been observed in many areas (e.g., Duffield et al., 1983;
Mead and Potter, 1995). These ecotypes are characterized by depth zones:
“offshore”, “coastal”, and in at least some cases, “intermediate” (Wells et al.,
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1999b). Cetaceans (species or groups such as the coastal and offshore ecotypes)
frequently occur in a bimodal distribution: close to shore, and near the shelf break
(e.g., Kenney and Winn, 1986). This may be due to the increased number of
ecosystem niches provided by bathymetric irregularities, and in the case of inshore
habitats, potential protection from predators (Baumgartner et al., 2001; Gowans et
al., 2008).
Bathymetric irregularities are important due to their ability to alter
oceanographic patterns and concentrate nutrients and planktonic organisms, and
therefore may provide increased foraging opportunities (e.g., Mann, 1993). Sea
floor relief has been correlated to distribution, movement and behavior in a variety of
dolphin species and environments (Hui, 1979; Selzer and Payne, 1988; Shane,
1990; Gowans and Whitehead, 1995; Baumgartner, 1997; Allen et al., 2001; Simard
and Gowans, 2008). In all of these cases, increasing foraging success was thought
to be the driving force for such patterns.

Temperature
Temperature also plays an important role in dolphin distribution. At least on
smaller scales, temperature is not thought to directly influence dolphin distribution,
but instead influences the distribution of cetacean prey distribution. Most cetacean
prey is ectothermic and temperature tolerances can be relatively low (Martin and
Reeves, 2002). Distribution can change with broad scale temperature changes. For
example, Wells and colleagues (1990) documented a 600 km northward expansion of
bottlenose dolphin range in California associated with an ENSO (El Niño Southern
Oscillation) event. Distribution shifts of photographically identified bottlenose
dolphins from San Diego to north of Santa Barbara, California (approximately 300
km to north) were also documented in relation to ENSO related water temperature
changes (Defran and Weller, 1999; Defran et al., 1999). Seasonal shifts in
9

distribution are especially common in polar and temperate climates, where north –
south or inshore – offshore shifts can be observed. For example, Atlantic whitesided dolphins were observed to occupy the Gulf of Maine in the summer; however,
during winter their distribution shifted to areas to the south and seaward (Selzer and
Payne, 1988). Würsig and Würsig (1979) observed coastal bottlenose dolphins in
Argentina moving to deeper water at mid-day in the winter months, which the
authors attributed to the distribution of southern anchovy (Engraulis anchoita).
Seasonal movements are found in tropical and subtropical waters as well. For
example, pantropical spotted, spinner and striped dolphins had a seasonal
distribution shift in the eastern tropical Pacific, occupying nearshore southern waters
in winter and more pelagic waters in summer (Reilly, 1990). Bottlenose dolphins in
Sarasota Bay, FL, made greater use of open Gulf of Mexico waters in winter months
(Irvine et al., 1981; Fazioli et al., 2006).
Within a species’ normal range, temperature can determine distribution on a
finer level. For example, common dolphins and Atlantic white-sided dolphins are
spatially sympatric over much of their ranges in the western Atlantic; however,
common dolphins tend to be found in warmer areas (Selzer and Payne, 1988;
Gowans and Whitehead, 1995). Sub-surface temperature is also an important
consideration, and is likely important for many potential prey items. The depth of
the thermocline (which can be associated with mesoscale features) was correlated to
the distribution of a variety of dolphins in the Gulf of Mexico (in addition to sperm
whales, Physeter macrocephalus, Baumgartner et al. 2001; Davis et al., 2002) and
the eastern tropical Pacific (Polacheck, 1987). The movements of one of two
bottlenose dolphins with satellite-linked tags released in the southeastern United
States appeared to be influenced by water temperature, especially temperature
changes related to synoptic cold fronts (Wells et al., 1999b).
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Currents, tides and fronts
Currents and tides can have direct impacts on the distribution of prey (Mann,
1993; Mann and Lazier, 2006) and therefore are often correlated with dolphin
movements and distribution. Bailey and Thompson (2010) found that bottlenose
dolphins in an estuary in the Moray Firth, Scotland concentrated foraging search
effort near tidal fronts, and Würsig and Würsig (1979) reported that coastal
bottlenose dolphins in Golfo San José, Argentina traveled into deeper water more in
flood tides than at other times, apparently for foraging purposes. Movements of
bottlenose dolphins in relation to tidal currents were also documented in Sarasota
Bay (Irvine et al., 1981) and Aransas Pass, Texas (Shane, 1980). Oceanographic
fronts (relatively sharp boundaries between water masses with different properties)
are common sites for biomass accumulation (Franks, 1992) and are known to attract
a variety of marine predators (e.g., Polovina et al., 2001). For example, the Pacific
Equatorial Front is an important foraging area for marine mammals and other marine
predators (Ballance et al., 2006). In the Gulf of Mexico, Risso’s dolphins and
offshore bottlenose dolphins were found in association with the shelf break, and this
was related to the existence of a shelf break front and associated foraging
opportunities (Baumgartner et al., 2001).

Chlorophyll
As cetaceans generally have large food requirements it is expected that they
require highly productive foraging grounds, and therefore studies have investigated
cetacean distribution in relation to chlorophyll concentrations. While most studies
have focused on sperm whales (e.g., Jaquet et al., 1996; Davis et al., 2002; Jochens
et al., 2008), several observations have been made regarding dolphins. For
example, Davis and colleagues (2002) determined that the distribution of oceanic
dolphins of the genus Stenella in the Gulf of Mexico was related to high chlorophyll
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concentration. Chlorophyll concentration was also found to be a significant predictor
of striped dolphin distribution in a habitat model constructed for the Mediterranean
(Panigada et al., 2008). Atlantic spotted dolphins were found to be associated with
low chlorophyll water on the WFS (Griffin and Griffin, 2003); however, that could be
due to the species’ tendency to be in deeper shelf waters where chlorophyll
concentrations are generally lower.

Dolphin Hearing and Sound Production

Cetaceans evolved from terrestrial mammals with terrestrial sensory systems,
and the primary sensory modality for terrestrial mammals is visual (Bradbury and
Vehrencamp, 1998). Light transmission is severely limited underwater; however,
sound propagation is far better than in air (Lurton, 2002). In addition, due to the
increased density of water, there is less impedance mismatch between water and
body tissues, giving animals advantages in sound production and reception
(Bradbury and Vehrencamp, 1998). Cetaceans have evolved major adaptations to
support the specialized production and reception of underwater sound (e.g., Cranford
et al., 2011; Barroso et al., 2012). While less is known about sound production and
reception in baleen whales, the ability to study trained dolphins in captivity has led
to a wealth of information regarding how dolphins use, produce, receive and perceive
sounds. Furthermore, the results of captive research have been used to test
hypotheses in free-ranging populations.

Sound Reception in Dolphins
To a first approximation, the dolphin middle and inner ear and the peripheral
and central auditory nervous systems are anatomically similar to the standard
mammalian auditory structures (Au and Hastings, 2008). However, major
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adaptations have taken place for underwater sound reception. Dolphins (and most
other marine mammals) have lost their pinnae (outer ears). This was likely an
adaptation for improving hydrodynamic efficiency, similar to the internalization of
testes in cetaceans (Au and Hastings, 2008). Pinnae are also not functional
underwater for funneling sound, as the impedance of the structures is similar to
water (Bradbury and Vehrencamp, 1998).
The major sound pathway, at least for higher frequencies, was first proposed
by Norris (1964): the lipid-filled mandibles of dolphins act as sound pathways,
directing sound toward the ear. Various studies using trained captive dolphins (Brill
et al., 1988) and electrophysiological techniques (e.g., Møhl et al., 1999) have
confirmed the mandible sound transmission hypothesis of Norris (1964). Ketten
(1997) also found lateral fat channels on the sides of the skull using magnetic
resonance imaging (MRI), which is likely used for receiving lower frequency sounds.
This arrangement of sound reception channels is logical in terms of sound
propagation in the dolphins’ environment; high frequency echolocation signals will
tend to be received from the anterior direction, while lower frequency communication
signals may reach the dolphin from multiple directions (Au and Hastings, 2008).
In the middle ear, the malleus, incus and stapes are present, although they
are relatively rigid and do not contact the tympanic membrane. The middle and
inner ear are encased in the auditory bullae, which are supported only by spongy
tissue and therefore have no hard connection to skull (McCormick et al., 1970).
Therefore dolphin ears are acoustically isolated from the skull, reducing “bone
conduction” and increasing directional hearing abilities (McCormick et al., 1970; Au
and Hastings, 2008). The inner ear has various modifications to increase sensitivity
to high frequency sound and to increase frequency and time discrimination. For
example, the basilar membrane in the cochlea is supported by ossified spiral laminae
(which likely increase high frequency sensitivity), and is strongly tapered from basal
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end to apex (which likely increases frequency discrimination, Wever et al., 1971a;
1971b).
The hearing sensitivity of dolphins has been investigated using behavioral
studies (i.e., training a dolphin to respond to sounds) and electrophysiological
methods (i.e., measuring electrical activity in the auditory system when the animal is
exposed to sounds). Most work has been done on bottlenose dolphins, false killer
whales, harbor porpoises (Phocoena phocoena) and belugas (Delphinapterus leucas),
as these animals are frequently held in captivity. Johnson (1967) found that the
hearing for a bottlenose dolphin ranged from 75 Hz to 150 kHz. Various studies
have found that the best range for dolphin hearing (within 10 dB of their maximum
sensitivity) is approximately 15 kHz to 110 kHz (Johnson, 1967; Thomas et al.,
1988; Nachtigall et al., 1995), and higher frequencies have been found for some
species (e.g., white-beaked dolphin; Nachtigall et al., 2008). Frequency
discrimination is unusually good (Weber fraction, Δf / fcenter = 1%, 1 – 140 kHz,
Thompson and Herman, 1975), as is the ability to discriminate sound location (2° –
4° for tones and < 1° for pulsed sounds: Renaud and Popper, 1978).

Sound Production in Dolphins
The sounds produced by dolphins and other odontocetes originate from
specialized structures in the nasal passages (Lilly, 1962; Norris, 1964; Heyning and
Mead, 1990; Cranford et al., 1996; Cranford et al., 1997; Cranford, 2000). Beneath
the blowhole on the dorsal-anterior surface of dolphins, the nasal passages have a
complex series of air cavities. The structures which produce sound in dolphins,
known as the MLDB complexes (monkey lips / dorsal bursae) are found immediately
below the most dorsal of the air cavities (the vestibular sac), in the region where the
air passage bifurcates into left and right channels (at the spiracular cavity, Cranford
et al., 1996; Cranford, 2000). The MLDB complexes include in their structure a pair
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of phonic lips, which high-speed video endoscopy studies have identified as the exact
source of sound generation (Cranford et al., 1997, Cranford et al., 2011). The MLDB
complexes are also supported by an intricate network of ligaments, cartilage and
lubrication glands (Cranford et al., 1996; Cranford, 2000). Sound is produced at the
phonic lips as air is forced through them, causing the structures to vibrate through
rapid opening and closing cycles in a similar manner as the lips of a human brass
instrument player (Cranford et al., 1997; Cranford, 2000).
Dolphin skulls are asymmetrical, and this asymmetry is evident in their nasal
anatomy (Heyning and Mead, 1990). The sound generation structures on the right
hand side in the bottlenose dolphin are twice the size of those on the left (Cranford,
2000). Having two signal generators with different physical properties appears to
give delphinids their observed control over the frequency content of their
echolocation clicks (e.g., Au et al., 1995; Cranford et al., 2011). The melon (a fatty
structure on the anterior surface of the skull in the “forehead” region) is a prominent
feature of most odontocetes. The melon of dolphins contains a low sound velocity
core which functions to direct sounds forward from the MLDB complexes (Norris and
Harvey, 1974; Aroyan et al., 1992).
Dolphin sounds are generally categorized as whistles, echolocation and burstpulses. In addition, a variety of low frequency sounds are produced which have not
received as much attention from the scientific community.

Whistles
Studies have indicated that whistles have a social communication function
(Sayigh, 1990; Herzing, 1996; Janik and Slater, 1998; Cook et al., 2004; Quick and
Janik, 2008; 2012). Whistles are tonal signals, usually with fundamental frequencies
between 5 kHz and 15 kHz, although fundamental frequencies as low as 800 Hz and
as high as 28.5 kHz have been reported (Schultz and Corkeron, 1994; May-Collado
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and Wartzok, 2008) and harmonics can extend higher still (e.g., 80 kHz: Lammers
and Au; 2003; Branstetter et al., 2012). Whistles are only somewhat directional at
low frequencies; however, higher frequency harmonics can be directional
(Branstetter et al., 2012). Source levels have been estimated for bottlenose
dolphins, ranging from 151 dB re. 1 µPa in the Gulf of Mexico (Frankel et al.,
submitted) to 169 dB re. 1 µPa in the Moray Firth (Janik, 2000a). Janik (2000a)
modeled whistle propagation and determined that in ideal conditions, a whistle could
travel up to 25 km. However, acoustic signals are normally noise limited (QuintanaRizzo et al., 2006; Frankel et al., submitted). Using playbacks, Quintana-Rizzo and
colleagues (2006) determined that whistle range in Sarasota Bay was highly
dependent on habitat. While whistle ranges could be over 13 km in channels, ranges
were generally much lower (e.g., < 200 m in seagrass beds, Quintana-Rizzo et al.,
2006). In the open Gulf of Mexico, the noise limited detection ranges for bottlenose
and Atlantic spotted dolphins were determined to range between 1800 m and 2500
m (Frankel et al., submitted).

These results suggest that spatially separated

dolphins may still be part of the same social group, as they may still be within range
of acoustic communication (Quintana-Rizzo et al., 2006).
Several researchers have found interspecific differences in whistles. For
example, Ding and colleagues (1995a) investigated the whistle characteristics of a
variety of small odontocetes (including dusky dolphins, several stenellids, bottlenose
dolphins and short-finned pilot whales; G. macrorhynchus) and found that
odontocetes with longer body length had significantly lower frequency whistles. The
study also found that pelagic species had higher frequency and greater frequency
modulation whistles than coastal species (Ding et al., 1995a). Several odontocetes,
including dolphins from the genus Cephalorhynchus do not appear to whistle at all
(e.g., Hector’s dolphin, C. hectori: Dawson, 1991). Whistles can also vary on an
intraspecific level. For example, Ding and colleagues (1995b) investigated the time
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and frequency characteristics of whistles for bottlenose dolphins from three Texas
Gulf of Mexico locations, the Gulf of California, Argentina, Japan and Australia.
Differences in whistle characteristics increased with increasing distance between
populations (Ding et al., 1995b). Atlantic spotted dolphins in the western Atlantic
were found to have significantly different whistle characteristics by depth (Barron et
al., 2008). Whistles from shelf groups had lower frequency, shorter duration, fewer
inflection points and greater number of frequency modulation steps than from groups
found offshore, and the differences spatially corresponded with genetic differences
for this species (Barron et al., 2008). In addition, Gulf of Mexico bottlenose dolphins
had higher central frequency, broader bandwidth (maximum frequency – minimum
frequency), longer duration and greater number of inflection points than those found
in the Atlantic (Barron et al., 2008).
The use of whistles by dolphins has been shown to have a social
communication function; however, much variation exists on how often and in what
contexts dolphins produce whistles. Part of this problem is due to the inherent
difficulties in determining and categorizing the behavior of animals which are below
the surface for most of the time, and the logistical considerations of determining
which animal is producing which sound. In addition, behaviors are not mutually
exclusive (e.g., socializing can occur during foraging), and cetacean sound
production appears to be functionally flexible and context dependent (Griebel and
Oller, 2008; Quick and Janik, 2008).
For bottlenose dolphins, whistling rates per dolphin have been found to vary
by location, group size and activity (Jones and Sayigh, 2002; Nowacek, 2005;
Oswald et al., 2008; Quick and Janik, 2008), but no exact relationships exist
between these variables and whistle rates that are common across studies. For
example, while Jones and Sayigh (2002) found that whistle rates increased with
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group size in Sarasota Bay, Nowacek (2005) found no such relationship in the same
location.
Whistle morphology and whistle rates have also been found to change with
background noise and / or boat presence. For example, in Sarasota Bay bottlenose
dolphins can double their whistle production with the approach of a boat (Buckstaff,
2004). Several studies have suggested that whistles with higher frequency and
more inflections (change in sign of the slope of frequency modulation) increase their
detectability by conspecifics in high noise environments (Ding et al., 1995b; Rendell
et al., 1999; May-Collado and Wartzok, 2008). However, others argue that lower
frequency and fewer inflections are less prone to masking (Morisaka et al., 2005).
A particularly active area of research concerning whistles is the “signature
whistle,” as examples of vocal learning are rare in mammals (having only been
documented in humans and marine mammals, Sayigh et al., 1990). Signature
whistles are individually specific whistles which are unique in frequency contour
(Sayigh et al., 1990; however, see McCowan and Reiss, 2001, for arguments against
the signature whistle hypothesis). They were first recognized in captive bottlenose
dolphins by Caldwell and Caldwell (1965), and since then have also been studied in
bottlenose dolphins temporarily captured for health assessments and in free-ranging
environments. Signature whistles have also been suggested for other species (e.g.,
Atlantic spotted dolphins, Herzing, 1996).
Like other whistles, signature whistles appear to have a social function.
Captive bottlenose dolphins produced signature whistles more frequently when they
were separated than when they were together, suggesting that these whistles have a
group cohesion function (Janik and Slater, 1998). Smolker and colleagues (1993)
concluded that signature whistles played a role in facilitating reunions of free ranging
bottlenose dolphin mother-calf pairs, as signature whistles occurred mostly toward
the end of separations. In Sarasota Bay, transmission loss experiments determined
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that while bottlenose dolphin mothers and calves were separated, they were still
within whistle propagation range (Quintana-Rizzo et al., 2006), and Cook and
colleagues (2003) determined that about 52% of whistles produced by bottlenose
dolphin groups containing mother-calf pairs were signature whistles. By performing
playbacks of various recorded whistles to temporarily restrained bottlenose dolphins,
Sayigh and colleagues (1999) demonstrated that signature whistles are important for
individual recognition by other dolphins. This role is further supported by the use of
signature whistles by different groups of free-ranging bottlenose dolphins when they
first meet at sea (Quick and Janik, 2012). In Sarasota Bay, the signature whistles of
bottlenose dolphin mother-offspring pairs were compared, and while the signature
whistles of male calves were similar to those of their mothers, those of female calves
were distinct from their mothers’ signature whistles. This is likely a function of the
ranging behaviors of males versus females in the community (males range further
out of the community’s core area; Sayigh et al., 1999).

Echolocation
Echolocation is the specialized production of sound by animals to detect,
localize and discriminate objects in their environments from the returning echoes.
Although rudimentary echolocation abilities have evolved independently in several
taxa, sophisticated echolocation abilities have only evolved in the microchiropteran
bats and the odontocete cetaceans (Bradbury and Vehrencamp, 1998).

In dolphins,

echolocation is a series of pulsed signals (Au, 1993), and various studies with trained
dolphins have demonstrated the use of echolocation for target detection, ranging and
identification (e.g., Johnson 1967; Nachtigall et al., 1980; Au and Pawloski, 1992;
Houser et al., 2005). Use of echolocation by free-ranging dolphins has also been
associated with foraging and navigation behaviors (e.g., Akamatsu et al., 1998;
Jensen et al., 2009; Simard et al., 2010; Chapter 2).
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Dolphin echolocation is ultrasonic, with peak frequencies generally between
115 kHz and 130 kHz (bottlenose dolphins, Au et al., 1974; false killer whales, Au et
al., 1995; Atlantic spotted dolphins, Au and Herzing, 2003; white-beaked dolphins,
Rasmussen and Miller, 2002). As the echolocation pulses are broadband, energy
extends to higher and lower frequencies. For example, Rasmussen and Miller (2002)
found a secondary frequency peak at 250 kHz for white-beaked dolphins, and clicks
with peak frequencies as low as 20 kHz were found in a trained bottlenose dolphin
performing open water target detection experiments (Houser et al., 2008). The
source level of echolocation is highly variable and appears to be under the control of
the animal (Au, 1980). Source levels range from 150 dB re. 1 µPa – 230 dB re. 1
µPa for bottlenose dolphins (Au, 1980), and are similar for false killer whales,
Atlantic spotted dolphins and white-beaked dolphins (Thomas and Turl, 1990;
Rasmussen et al., 2002; Au and Herzing, 2003). Two major influences on source
level variation are the amount of loss (e.g., range to target, reflectivity of target)
and the amount of masking noise (e.g., boat noise, Au and Hastings, 2008).
Because of the characteristics of the melon, frontal region of the skull and air
sinuses, the beam pattern of echolocation is strongly directional (Au and Hastings,
2008). The peak frequencies (± 3 dB re. 1 µPa) have been found to be
approximately 10° in both the horizontal and vertical planes for bottlenose dolphins
(Au, 1980; Au et al., 1986), with similar results for false killer whales (Au et al.,
1995). Off-axis, the peak frequency and amplitude are lower. For example, for a
bottlenose dolphin, Au and colleagues (1986) found that at 30° off-axis, the peak
frequency was only 22 kHz, and signal strength was 30 dB re. 1 µPa lower. Recent
investigations of the dolphin echolocation beam have indicated that is variable,
especially off-axis, and is under control of the animal (Moore et al., 2008; Au et al.,
2012).
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Distance-to-target information is contained in the two-way travel time (the
outgoing echolocation click and the returning echo; Au, 1993). Details about the
target (e.g., shape, direction of travel) are contained in the spectral composition of
the echo (Au and Pawloski, 1992). Odontocetes appear to have good control over
the timing (pulse rate) of their echolocation clicks, and most results indicate an
inverse relationship between pulse rate and target distance (e.g., Au et al., 1974).
This relationship has also been found for free-ranging dolphins (Akamatsu et al.,
1998; Jensen et al., 2009; Simard et al., 2010; Chapter 2). When performing target
detection tasks, trained dolphins typically produce a click, receive the echo, and then
wait for a short lag time before producing the next click in the echolocation click train
(Johnson, 1967; Au et al., 1974). The lag time is usually 19 – 45 ms in length,
although can be shorter, and is presumably necessary for the dolphin to process the
information contained in the echo (Au, 1993).
Investigations using trained captive dolphins have demonstrated the
performance of dolphin echolocation. For example, Murchison (1980) found a
trained bottlenose dolphin was able to detect a 2.54 cm solid steel sphere with a
50% correct detection rate at 73 m. A similar study using a 7.62 cm hollow water
filled sphere resulted in a 50% correct detection rate at 113 m (Au and Snyder,
1980). Similar results to these were also found for a false killer whale by Thomas
and Turl (1990). Murchison (1980) also determined that the range resolution
decreased with increasing range, but as a proportion of the distance range
discrimination was always below 1% (e.g., 75% correct range determination: 3 cm /
7 m). Dolphins also appear to be able to use echolocation to discriminate target
structure and shape. For example, bottlenose dolphins were able to discriminate
between copper and brass plates of the same thickness (Evans and Powell, 1977).
Au and Pawloski (1992) found bottlenose dolphins were able to discriminate
aluminum cylinders with only 0.23 mm thickness difference at a 75% correct
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detection rate. Nachtigall et al. (1980) found bottlenose dolphins could discriminate
cylinders from cubes. In addition, the ability to discriminate different objects at
various angles suggests aspect independent cues exist for object identification (Au
and Turl, 1991; Helweg et al., 1996). Bottlenose dolphins also appear to be able to
use cross modal matching. Harley and colleagues (1996) tested the ability of a
bottlenose dolphin to identify objects using vision and / or echolocation, and found
identification performance increased if the animal was able to use both, especially if
able to use echolocation first and then visually match the target. For example, for
familiar targets (targets which the dolphin had been exposed to previously), dolphins
could correctly identify the target visually in 67% – 99% of the trials if allowed to
echolocate on the target first (Harley et al., 1996).
The range of echolocation on biological (prey) targets has been investigated
in several studies. For example, Au and colleagues (2004) determined that the
range of detection for a 70 cm Chinook salmon (Oncorhynchus tshawytscha) by a
killer whale is over 100 m in low background noise. False killer whales were
estimated to be able to detect 1 m yelowfin tuna (Thunnus albacares) and 20 cm to
80 cm squid at ranges from 80 m to 200 m (Madsen et al., 2004). The detection
range for a 30 cm Atlantic cod (Gadus morhua) was as high as 93 m in a noise
limited environment for simulated bottlenose dolphin clicks, and up to 173 m in quiet
environments (Au et al., 2007).
Echolocation does not appear to differ between species as much as whistles.
However, the echolocation of some odontocetes is different from the typical delphinid
echolocation described above. For example, for non-whistling odontocetes (including
the delphinid genus Cephalorhynchus), echolocation is relatively narrow band and
high frequency (e.g., Hector’s dolphin, Dawson 1988). Off-axis peak frequency
differences were found for Pacific white-sided (L. obliquidens) and Risso’s dolphins
which could be used to differentiate the two species, and perhaps also differentiate
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between Pacific white-sided dolphin northern and southern communities (Soldevilla
et al., 2008).
As with whistles, use of echolocation by dolphins appears to be quite variable.
Significant differences have been observed between the “resident” (fish-eating) and
“transient” (mammal-eating) killer whales on the northeastern Pacific. BarretLennard and colleagues (1996) observed that transient killer whales produced fewer
echolocation trains, with widely fluctuating pulse rates, and suggested that these
tendencies increased their acoustic crypticity which reduced the probability of
alerting their mammalian prey. Jones and Sayigh (2002) found that bottlenose
dolphins in Sarasota Bay echolocate less than in three locations in North Carolina. It
has been suggested that bottlenose dolphins may use echolocating sparingly, instead
relying more on passive detection if they are able to forage on soniferous prey
(Barros, 1993; Gannon et al., 2005). Xitco and Roitblat (1996) found that captive
dolphins could successfully perform object recognition tasks if another dolphin
echolocated on the target, suggesting that dolphins could use the echoes from other
dolphin’s echolocation. The rate of echolocation can also change with group size,
behavior and location (Jones and Sayigh, 2002; Nowacek, 2005). For example, the
echolocation rate for bottlenose dolphins in Sarasota Bay was higher for single
animals than for multiple animals, and echolocation was lower in seagrass habitats
than in other areas (Nowacek, 2005). The amplitude and frequency content of
echolocation clicks have been found to increase with increasing background noise
(Au et al., 1974), and it has been determined that the increase in frequency is in fact
a by-product of increased amplitude (Au et al., 1985). However, the use of
echolocation by odontocetes to detect and discriminate targets is likely more often
limited by reverberation than by background noise, in which case increasing
amplitude will have little benefit (Au and Turl, 1983).
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Burst-pulses
Burst-pulses are structurally similar to echolocation clicks; however, they are
produced at pulse rates which are likely too fast to be useful for target detection
(e.g., > 1000 Hz pulse rate: Herzing, 1996; Lammers et al., 2003; 2004; Simard et
al., 2008) and at lower intensity (Au and Hastings, 2008). Burst-pulses are similar
to echolocation in directionality at higher frequencies (Branstetter et al., 2012).
Burst-pulses are used as a social signal, and have been associated with both interand intraspecific agonistic encounters, courtship and sexual play (Herzing, 1996;
Blomqvist and Amundin, 2004). Burst-pulses have been called a variety of names in
the literature (e.g., “squawks”, “barks”), making cross-study comparisons difficult.
Variations in the use of burst-pulse calls have also been observed (Deecke et al.,
2005; Herzing, 2006). For example, marine mammal-eating transient killer whales
in the northeast Pacific made pulsed calls less frequently than the fish-eating
residents (Deecke et al., 2005).

Low frequency sounds
A variety of low frequency dolphin sounds seem to exist; however, a
standardized classification scheme has not been established. Several of these
sounds are pulsed (Herzing, 1996) and appear to be similar to burst-pulses. Others
are tonal (e.g., Schultz et al., 1995; Janik 2000b; Simard et al., 2011; Chapter 3).
In most cases these sounds appear to have a social function. For example, low
frequency narrow-band (LFN) calls are tonal, highly harmonic sounds with
fundamental frequencies of 500 Hz – 1000 Hz. These sounds have been correlated
with social activity and possibly socio-sexual activity in bottlenose dolphins (eastern
Australia, Schultz et al., 1995; Gulf of Mexico, Simard et al., 2011; Chapter 3).
“Pops” are low frequency pulses which in Shark Bay, Australia have been associated
with threat displays by males toward females during courtship (Connor and Smolker,
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1996). However, Nowacek (2005) recorded these sounds frequently during foraging
behavior in Sarasota Bay, even by single animals, so these sounds may have
multiple functions. Some low frequency sounds do have a foraging function. For
example, “bray calls” are low frequency, tonal calls produced by bottlenose dolphins
which have been associated with foraging in Moray Firth (Janik, 2000b). Sounds
such as these are generally considered uncommon and comparatively little research
has been conducted on them. However, as much of the acoustic energy is below the
frequency range of best hearing for dolphins, and is within the frequency range of
boat noise, the masking of these sounds is a potential conservation issue (Simard et
al., 2011; Chapter 3).

Oceanography of the West Florida Shelf

The WFS is a large continental shelf in the eastern Gulf of Mexico. It is semienclosed, bounded by the Florida peninsula from the Panhandle in the north to the
Dry Tortugas and Florida Keys in the south (see Figure 1.1, which illustrates all
eastern Gulf of Mexico locations mentioned in this section). The width of the shelf
(west Florida shoreline to the shelf break at the 200 m isobath) is variable, ranging
from less than 50 km near Pensacola, FL, to over 200 km over much of the area off
southwestern Florida (Boicourt et al., 1998).
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Figure 1.1: Map of locations mentioned in “Oceanography of West Florida Shelf” and
“Cetaceans of West Florida Shelf”, Chapter 1. Source for Florida land and
bathymetry: Florida Fish and Wildlife Conservation Commission, 2012. Source for
other land: Price, 2012.
Geology
The WFS is a broad carbonate ramp (Brooks et al., 2003; Hallock et al.,
2010). The shelf is characterized by unconsolidated sediment consisting of quartzrich sand in nearshore waters (e.g., 3 – 15 km, Brooks et al., 2003; approximately
18.5 m depth, Darcy and Gutherz, 1984) and carbonate rich sediments dominating in
deeper waters (Brooks et al., 2003, Hallock et al., 2010). While sediments dominate
the nearshore environment, karst limestone outcrops are common further from
shore, comprising approximately 50% of the WFS bottom seaward of the 10 m
isobath (Brooks et al., 2003; Locker et al., 2003).

Such “livebottom” areas, where
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limestone is above or just below the surface of the sediment, are important habitat
for bottom invertebrates and fish (Darcy and Gutherz, 1984; Philips et al., 1990;
Coleman et al., 2002; Dupont, 2009).

Physical Oceanography
Continental shelf waters such as the WFS are forced by momentum and
buoyancy fluxes (Weisberg et al., 2005). These can be due to local factors (e.g.,
solar heating, local winds, evaporation and fresh water input) or from external
sources (e.g., momentum fluxes which travel across the shelf break), and can vary
on time scales from hours to years (Weisberg et al., 2005). The exact nature in
which the circulation of a continental shelf responds to these fluxes depends on the
geometry and the boundary conditions (e.g., estuarine currents) of the shelf.
Because the physical processes on the WFS determine the transport of material
(e.g., nutrients, fresh water), they are very important to the ecology of the area
(Weisberg et al., 2005).

Shelf regions
The WFS has been divided into several regions based on differences in the
circulation. The inner shelf was initially defined by Mitchum and Clarke (1986) as
region of overlap of the surface Ekman layer and bottom Ekman layer. This
definition was refined by Weisberg and colleagues (2001) who defined the inner shelf
as the region where Ekman layer divergence sets up an across-shelf pressure
gradient. This results in an across-shelf sea level slope, which has a large impact on
coastal ocean dynamics (Weisberg et al., 2005). Li and Weisberg (1999a) further
defined the inner shelf in terms of longshore momentum, where vertically integrated
Coriolis force is overcome by bottom stress. This definition of inner slope is to a first
approximation consistent with the earlier definition by Mitchum and Clarke (1986).
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Off Tampa Bay, the inner shelf extends out to about 50 m isobath; however,
if the water is well stratified, the bottom Ekman layer can extend further offshore
(Weisberg et al., 2001; Weisberg et al., 2005). In the shallowest coastal areas of
the inner shelf, a “near-shore” region exists, especially in high river flow season
(summer) near Tampa Bay and Charlotte Harbor. Here, salinity related baroclinicity
can modify the near shore circulation (Zheng and Weisberg, 2004, Weisberg et al.,
2005).
On the WFS, the inner shelf is spatially removed from most shelf break
processes due to the shelf width, resulting in a mid shelf region (Weisberg et al.,
2005). This mid shelf region is influenced by partial closure of the WFS in the south
by the Florida Keys, which results in return flows and a reversal of the inshore
pressure gradient (Weisberg et al., 2005). Li and Weisberg (1999a) define the mid
shelf region, in terms of longshore momentum, as the area where wind stress and
Coriolis force are balanced, and bottom stress relatively unimportant.
The outer shelf region extends a baroclinic Rossby radius of deformation
landward from the shelf break (Weisberg et al., 2005). Here, the primary balance is
between bottom pressure torque and the rate of change of relative vorticity. Strong
eddy-like motions can exist due to interaction of relative and planetary vorticity as
water attempts to cross isobaths (Weisberg et al., 2005).

Tides
The Gulf of Mexico is generally dominated by diurnal tides (He and Weisberg,
2002a and references therein; Kantha, 2005); however, on the WFS semidiurnal
constituents can dominate (He and Weisberg, 2002a; Kantha, 2005). Tides on the
WFS are predominantly barotropic; however, a small seasonally modulated baroclinic
component exists (Kantha, 2005; Weisberg et al., 2005). The semidiurnal tide is
especially strong east of Apalachicola Bay (in the “Big Bend” region) and in Florida
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Bay near the Everglades (the areas of shelf that are widest), and closer to shore (He
and Weisberg, 2002a). Except for the Big Bend area and in Florida Bay, tides play
only a minor role in mixing the water column (He and Weisberg, 2002a), and mixing
occurs on the order of a few kilometers (Weisberg et al., 2005). However, tides
account for approximately 50% of the sea level variability east of Apalachicola Bay
(wind accounts for the remainder), as opposed to only approximately 30% to the
west (Marmorino, 1982; Cragg et al., 1983; He and Weisberg, 2002a; Kantha,
2005). In the Tampa Bay – Sarasota Bay area, the semidiurnal tide is at a minimum
and tides are mixed type (He and Weisberg, 2002a). Seasonally modulated
baroclinic inertial oscillations can develop when the water column is stratified.
Although not tide related, the frequency of these oscillations is close to that of
diurnal tides (He and Weisberg, 2002a); however, they have small net displacements
as they tend to close in on themselves (Weisberg et al., 2005).

Fresh water influx
Fresh water is introduced onto the WFS from various sources. The largest
fresh water input in the Gulf of Mexico is the Mississippi River. Maximum discharge
is in the spring, and although it usually impacts areas to the west, Mississippi water
can flow onto the WFS (e.g., Weisberg et al., 2005). Other northern Gulf of Mexico
rivers, such as the Mobile River, can also contribute significant amounts of fresh
water to the WFS (Gilbes et al., 1996). In more southern areas of the WFS,
maximum water flow is in the summer during the local rainy season (e.g.,
Everglades: Gilbes et al., 1996; Weisberg et al., 2005). Tropical storms can add
significant variability to freshwater input patterns (Weisberg et al., 2005). Estuarine
outflow can have considerable impact on the WFS. For example, estuarine fronts can
reach the 50 m isobath off Tampa Bay (Wall et al., 2008).
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Deep ocean fluxes
The contribution of deep ocean fluxes to the WFS is partially controlled by the
Loop Current, but is also controlled by local wind forcing (Weisberg et al., 2005).
However, deep water generally does not flow onto continental shelves easily, as
across-shelf break flow is constrained by the Taylor-Proudman theorem (Weisberg et
al., 2005). This theorem states that for steady, frictionless, small Rossby number
water movement (i.e., where the relative vorticity is much smaller than the planetary
vorticity, and the flow is mostly influenced by Coriolis force), flow will parallel
isobaths as opposed to crossing them. In such cases, cross shelf break flow is
uncommon, and is usually limited to one Rossby radius in size in the cross-slope
direction. For deep water flux to overcome the Taylor-Proudman constraint, the ratio
between the baroclinic Rossby radius of deformation at the shelf break and the width
of the shelf must be large. Therefore, on wide shelves such as the WFS, pressure
gradients tend to adjust baroclinically at the shelf break, and deep water flux onto
the shelf tends to be weak (Weisberg et al., 2005).
Despite this, deep ocean fluxes have been documented on the WFS. Weak
deep ocean fluxes have been reported (Paluszkiewicz et al., 1983; Meyers et al.,
2001; He and Weisberg, 2003a), where Loop Current water crossed the shelf break
but was constrained to the outer shelf (to within approximately a Rossby radius, ~
25 km, shoaling to about the 70 m isobath, He and Weisberg 2003a). Meyers and
colleagues (2001) reported such Loop Current impacts on the central WFS for
approximately 13% of the year. At other times, deep water intrusion onto the WFS
has been more significant. For example, synoptic scale wind patterns caused offshelf water to be upwelled in the DeSoto Canyon in the northern Gulf of Mexico, and
the onshore flow caused an eastward flowing jet which transported deep water onto
the WFS (Weisberg et al. 2004; Weisberg et al. 2005). Through local forcing
(bottom Ekman flow), this deep water reached as far as Charlotte Harbor, FL, 400
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km away to the southeast (Weisberg et al. 2004; Weisberg et al. 2005). In another
event, described by He and Weisberg (2003a) and Weisberg and He (2003), the
conditions for a deep water intrusion were initially caused by a Loop Current impact
on the shoaling bathymetry near the Dry Tortugas. The impact resulted in a
pressure perturbation which propagated along the WFS as a continental shelf wave
(see also Hetland et al., 1999), lifting isotherms along the shelf slope and allowing
water to cross the shelf break. This was combined with the winds being unusually
upwelling favorable over much of the WFS, and a synoptic scale weather front
favorable to on-shelf transport over the Florida Panhandle (northern WFS). The
result was that the entire density structure of the WFS was affected, and shelf-wide
bottom flow via the bottom Ekman layer caused cold off-shelf water to penetrate as
far as the shoreline (He and Weisberg, 2003a; Weisberg and He, 2003).

Seasonal variability
The WFS circulation has well documented seasonal patterns due to changes in
synoptic weather patterns, large scale wind fields, freshwater input and surface heat
flux (Weisberg et al., 2005). These seasonal patterns are predominantly observed in
waters shallower than 50 m, where baroclinicity is less important (Liu and Weisberg,
2012). Generally, coastal circulation tends to support upwelling (southeastward
flow) in the winter, as synoptic scale cold fronts tend to produce strong northerly
winds, which can extend into April or May (Li and Weisberg, 1999a; 1999b; Weisberg
et al. 2000; Weisberg et al., 2001; Weisberg et al., 2005; Liu and Weisberg, 2012).
In summer, nearshore temperatures are highest on the shelf, and along with
southerly winds, baroclinic circulation is northward and downwelling favorable (He
and Weisberg, 2003b; Weisberg et al., 2005; Liu and Weisberg, 2012). The periods
between these seasonal patterns are referred to as the “spring transition” and “fall
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transition” (He and Weisberg, 2002b; He and Weisberg, 2003b; Weisberg et al.,
2005).
The spring transition was investigated by He and Weisberg (2002b). In
March, a strong, nearshore, wind driven southerly current existed in the nearshore
region, with a reversal in the mid shelf (due to the partial closure by the Florida
Keys). This strong southerly current moves offshore as the spring progresses. This
transition occurs because of the interaction between the barotropic wind driven
component of the circulation with the baroclinic heat flux component (differential
warming of near shore waters causes an offshore directed temperature gradient).
This results in a mid-shelf “cold tongue” and a shelf break jet current (which allows
Mississippi discharge water to advect onto WFS, Gilbes et al., 1996; and leads to the
formation of oceanographic fronts, Wall, 2006).
The fall transition begins with winds switching from southerlies to northerlies
(becoming upwelling favorable; He and Weisberg, 2003b). Nearshore waters begin
to cool, developing a shoreward directed pressure gradient. The strong northerly
current near the coast which is typical in the late summer and early fall, begins to
move offshore. As the fall progresses, the shoreward directed pressure gradient
moves offshore, and the near shore current (southward flow) becomes primarily
wind driven. As in the spring transition, the maximum current again moves offshore
as the season progresses (He and Weisberg, 2003b), and both the spring and fall
transitions correspond with the change in sign of the net surface heat flux (Weisberg
et al., 1996; Weisberg et al., 2005). These circulation patterns were confirmed by
ADCP (Acoustic Doppler Current Profiler) current measurements by Liu and Weisberg
(2005; 2012).
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Biology of the West Florida Shelf

Phytoplankton and Primary Production
The Gulf of Mexico and the WFS had in the past been considered to be
oligotrophic; however, primary productivity can be high on the continental shelves
(Gilbes et al., 1996), especially in coastal regions (Muller-Karger et al., 1991; Heil et
al., 2007). Using 7-year averages from the Coastal Zone Color Scanner (CZCS),
Muller-Karger and colleagues (1991) found that a winter maximum in chlorophyll
concentration occurred in both shelf and oceanic Gulf of Mexico waters. Although the
seasonal patterns were synchronized, oceanic values in chlorophyll concentrations
were lower than continental shelf values (maximum values < 0.25 mg m -3 for
oceanic, about 1.5 mg m-3 for continental shelf) and were less variable than
continental shelf values (Muller-Karger et al., 1991). Chlorophyll concentration can
reach very high levels in coastal areas (> 5 mg m-3, Muller-Karger et al., 1991). In a
multi-year investigation of chlorophyll concentrations on the WFS using remotely
sensed data, mean chlorophyll concentrations at the 40 m isobath were higher than
at the 200 m isobath (Gilbes et al., 1996). Chlorophyll concentrations at the 40 m
isobath were also found to be highly variable (< 1.0 mg m-3 to > 3.5 mg m-3, Gilbes
et al., 1996). Vargo and colleagues (1987) measured chlorophyll-a concentration on
the WFS in non-bloom conditions below 1 mg m-3, and determined primary
productivity to be < 0.5 g C m-2 day-1. A mid- to outer-shelf episodic phytoplankton
bloom, often referred to as the “green river”, can also occur in the spring on the WFS
(Gilbes et al., 1996; 2002). This bloom can extend from Cape San Blas on the
northern WFS to the Florida Keys in the south, and has reached the inner shelf near
Tampa Bay. Pigment concentrations in this bloom have been measured as high as
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5.5 mg m-3 (via remote sensing methods), and > 3.0 mg m-3 (in situ, Gilbes et al.,
1996).
Several factors influence the primary productivity of the Gulf of Mexico and
the WFS. In offshore waters, the depth of the mixed layer is an important factor in
explaining chlorophyll concentrations (Muller-Karger et al., 1991). Adequate
illumination was determined to occur in all seasons, and the winter peak in
chlorophyll concentration suggested that temperature was not limiting to
phytoplankton growth, but the relationship between mixed layer depth and
chlorophyll concentration suggested that phytoplankton activity was limited by
upward nutrient flux (Muller-Karger et al., 1991). Chlorophyll concentration is also
influenced by river discharge (Muller-Karger et al., 1991; Gilbes et al., 1996).
Riverine nutrient input onto the WFS comes from various sources. Northern Gulf of
Mexico rivers, which peak in spring, can contribute significant nutrient inputs onto
the WFS (although most Mississippi water flows westward, see discussion above,
Gilbes et al., 2003). Smaller rivers along the western Florida coastline also
contribute to nutrient levels on the WFS. These rivers typically have variable flow,
and peak in the summer rainy season (Gilbes et al., 1996). Significant amounts of
nutrient influx onto the WFS have been documented from Tampa Bay and Charlotte
Harbor, and are large even during minimal flow (Vargo et al., 2007; Heil et al.,
2007). Large inputs of nutrients can also occur during cross-shelf flows which
happen periodically on the WFS (Paluszkiewicz et al., 1983), and these events can
result in increases in primary productivity (Walsh et al., 2003). Other oceanographic
processes, such as steric height differences, heat flux and wind-driven upwelling can
also influence phytoplankton growth and primary productivity (Muller-Karger et al.,
1991; Gilbes et al., 1996). Seasonal circulation patterns influence the formation of
the “green river” phytoplankton bloom (He and Weisberg, 2002), and chlorophyll
concentration patches were associated with river plume fronts outside of Tampa Bay
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(Wall, 2006; Wall et al., 2008). Iron limitation has been proposed as a limiting
micronutrient for diazotrophs (nitrogen fixing bacteria and Archaea) on the WFS, and
inputs of iron from wind-blown dust may be important process for these organisms
(Lenes et al., 2001).

Types of phytoplankton
The WFS phytoplankton community composition varies greatly from north to
south and inshore to offshore directions (Heil et al., 2007). Based on the analysis of
photosynthetic pigments, Gilbes and colleagues (2002) reported the presence of a
wide variety of phytoplankton taxa on the northern WFS, potentially including
prochlorophytes, chlorophytes, bacillariophytes, chrysophytes, cryptophytes,
diatoms, dinoflagellates and cyanophytes.
Dinoflagellates were the dominant phytoplankton group found in the southern
Gulf of Mexico by Heil and colleagues (2007). This group has received considerable
attention as the dinoflagellate Karenia brevis is responsible for some HAB events
(Harmful Algal Blooms) on the WFS and other areas, and are large contributors to
WFS primary production in the south and central WFS (Steidinger, 1983; Vargo et
al., 1987; Vargo, 2009). In episodic blooms of K. brevis, surface water chlorophyll-a
concentrations can reach 30 mg m-3, and primary production can reach 3.8 g C m-2
day-1 (Vargo et al., 1987). Diatoms are an important phytoplankton group in several
locations. Diatoms may be responsible for initiating the WFS chlorophyll plume off
Cape San Blas in the northern Gulf of Mexico (Gilbes et al., 1996; 2002), and are
important on the Florida Middle Grounds (Walsh et al., 2003) and the coastal
southern WFS (Heil et al., 2007). Diatoms are generally considered important
ecologically, as they are better able to support food web with fewer trophic transfers,
resulting in higher biomass of marine apex species (Mann, 1993; Mann and Lazier,
2006). Diazotrophs are thought to make up approximately half the phytoplankton
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on the WFS, although this may be a potential underestimate due to the sampling
procedure (Lenes et al., 2001). Many reports have documented Trichodesmium
blooms within 75 km of Florida’s western coast (Lenes et al., 2001 and references
therein; Heil et al. 2007; personal observation), and subsurface blooms can exist
which are not easily detected (Lenes et al., 2001). Trichodesmium appear to be iron
limited on the WFS, and wind-transported Saharan dust may be an important source
of this micronutrient (Lenes et al., 2001). Thus, Trichodesmium can be a source of
ammonium and reduce nitrogen limitation for other phytoplankton groups (Lenes et
al., 2001; Walsh and Steidinger, 2001). Although little is known about their
distribution on the WFS, coccolithophorids may be an important group of
phytoplankton on the WFS, and may be responsible for winter peaks in chlorophyll
concentration (Gilbes et al., 1996).

Zooplankton and Ichthyoplankton
Zooplankton stocks are an important and numerous component of the WFS
ecosystem, and appear to quickly control phytoplankton numbers through grazing
pressure (Hitchcock et al., 2000). Zooplankton numbers are generally higher close
to shore, and zooplankton distribution is associated with salinity and density
gradients (Sutton et al., 2001). Overall, there appears to be little seasonal variation
in zooplankton numbers on the WFS (Sutton and Burghart, 2002 and references
therein). However, Kelly and Dragovitch (1967) found that macrozooplankton
volumes were far higher in the summer off Tampa Bay, which was probably due to
the seasonal variation in freshwater input. Various studies have found that copepods
are the dominant zooplankton group on the WFS (e.g., Hopkins, 1977; Dagg, 1995;
Sutton et al., 2001; Lester, 2005). Lester (2005) determined that plankton
community structure changed with depth on the WFS off Tampa Bay, and that
communities at the 5 m isobath had little species overlap with communities at the 50
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m isobath. Other groups also make up significant proportions of the zooplankton
community, including larval organisms (e.g., cirripeds, polychaetes) and
microheterotrophs (Hitchcock et al., 2000; Lester, 2005).
Ichthyoplankton biomass can vary considerably in space and time on the
WFS, and at times can be more abundant than invertebrate zooplankton (Thomas,
1995). Ichthyoplankton biomass tends to be higher in the northern and coastal
waters on the WFS, including the waters near Tampa Bay and the Florida Middle
Grounds. There also seems to be an offshore movement of ichthyoplankton biomass
in the fall (Thomas, 1995).

Fish
The Gulf of Mexico has 550 or more species of fish (Hoese and Moore, 1998).
Darcy and Gutherz (1984) collected at least 246 species in 71 families in an
extensive set of January trawls from Cape San Blas to the Dry Tortugas (the
northern to southern extent of the WFS) from 9 m depth out to the shelf break.
From this study, the most abundant families were the Scianidae, Triglidae, Sparidae,
Ophidiidae, Bothidae, Serranidae, Haemulidae, Myliobatidae, Scorpaenidae, Aridae
and Synodontidae. Generally, catches were higher in the northern WFS (from Tampa
Bay northward) and closer to shore (Darcy and Gutherz, 1984). Trawls were also
conducted near Tampa Bay out to approximately 30 m by Pierce and Mahmoudi
(2001), where 111 fish species were found. Fish species composition in the Gulf of
Mexico is largely determined by the depth, substrate and sediment type (Darcy and
Gutherz, 1984). Live bottom and artificial reefs are important fish habitat on the
WFS (Dupont, 2009), and Darcy and Gutherz (1984) often recorded the highest fish
catches near live-bottom areas. Many fish species in the Gulf of Mexico have
seasonal migratory patterns between the open Gulf and estuaries; however, fish
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fauna from Tampa Bay south are not as estuarine dependent (e.g., haemulids,
serranids, Darcy and Gutherz, 1984).
A description of the distribution patterns of all the fishes found on the WFS is
beyond the scope of this introduction. However, several fish species have been
identified as dolphin prey items in the Gulf of Mexico continental shelf waters (e.g.,
Barros and Odell, 1990; Fertl and Würsig, 1995). Brief summaries of the
movements and distribution of these fish are provided here.

Pigfish (Orthopristis chrysoptera)
Various studies report pigfish in the open Gulf of Mexico (Sutter and McIlwain,
1987a and references therein). Pigfish were one of the most common species
caught in the January surveys conducted by Darcy and Gutherz (1984), and were the
most dominant species by weight at shallow stations. Various studies report spring
spawning migrations into the Gulf of Mexico from estuaries, including Tampa Bay
(Sutter and McIlwain, 1987a and references therein). Although they were not found
in abundance during the April surveys by Pierce and Mahmoudi (2001), when present
they were more common in waters shallower than 20 m.

Pinfish (Lagodon rhomboides)
Like pigfish, pinfish were one of most common species caught on the WFS in
January by Darcy and Gutherz (1984). Although found in low numbers in deeper
waters, they were only common closer to shore. This was also the case in the April
cruises by Pierce and Mahmoudi (2001), where pinfish catches were very high in
waters shallower than 20 m. Nelson (2002) found pinfish in 90% of trawls
conducted in waters 6 m to 30 m deep in April 1994 through 1997 off Tampa Bay;
however, the catch rate varied greatly by year. This species is also migratory, and
most studies have reported offshore spawning in the fall and early winter, although
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in coastal Florida waters most spawning seems to occur in February and March
(Hansen, 1969; Muncy 1984 and references therein). Pinfish are known to produce
sounds when held out of the water; however, these sounds have not been
documented underwater (Muncy 1984 and references therein).

Silver perch (Bairdiella chrysoura)
Silver perch are another fish which migrates from estuaries to the open Gulf
of Mexico for spawning, which takes place in the spring (Hoese and Moore, 1998).
Pierce and Mahmoudi (2001) found silver perch in their April surveys, mostly in
waters shallower than 20 m.

Spanish sardine (Sardinella aurita)
Spanish sardines were commonly found on the central WFS in April by Pierce
and Mahmoudi (2001). This species was frequently seen in large surface shoals
during the warmer months of this study by the author.

Sand seatrout (Cynoscion arenarius)
This species migrates into Gulf of Mexico from estuaries in the spring through
fall for spawning, and may time spawning with prevailing wind conditions that will
help eggs and / or larvae return to estuaries (Sutter and McIlwain, 1987b and
references therein). Shlossman and Chittenden (1981) report sand seatrout
spawning areas in the Gulf of Mexico are 7 – 22 m deep.

Spotted seatrout (C. nebulosus)
Spotted seatrout are primarily an estuarine species, but several reports
indicate spawning can take place in lower estuaries and into the Gulf of Mexico
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(Lassuy, 1983a and references therein). Spawning occurs from April to July (Lassuy,
1983a and references therein; Hoese and Moore, 1998).

Toadfish (Opsanus beta, O. pardus)
Toadfish produce easily recognized sounds which have allowed them to be
studied acoustically. Both the inshore species (O. beta) and the offshore species (O.
pardus) were found to produce sounds at any time; however, O. beta sound
production peaked at sunrise and sunset (Locascio and Mann, 2008) and O. pardus
sound production was highest from 3 PM to 4 AM (Wall et al., submitted). Calls
suspected to be from O. pardus were mainly heard in waters deeper than 40 m by
Wall and colleagues (2012).

White Mullet (Mugil curema), Striped Mullet (M. cephalus)
Large schools of striped mullet leave estuarine waters in the fall and enter the
Gulf of Mexico, and return in smaller schools over about a 6 month period (Hoese
and Moore, 1998). However, white mullet spawn offshore during the spring (Hoese
and Moore, 1998).

Gulf Menhaden (Brevoortia patronus)
Gulf menhaden leave estuarine waters in September or October to spawn in
the Gulf of Mexico (Lassuy 1983b and references therein). Spawning depths have
been reported between 2 m and 128 m. Fish return to estuaries from March to May.
Timing of migrations appears to be variable. For example, in Tampa Bay these fish
appear to begin their migration into the Gulf in June or July (Lassuy 1983b and
references therein). Gulf menhaden can detect ultrasound, which has been proposed
to have evolved under the selective pressure of echolocating dolphins (Mann et al.,
2001; Wilson et al., 2009).
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Black drum (Pogonias cromis)
Black drum are primarily an estuarine fish; however, they will spawn in
passes leading to the Gulf of Mexico and in the shallow Gulf (Sutter et al., 1986;
Hoese and Moore, 1998). In western Florida, black drum spawning occurs primarily
in winter months (determined from acoustic activity, Locascio and Mann, 2011).

Shrimp
At least 17 species of shrimp can be found on the WFS, and the three
commercially harvested species (white shrimp, Litopenaeus setiferus; pink shrimp,
Farfantepenaeus duoraum; brown shrimp, F. azetecus) face intense fishing pressures
(Okey and Nance, 2002 and references therein). Given this fact, most shrimp on the
WFS are thought to be younger animals that have yet to be recruited into the fishery
(Okey and Nance, 2002). Shrimp were not caught as commonly as fish on the WFS
by Darcy and Gutherz (1984). White shrimp were found near the 10 m isobath in
northern regions of the WFS. Pink shrimp were found throughout the WFS in 9 – 51
m of water, but were more common in the southern regions of the WFS. Rock
shrimp (Sicyonia sp.) were also found throughout the WFS, in 20 – 64 m of water,
and were more common in northern areas. Shrimp are a known prey item for some
Gulf of Mexico dolphins (e.g., Barros and Odell, 1990).

Squid
Little is known about the squid in the Gulf of Mexico. Hixon and colleagues
(1980) report that four species are relatively abundant in the Gulf of Mexico, three of
which are found in continental shelf waters. Squid have been identified as prey for
dolphins in the Gulf of Mexico, although not for inshore resident bottlenose dolphins
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(Perrin et al., 1987 and references therein; Barros and Odell, 1990; Barros and
Wells, 1998).

Longfin squid (Loligo pealei)
These squid are found on the continental shelf and shelf break from 40 – 400
m depth (Hixon et al., 1980; Marelli and Arnold, 1998 and references therein). They
are demersal during day, and at night in the summer rise into the water column to
near surface (Marelli and Arnold, 1998 and references therein). Longfin squid are
found in deep water in winter (over 100 m), then move into shallower water (80 –
40 m) from spring to late fall (Hixon et al. 1980). This species is thought to be
preyed upon by odontocetes (Marelli and Arnold, 1998 and references therein).

Slender squid (L. plei)
Slender squid are found on the continental shelf and shelf break from 20 –
350 m depth (Hixon et al., 1980). Like the longfin squid, they are demersal during
day, and then disperse into water column at night (Hixon et al., 1980). Also like the
longfin squid, this species likely winters in deep water, then moves inshore in the
spring through fall (Hixon et al., 1980; Marelli and Arnold, 1998 and references
therein).

Brief squid (Lolliguncula brevis)
The brief squid is the most coastal species of squid on the WFS. It is found in
waters less than 20 m deep, and even enters estuaries seasonally (spring through
fall, Marelli and Arnold, 1998 and references therein). This species is known to be
preyed upon by small odontocetes (Barros and Odell, 1990; Marelli and Arnold, 1998
and references therein).
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Sharks
Sharks are important predators of small dolphins, and are known to play a
role in dolphin movements and distribution (e.g., Heithaus, 2001a). Sixteen species
of sharks were identified in the nearshore central WFS by Clark and Von Schmidt
(1965); however, the authors suspected that the WFS was habitat for at least 23
species of shark. The most common species in the Gulf of Mexico continental
shelves have historically been bull sharks (Carcharhinus leucas), sandbar (brown)
sharks (C. milberti), blacktip sharks (C. limbatus), lemon sharks (Negaprion
brevirostris), tiger sharks (Galeocerdo cuvieri), dusky sharks (C. obscurus), Atlantic
sharpnose sharks (Rhizoprionodon terraenovae) and white sharks (C. carcharias,
Clark and Von Schmidt, 1965; Adams et al., 1994; Grace and Henwood 1997).
Several of these species are known to attack dolphins (Wells and Scott, 1999;
Heithaus, 2001a). The movements and seasonal distributions are generally not well
known for these animals. White shark distribution in the Gulf of Mexico is not well
understood, although they are thought to be on the WFS only during the winter
(Clark and Von Schmidt, 1965; Adams et al., 1994; Castro, 2011). Bull sharks are a
common coastal species in peninsular Florida from March through November (and
found in deeper water in the winter, Castro, 2011), and have been observed in
inshore WFS waters in the summer (Clark and Von Schmidt, 1965; Scott et al.,
1990; personal observation). Pregnant female bull sharks migrate from the central
WFS into estuaries and lagoons in March to release their young (Castro, 2011).
Tiger sharks are common in all seasons in the Gulf of Mexico (Castro, 2011) and are
observed on the WFS (personal observation). As in many areas, declines in the
numbers of sharks have been observed in the Gulf of Mexico (Baum and Myers,
2004).
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Cetaceans of the West Florida Shelf

Twenty-eight species of cetacean have been observed in the Gulf of Mexico
(Würsig et al., 2000; Davis et al., 2002). However, the distribution of most of these
species appears to be restricted to continental slope and oceanic waters. Only two
species are regularly found on the continental shelf: bottlenose dolphins and Atlantic
spotted dolphins (Würsig et al., 2000; Baumgartner et al., 2001, Fulling et al.,
2003). A third species, the rough-toothed dolphin (Steno bredanensis) has also been
observed, although infrequently (Griffin and Griffin 2003, Fulling et al. 2003). All
three species produce whistles and echolocation clicks (Steiner, 1995; Herzing,
1996), and various low-frequency sounds are documented for bottlenose and Atlantic
spotted dolphins (Herzing, 1996).

Common Bottlenose Dolphins (Tursiops truncatus)
Bottlenose dolphins have a broad distribution globally, inhabiting warm
temperate and tropical waters, and from offshore oceanic to coastal and estuarine
environments (Wells and Scott, 2009). In the Gulf of Mexico, Baumgartner and
colleagues (2001) found that they had bimodal distribution, on the continental shelf
mainly shallower than 75 m, and beyond the shelf break to a maximum depth of
approximately 750 m.

Aerial surveys on the WFS have indicated that bottlenose

dolphins range from the coast to the shelf break, although most sightings occurred in
depths less than 50 m (Fritts et al., 1983). Griffin and Griffin (2003) analyzed
bottlenose dolphins on the inner WFS, and determined that the primary habitat for
this species was shallower than 20 m. This depth dependent pattern has also been
found in other areas in the Gulf of Mexico and the Florida Atlantic coast (Fritts et al.,
1983). As this depth pattern has been observed in other areas with different width
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continental shelves, water depth appears to be the important factor in determining
distribution instead of distance from shore (Fritts et al., 1983).
In the Gulf of Mexico, the U.S. National Marine Fisheries Service recognizes
32 bay, sound and estuary stocks, three coastal stocks (western, northern and
eastern, extending from shore to the 20 m isobath), a single continental shelf stock
(extending from the 20 m to the 200 m isobaths), and a single oceanic stock (200 m
isobath to the extent of the U.S. Exclusive Economic Zone, EEZ, Waring et al.,
2011). The bay, sound and estuary stocks have largely been defined by the regions
occupied by individual “communities” (groups of dolphins which regularly share large
portions of their ranges, have similar and distinct molecular profiles, and interact
with each other more frequently than with individuals in adjacent communities, Wells
et al., 1987). Although the stocks attempt to recognize the communities as
functional units within the ecosystem (Waring et al., 2011), many of the areas have
not been studied and stock designations simply reflect geography. In addition, even
in well studied areas, further divisions may be justified based on population structure
(Urian et al., 2009). The research in this dissertation was adjacent to five bay,
sound and estuary stocks: St. Joseph Sound / Clearwater Harbor, Tampa Bay,
Sarasota Bay / Little Sarasota Bay, Lemon Bay, and Pine Island Sound / Charlotte
Harbor / Gasparilla Sound (Waring et al., 2011; locations mentioned in this section
can be found in Figure 1.1). Population estimates for the bay and estuary stocks are
variable, but frequently outdated. However, a recent estimate exists for Sarasota
Bay (160 animals, based on a direct count of known individuals; Wells 2009), and
older population estimates exist for St. Joseph Sound and Clearwater Harbor (37, CV
= 37), Tampa Bay (559, CV = 0.24) and the Charlotte Harbor area (209, CV = 0.38;
Waring et al., 2011 and references therein).
The three coastal stocks of bottlenose dolphins in the Gulf of Mexico are
based on habitat and climate differences which might restrict movement of dolphins
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between areas. For example, the eastern coastal stock, which is the stock
investigated in this dissertation, has habitat characterized by temperate to
subtropical climate, is bordered by coastal marshes, sand beaches and mangroves,
and has only an intermediate level of fresh water input (Waring et al., 2011). The
20 m isobath is the seaward edge of the coastal stocks; however, this is based on
survey design and not on dolphin ecology or movements. The boundaries of the
continental shelf and oceanic stocks (20 m – 200 m and 200 m – EEZ, respectively)
are not explained by Waring and colleagues (2011); however, they are likely based
on logistic considerations as well. The most current population size estimates are
7,702 (CV = 0.19) for the eastern coastal stock, 17,777 (CV = 0.32) for the
continental shelf stock and 3,708 (CV = 0.42) for the northern Gulf of Mexico stock
(Waring et al., 2011 and references therein).
In several areas, different “ecotypes” of bottlenose dolphins have been
observed: “offshore” type dolphins which occupy deeper offshore waters, and
“inshore” type dolphins which occupy shallower coastal waters (Hersh and Duffield,
1990; Mead and Potter, 1995). There is often considerable overlap in the ranges of
these ecotypes (Torres et al., 2003), and dolphins with intermediate characteristics
(“intermediate” type) have been found (Wells et al., 1999b). The offshore, inshore
and intermediate ecotypes all inhabit the Gulf of Mexico (Hersh and Duffield, 1990;
Wells et al., 1999b). Inshore and offshore dolphins have characteristic
morphological differences. Body length was found to be 15% greater in offshore
bottlenose dolphins (Mead and Potter, 1995). Offshore dolphins also have wider
skulls, shorter and wider rostra, larger nares and smaller flippers than inshore
dolphins (Hersh and Duffield, 1990; Mead and Potter, 1995). While Mead and Potter
(1995) found offshore bottlenose showed little variation in morphology, there was
higher variation in the inshore dolphins, suggesting multiple populations. The
ecotypes of bottlenose dolphins can also be differentiated using mitochondrial and
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nuclear markers (Leduc and Curry, 1997; Hoelzel et al., 1998; Torres et al., 2003).
Duffield and colleagues (1983) and Hersh and Duffield (1990) have also identified
hemoglobin differences between inshore, intermediate and offshore bottlenose
dolphins. Based on the speed at which hemoglobin samples progress through
electrophoresis gel, inshore dolphins were characterized by 100% “fast” samples,
while intermediate dolphins had 65% “fast and 35% “slow” samples and offshore
dolphins had 30% “fast” and 70% “slow” samples (Duffield et al., 1983; Hersh and
Duffield, 1990). In addition, offshore dolphins have higher hemoglobin concentration
and hematocrit values than inshore dolphins (Duffield et al., 1983). These
differences have been attributed to ecological differences. Smaller body size and
larger flippers are beneficial for coastal dolphins, who inhabit shallow water where
being more maneuverable may be important. Offshore bottlenose may be more
adapted to colder deeper water and the observed hemoglobin and hematocrit
differences likely allow increased dive durations (Hersh and Duffield, 1990; Klatsky
et al., 2007). Given their distribution differences, it is not surprising that parasite
loads and food preferences of inshore and offshore dolphins also differ (Mead and
Potter, 1995). In the northwest Atlantic, a significant break in the distribution of the
ecotypes occurred at 34 km from shore (Torres et al., 2003); however, on wide
continental shelves such as some areas of the Gulf of Mexico, these results may not
apply (Waring et al., 2011). Both inshore and offshore ecotypes are thought to
potentially be present in the coastal stock region (shore to 20 m) and the continental
shelf stock region (20 m – 200 m: Waring et al., 2011).
Many differences are observed between bottlenose dolphins residing in
inshore lagoons and estuaries, and those further offshore. Differences in group size
and home range (e.g., Fazioli et al., 2006) suggest key differences in social
organization between inshore and Gulf of Mexico bottlenose dolphins. Differences in
social organization are thought to reflect environmental differences in resource
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predictability and predation pressure (Gowans et al., 2008), and are likely
responsible for differences between bottlenose dolphin communities at the molecular
level (Sellas et al., 2005).

Inshore communities
Highly resident communities of bottlenose dolphins have been reported in
various areas, including Tampa Bay (Wells et al., 1996a; Urian et al., 2009), Boca
Ciega Bay (McCallister, 2011), Sarasota Bay (Irvine et al., 1981; Scott et al., 1990;
Wells, 1991; Wells, 2003), Cedar Key (Quintana-Rizzo and Wells, 2001), and
Charlotte Harbor / Pine Island Sound (Shane, 1990; Shane, 2004; Wells et al.,
1996b; 1997). The Sarasota Bay community is the longest studied group of
bottlenose dolphins in the world, and research since 1970 indicates that at least five
generations of identifiable dolphins inhabit the Bay, including some of the original
dolphins identified in 1970-71 (Wells, 2003). Although these dolphins spend most of
their time in the shallow lagoons and estuaries, they also use the shallow Gulf of
Mexico, especially in winter months (Irvine et al., 1981; Fazioli et al., 2006; Shane,
1990), a pattern observed in other areas (e.g., San Luis Pass, Galveston Bay, Maze
and Würsig, 1999).
Bottlenose dolphins resident to inshore lagoons and estuaries in the Gulf of
Mexico and other areas are usually solitary feeders feeding on non-schooling prey
(Irvine et al., 1981; Barros, 1993; Barros and Wells, 1998; Allen et al., 2001). The
resident bottlenose dolphins in Sarasota Bay were found to be completely
piscivorous, with common prey including pinfish, pigfish, toadfish and mullet (Barros
and Wells, 1998). Many of the predominant fish in the diet of southeastern U.S.
bottlenose dolphins produce sound (e.g., pigfish, toadfish: Gannon et al., 2005), and
passive listening for prey appears to be a foraging technique for resident bottlenose
dolphins in Sarasota Bay and Indian River Lagoon, FL (Barros, 1993; Barros and
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Wells, 1998; Gannon et al., 2005; Berens McCabe et al., 2010). In fish sound
playback experiments, Gannon and colleagues (2005) found that bottlenose dolphins
in Sarasota Bay turned toward recorded fish sounds and increased their echolocation
production. The use of passive listening during foraging may explain a lower
echolocation rate for Sarasota Bay bottlenose dolphins compared to three
communities in North Carolina (Jones and Sayigh, 2002). Foraging in Sarasota Bay
and Indian River Lagoon is thought to be associated with seagrass habitat (Barros,
1993; Barros and Wells, 1998; Barros et al., 2010); however, fine scale analysis in
Anclote Key and John’s Pass, Florida, suggest that preferred foraging habitat is in
dredged channels and spoil islands (Allen 2000; Allen et al., 2001). The seasonal
migration of mullet into the open Gulf in the fall is thought to be an important factor
in the distribution of inshore dolphins (Scott et al., 1990; Weigle, 1990).
Inshore resident bottlenose dolphins tend to occur in small groups (e.g.,
Sarasota Bay: 4.8 – 7.0, Irvine et al., 1981; Wells et al., 1987; Galveston, Texas:
4.4, Bräger et al., 1994), which may be related to their foraging on non-schooling
prey (Gowans et al., 2008). Peak mating times are diffuse in the southeastern U.S.;
in Sarasota Bay a peak in births and neonatal strandings occurs in the springsummer, while a second peak occurs in the fall (Wells et al., 1987; Urian et al.,
1996).
The results of molecular studies indicate that only limited mixing occurs
between inshore communities. Sellas and colleagues (2005) considered
mitochondrial and nuclear DNA variability in several Gulf of Mexico communities.
High microsatellite variability (nuclear DNA) between Tampa Bay, Sarasota Bay,
Charlotte Harbor and the adjacent Gulf of Mexico suggest significant community
discreteness and only low levels of genetic exchange (Sellas et al., 2005). Lower
mitochondrial DNA diversity was found in the bay and estuary communities,
suggesting a possible recent founder effect (Sellas et al., 2005). An earlier study by
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Duffield and Wells (2002) found that mitochondrial DNA haplotype distributions had
clinal variations along west central Florida. However, limited genetic mixing does
occur, as Duffield and Wells (2002) found that 15% of Sarasota Bay bottlenose
dolphin calves were sired by non-residents.
Although these communities are characterized by high levels of residency and
genetic differences suggest only limited mixing, large movements of individuals and
mixed community groups are observed. For example, a bottlenose dolphin tagged
with a satellite-linked transmitter in Tampa Bay swam 581 km in 25 days (Mate et
al., 1995), and Fazioli and colleagues (2006) observed a small group of
photographically identified bottlenose dolphins which were sighted in the shallow
WFS, Tampa Bay and Charlotte Harbor, therefore ranging over four community
ranges. Inshore resident dolphins are commonly observed in mixed groups with Gulf
resident dolphins on the WFS (Fazioli et al., 2006).
Predation on inshore bottlenose dolphins is probably exclusively by sharks
(Wells and Scott, 1999), as killer whales are not found in in Gulf of Mexico estuaries
and bays and are only rarely on the inner shelf (O’Sullivan and Mullin, 1997). Bull
sharks, tiger sharks, great white sharks and dusky sharks are all known predators of
bottlenose dolphins (Wells and Scott, 2009), and all are found in the Gulf of Mexico
and the WFS (Clark and Von Schmidt, 1965; Adams et al., 1994; Grace and
Henwood 1997; Castro, 2011). Bull sharks migrate into lagoons and estuaries in the
spring (Castro, 2011), and a single record of a white shark in Boca Ciega Bay
(Tampa Bay) suggest that this species may be an occasional visitor to lagoon waters
(Adams et al., 1994).
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Gulf communities
Bottlenose dolphins in the open Gulf of Mexico appear to have quite different
foraging strategies, group structure and ranging patterns. Group sizes increase in
open water further from shore (Wells et al., 1980; Irvine et al., 1982; Fazioli et al.,
2006). Group sizes of approximately 600 animals have been reported in the open
Gulf of Mexico (see Fritts et al., 1983), although much smaller group sizes are
normally seen (e.g., mean monthly group sizes 1.2 to 17.0, Fritts et al., 1983; mean
4.0, Griffin and Griffin, 2004).
There appears to be some residency in the shallow WFS bottlenose dolphins.
Fazioli and colleagues (2006) identified bottlenose dolphins on the WFS off Tampa
Bay and Sarasota Bay which appeared to be resident in the open Gulf waters. These
dolphins used the entire area of study site including deeper waters (roughly Tampa
Bay to Charlotte Harbor, out to 9.3 km from shore), in contrast to the bay and
estuary residents found in Gulf, who tended to stay close to shore and passes (Fazioli
et al., 2006). Photographic identification studies on bottlenose dolphins on the WFS
frequently found resightings of Gulf individuals (Fazioli et al., 2006; Olson, 2011;
Wells et al., 2011). For example, resightings of Gulf dolphins on the WFS have been
identified as far back as 1988 (field data 1997 – 1998, Fazioli et al., 2006) and 1981
– 1982 (field data 2010, Wells et al., 2011), indicating some degree of multi-decadal
site fidelity on the WFS. In addition, Wells and colleagues (2011) found that 46% of
biopsy DNA samples from WFS bottlenose dolphins matched an existing catalog for
the area.
The ranging pattern of WFS bottlenose dolphins is not clear, but appears to
be spatially large in comparison to inshore residents. Some dolphins on the inner
WFS (< 10 km from shore) appeared to have an intermediate residency pattern, and
ranged widely between inshore and Gulf waters (Fazioli and Wells, 1999; Fazioli et
al., 2006). Few dolphins seen further from shore (10 km – 50 km) were matched to
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the inner shelf catalog suggesting limited movement to this area (Fazioli and Wells,
1999; Fazioli et al., 2006). Wells and colleagues (1999b) also found via satellitelinked telemetry that rehabilitated offshore type and intermediate type bottlenose
dolphins remained in their respective characteristic depth ranges after release. It
also appears that the WFS off Tampa Bay and Sarasota Bay is an area of overlapping
communities to the north and south of the area (Fazioli et al., 2006). Sellas and
colleagues (2005) found that the WFS had far higher diversity in mitochondrial DNA
haplotypes, allelic richness and microsatellite (nuclear DNA) differences (in
comparison to inshore communities), suggesting that a large number of dolphins use
the inner WFS.
Large movements have been observed for open Gulf of Mexico bottlenose
dolphins. An intermediate type bottlenose dolphin released by Clearwater Marine
Aquarium (Wells et al., 1999b) travelled 48 km / day and moved from Clearwater, FL
to offshore of Cape Hatteras, NC. An offshore type dolphin travelled 89 km / day,
and once released off Cape Canaveral, FL swam into the southern Sargasso Sea,
covering 4,200 km (Wells et al., 1999b). Olson (2011) photographically identified a
bottlenose dolphin on the WFS which was re-identified 2 days later 95 km away.
Seasonal movements by WFS bottlenose dolphins have also been observed.
For example, Fazioli and colleagues (2006) found that Gulf bottlenose dolphin
numbers decreased in winter on the WFS (while the use of the area increased by
inshore residents), suggesting that the Gulf dolphins move out of the area. A large
increase in Gulf individuals onto the inner WFS was also observed in May, and some
Gulf dolphins were only seen during the summer months (Fazioli et al., 2006). Fritts
and colleagues (1983) conducted aerial surveys on the WFS to the south of the study
area of Fazioli and colleagues (2006) and into waters further offshore. Their results
indicated that bottlenose dolphins were more abundant in December through April
than in June through October (Fritts et al., 1983). An increase in numbers of
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bottlenose dolphins was also observed in the Florida Everglades during winter aerial
surveys (Odell, 1975), and in several west central Florida estuaries (Tampa Bay,
Charlotte Harbor / Pine Island Sound, Scott et al., 1989). However, in the northern
Gulf, several areas have documented increased bottlenose dolphin numbers in the
summer (e.g., Galveston Bay, Bräger, 1993), and in the northern WFS, bottlenose
dolphins numbers increase in the spring and fall in St. Joeseph Bay (near Cape San
Blas, Balmer et al., 2008) . These results suggest seasonal migrations of bottlenose
dolphins in the Gulf of Mexico and WFS, and such migrations may have north – south
and inshore – offshore elements.
Reproductive seasonality is unknown for continental shelf bottlenose dolphins.
Fazioli and colleagues (2006) did not observe young calves with Gulf resident
dolphins, and suggested that their calving season was in the winter when many
individuals were not in the study area. Fritts and colleagues (1983) observed
bottlenose dolphin calves most frequently in April and October on the WFS, but few
too calves were seen to confidently identify seasonal trends.
The foraging habits of dolphins that live far from shore are frequently not
known; however, an extensive study on the stomach contents of stranded bottlenose
dolphins on Gulf of Mexico beaches was conducted by Barros and Odell (1990).
Stomach contents indicated that Gulf bottlenose dolphins fed on a wide variety of
fish and invertebrates reflecting local abundances. From 76 bottlenose dolphins
ranging from Tampa Bay to Cape Sable, FL, 99% of dolphins consumed fish, 37%
consumed squid, 14% consumed shrimp, and a single individual had consumed a
horseshoe crab (Limulus polyphemus). Fish were the only items consumed by 62%
of the stranded dolphins, while 32% only consumed squid. The most common prey,
by decreasing frequency of occurrence for the Tampa Bay to Cape Sable area were
sand seatrout, silver perch, mullet (36.4% each), pigfish (27.3%), pinfish (22.7%),
Spanish sardine, brief squid (18.2% each), toadfish, black drum, spotted seatrout
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and longfin squid (13.6% each, Barros and Odell, 1990). Menhaden have also been
identified as a prey item by Leatherwood (1975). Bottlenose dolphins in the open
Gulf of Mexico have been observed group herding schools of fish; however, individual
feeding is also seen (Leatherwood, 1975)
As previously mentioned, several species of sharks known to attack dolphins
are found in the Gulf of Mexico. Killer whales are normally found in oceanic waters;
however, they are occasionally observed on the continental shelf in depths as
shallow as approximately 10 m (O’Sullivan and Mullin, 1997). O’Sullivan and Mullin
(1997) also found that all killer whale sightings in the Gulf of Mexico were in the
summer months. Therefore, for bottlenose dolphins on the WFS, killer whales may
also be a potential predator.

Atlantic spotted dolphins (Stenella frontalis)
Atlantic spotted dolphins are found in Atlantic tropical and warm temperate
waters (Perrin, 2009). Although found in oceanic waters in other areas, in the Gulf
of Mexico they are found on the mid to outer continental shelves and in shelf break
and slope waters (Fritts et al., 1983; Fulling et al., 2003; Griffin and Griffin, 2003;
Mullin and Fulling, 2004; Maze-Foley and Mullin, 2006). On the WFS, Atlantic
spotted dolphins are rarely found shallower than 20 m depth (Fritts et al., 1983;
Griffin and Griffin, 2003). Group sizes range widely for this species. Fritts and
colleagues (1983) found group sizes from 1 to 225 animals on Gulf of Mexico
continental shelf waters. Group sizes are usually below 50, and frequently 5 – 15 in
coastal waters (Perrin et al., 1987). Griffin and Griffin (2004) found an average
group size of 6.3 on the central WFS. Two morphological types of Atlantic spotted
dolphins are found, which may be subspecies (Perrin et al., 1987). A larger, more
heavily spotted form is found in the Gulf of Mexico and Atlantic continental shelf
waters, while a smaller, less spotted form is found in pelagic waters in the Atlantic
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only (Fulling et al., 2003; Mullin and Fulling, 2003; 2004). Little is known about the
ecology, life history or biology of this species (Perrin, 2009).
Gulf of Mexico Atlantic spotted dolphins are being considered for designation
as a separate stock for management purposes by the NMFS (Waring et al., 2011),
partially based on the results of Adams and Rosel (2005) who found differences
between Gulf of Mexico animals and western North Atlantic animals using
mitochondrial and nuclear DNA markers. The most recent population estimate for
this species for the northern Gulf of Mexico is 37,611 animals (Waring et al., 2011).
Seasonal movements have been proposed for Atlantic spotted dolphins in the
Gulf of Mexico. There is some indication of an inshore migration during the spring
months. Peak sightings on the WFS were found in April by Fritts and colleagues
(1983), and in northern Florida these dolphins approach shallower waters in spring
(Fritts et al., 1983 and references therein). However, Griffin and Griffin (2004)
reported higher densities of Atlantic spotted dolphins on the WFS from November to
May. Mills and Rademacher (1996) found no significant difference in sighting rates
between inshore and offshore waters in the northern Gulf of Mexico, however a
significant difference between sighting rates in winter and summer was found,
suggesting a north – south seasonal movement. Therefore, the seasonal movements
of Atlantic spotted dolphins in the Gulf of Mexico are not yet fully understood.
Various reports of foraging observations and stomach contents exist for
Atlantic spotted dolphins. In the Gulf of Mexico and southeast United States, Atlantic
spotted dolphins have been observed foraging on clupeids (probably menhaden; Fertl
and Würsig, 1995), pinfish (Springer, 1957), flying fish (Exocoetidae, Richard and
Barbeau, 1994), carangids (jacks, pompanos) and squid (Perrin et al., 1987 and
references therein). Perrin and colleagues (1987) summarized unpublished reports
on northern Gulf of Mexico Atlantic spotted dolphin stomach contents, which found a
large number of cephalopod beaks. Stomach contents from 19 strandings on the
55

United States east coast indicated that nine dolphins only consumed squid, four only
consumed fish, and six dolphins consumed both fish and squid. Analysis of the
otoliths determined that fish prey included Cynoscion sp. (drum, grunt or seatrout),
Stenotomuschrysops sp. (porgy) and Anchoa sp. (anchovy). Otoliths were also
found from families Congridae (conger and garden eels), Gadidae (cods),
Trichiuridae (cutlassfishes) and Triglidae (sea robins, see Perrin et al., 1987). All
other stenellids in the Gulf of Mexico are found well off the continental shelves (e.g.,
pantropical spotted dolphin, S. attenuate, Davis et al., 1998). It has been suggested
that the spatial partitioning of the stenellids in the Gulf of Mexico may reflect
strategies to avoid interspecific competition (Maze-Foley and Mullin, 2006; see
Bearzi, 2005 for review).
Little is know about predation on Atlantic spotted dolphins. Sharks are known
predators (Perrin, 2009), and in the Gulf of Mexico, killer whales have been observed
preying on an Atlantic spotted dolphin (Maze-Foley and Mullin, 2006).

Rough-toothed dolphins (Steno bredanensis)
Rough-toothed dolphins are found worldwide in tropical and warm temperate
water, although little is known of their ecology, behavior, life history or abundance
(Jefferson, 2009). Although they are usually found in deep water (e.g., Davis et al.,
1998; Baird et al., 2008), they have been observed on shelf waters on several
occasions (Fulling et al., 2003, Griffin and Griffin 2003). Rehabilitated and released
rough-toothed dolphins have been observed to travel thousands of kilometers (Wells
and Gannon, 2005; Wells et al., 2008). Some of these dolphins were observed to
occupy a variety of depths from 1 m coastal waters to oceanic waters of
approximately 6,700 m depth (Wells et al., 2008).
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Objectives

This dissertation is an investigation of dolphin sound production and distribution
on the WFS. The objectives of the research can be summarized as follows:

1. Characterize how free-ranging bottlenose dolphins use echolocation
in their natural environments. Echolocation production has been well
studied in captive dolphins; however, little is known about how free-ranging
dolphins use echolocation in their natural environments. In Chapter 2, I
investigate the relationship between bottlenose dolphin echolocation pulse
rate (recorded in Tampa Bay, Boca Ciega and the WFS) and water depth. The
relationship between pulse rate and water depth can provide evidence for
dolphins using the two-way travel time information for object ranging
purposes.
2. Quantitatively analyze the characteristics of “Low Frequency Narrowband” (LFN) sounds. Low frequency dolphin sounds are relatively
uncommon, and they have not received much attention from the scientific
community. During this study, low frequency sounds from bottlenose
dolphins were recorded in Boca Ciega and Tampa Bay, and pre-existing
recordings of this sound were obtained from Sarasota Bay and Mississippi
Sound. In Chapter 3, I investigate the acoustic properties of these sounds,
possible behavioral contexts, and compare the sounds to dolphin hearing
thresholds and background noise levels.
3. Determine the spatial and temporal patterns of dolphin distribution
on the WFS. Dolphin distribution on the WFS has been investigated in
previous work; however, the spatial and temporal distribution patterns are far
from clear. In Chapter 4 I have used visual surveys (in collaboration with the
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Sarasota Dolphin Research Program and the Eckerd College Dolphin Project)
and an array of autonomous acoustic recorders to obtain density estimates
for dolphins on the WFS.
4. Determine the spatial, seasonal and diel cycles in dolphin whistles,
echolocation, burst-pulses and LFN sounds on the WFS. Dolphin sound
production can vary over multiple spatial and temporal scales, and is
correlated with behavior. In Chapter 5 I investigate spatial trends in sound
production (whistles, echolocation, burst-pulses and low frequency narrowband sounds) on the WFS, as well as seasonal and diel patterns.
5. Determine the relationships between acoustic detections of dolphins
and oceanographic variables on the WFS. Oceanographic variables are
important when considering dolphin distribution and movements; however,
obtaining the necessary synoptic view is logistically difficult. In Chapter 6 I
use weekly time series data for acoustic dolphin detections from the
autonomous recorders, and correlate detections with remotely sensed
environmental data (bottom temperature, sea surface temperature, vertical
temperature gradient, sea surface temperature anomaly and chlorophyll
concentration).
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CHAPTER 2: DEPTH DEPENDENT VARIATION OF THE
ECHOLOCATION PULSE RATE OF BOTTLENOSE DOLPHINS
(TURSIOPS TRUNCATUS)1

Introduction

Echolocation is the active use of sound by animals to detect, discriminate and
localize objects based on the qualities of returning echoes (Au, 1993). Sophisticated
echolocation abilities are known only in microchiropteran bats and the odontocete
cetaceans (Bradbury and Vehrencamp, 1998).

The details of odontocete

echolocation signals, the function of echolocation, and the abilities of echolocating
odontocetes have been determined in a number of studies on trained animals
(mostly on common bottlenose dolphins, Tursiops truncatus, for a review see Au,
1993). Bottlenose dolphin echolocation clicks are broadband pulses with high peak
frequencies (up to 130 kHz), high source levels (180 – 227 dB re. 1 µPa peak-topeak), short duration (individual pulses 40 – 70 µs), and moderate to high
directionality (3 dB beamwidth 10° – 40°, Au et al., 1974; Au et al., 1978; Au et al.,
1986; Moore et al., 2008).

This work has been previously published. Reprinted with permission from Simard,
P., A. L. Hibbard, K. A. McCallister, A. Frankel, D. Zeddies, G. Sisson, S. Gowans, E.
Forys & D. Mann. Depth dependent variation of the echolocation pulse rate of
bottlenose dolphins (Tursiops truncatus), Journal of the Acoustical Society of
America, Volume 127, pp 568-578 (2010). Copyright 2010, Acoustical Society of
America (see Appendix 1). Analysis and writing was carried out by P. Simard, and
supporting authors contributed to data collection, data processing, manuscript
editing, statistical advice and/or funding. Dr. Elizabeth Forys made Figure 2.1.
1
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Free-ranging odontocetes routinely produce pulsed sounds, which many
studies have shown to be used for echolocation. Compelling evidence for
echolocation being used for foraging purposes has been found using acoustic tags
with accelerometers and depth recorders with several free-ranging species (e.g.,
Cuvier’s beaked whale, Ziphius cavirostris, Blainville’s beaked whale, Mesoplodon
densirostris, Johnson et al., 2004; Madsen et al., 2005; sperm whale, Physeter
macrocephalus, Miller et al., 2004; finless porpoise, Neophocaena phocaenoides,
Akamatsu et al., 2005). Echolocation has also been observed to be used by freeranging bottlenose dolphins during foraging behaviors (Herzing, 1996; Nowacek,
2005). Free-ranging studies also suggest the use of echolocation for navigation
purposes. For example, the initial click patterns of sperm whales have been
correlated in several cases with water depth, suggesting that echolocation serves a
navigation purpose (Jaquet et al., 2001; Thode et al., 2002).
Odontocetes appear to have good control over the timing (pulse rate) of their
echolocation clicks. Most results indicate a strong inverse relationship between pulse
rate and target distance (e.g., Au et al., 1974), a result also observed in bat
echolocation (Tian and Schnitzler, 1997). Dolphins typically produce a click that
travels to a target, is reflected back to the dolphin, and is processed by the dolphin
before another click is produced. Various studies have investigated this lag time and
have produced estimates ranging between 19 and 45 ms for targets 0.4 – 120 m
away in bottlenose dolphins (Au et al., 1974), although lag times as low as 2.5 ms
have been reported for very close target distances (Evans and Powell, 1967; Au,
1993).

Several studies have investigated the relationship between pulse rate and

distance to target in free-ranging odontocetes. Akamatsu and colleagues (1998)
demonstrated that free-ranging bottlenose dolphins, baiji (Lipotes vexillifer) and
finless porpoises have slower pulse rates than their counterparts housed in tanks.
This was interpreted as a function of potential target distances, as captive
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odontocetes have a limited range in which they can echolocate (Akamatsu et al.,
1998). The pulse rate of free-ranging bottlenose dolphins was found to correspond
to the two-way travel time plus a lag time in a manner similar to the results obtained
from trained animals (Jensen et al., 2009). However, odontocete echolocation does
not appear to be limited to this model; Turl and Penner (1989) found that a captive
beluga whale (Delphinapterus leucas) was able to effectively echolocate using pulses
produced at a higher rate than the two-way travel time. The ability to process a
series of echolocation clicks produced at a higher rate than the two-way travel time
has also been demonstrated by Ivanov (2004) using a trained bottlenose dolphin in a
natural environment. Timing of pulses also has been found to be influenced by the
purpose of their production. For example, Penner (1988) found that when presented
with a target at unknown range, captive bottlenose dolphins would begin acoustic
searching behavior by echolocating at pulse rates appropriate for the maximum
distance they expected to encounter. During deep dives, sperm whales, Cuvier’s and
Blainville’s beaked whales alter their echolocation pulse rates from slow, relatively
constant foraging clicks to a rapid pulse rate (known as buzzing) when in final
approach to prey (Madsen et al., 2002; Johnson et al., 2004; Miller et al., 2004;
Johnson et al., 2007). A similar pattern of relatively constant pulse rates for
searching and increasing pulse rates for decreasing target distances during the final
approach to a target has also been observed in harbor porpoises (Phocoena
phocoena; Verfuss et al., 2009).
The coastal waters of west central Florida are characterized by a series of
shallow lagoons (depth typically < 10 m), protected by barrier islands from the open
Gulf of Mexico, itself characterized by a broad continental shelf and little bathymetric
variability. Bottlenose dolphins are commonly found in this area, and have been the
subject of intensive studies in several locations. Consequently, a great deal is known
about the ecology, community structure, acoustic behavior and movements of these
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dolphins. Bottlenose dolphins in this and other areas have been classified as
inshore, intermediate and offshore types, each characterized by unique genetic,
histological, morphological and ecological differences (Barros and Odell, 1990; Hersh
and Duffield, 1990; Wells et al., 1999; Sellas et al., 2005). Dolphins in Sarasota Bay
have high rates of residency and natal philopatry (Wells and Scott, 1990), a pattern
which appears to be true for at least some other lagoons nearby (e.g., Boca Ciega
Bay, McCallister, 2011). However, there is some mixing both between adjacent
lagoon communities and between inshore and offshore groups, resulting in a series
of overlapping communities (Wells and Scott, 1990; Fazioli and Wells, 1999). As in
other areas, prey species for west central Florida bottlenose dolphins are composed
of several fish and cephalopod species, and reflect local prey abundances (Barros
and Odell, 1990; Barros and Wells, 1998; Allen et al., 2001). There is some
evidence that bottlenose dolphins in Sarasota Bay do not rely on echolocation for
navigation while traveling, but do tend to echolocate while foraging (Nowacek 2005).
There is also evidence that bottlenose dolphins may forage using passive listening for
soniforous prey (Gannon et al., 2005; Berens McCabe et al., 2010).
The ability to modify the qualities of echolocation clicks allows odontocetes to
adapt the signals to different tasks and different environments. Despite the great
deal of data on dolphin echolocation in trained dolphins, there are no studies which
address the relationship between echolocation click rates and environmental
parameters in multiple, independent groups of free-ranging dolphins. The goal of
this study was to determine whether there are differences in echolocation pulse rates
between groups of free-ranging bottlenose dolphins as a function of depth in the
coastal waters of west central Florida. The water depth is likely to be an important
factor in the three-dimensional navigation which odontocetes must routinely contend
with, and because many prey species have depth dependent distribution, depth is
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also an indirect predictor of foraging behavior. Therefore, I hypothesize that the
pulse rate of bottlenose dolphin echolocation clicks will be a function of depth.

Methods

Field work was conducted from April to September 2008 in the Gulf of Mexico
off west central Florida, including open Gulf areas extending to 50 km offshore,
Tampa Bay, and Boca Ciega Bay (a shallow lagoon protected by barrier islands
situated on the northern mouth of Tampa Bay). The boundaries of the study area
were approximately 28° 00’ N to 27° 00’ N, 82° 35’ W to 83° 10’ W (Fig. 2.1).
Survey depths ranged from approximately 1 m to 30 m. Cetaceans were spotted
visually by experienced marine mammal observers (naked-eye supplemented with
7x50 mm binoculars when necessary) from research vessels, and aided during April
cruises with an observer in a Cessna 172 aircraft. Four vessels were used in the
study: R/V Eugenie Clark (14 m Newton, twin 320 hp diesel engines), R/V Fish Hawk
(11 m Sea Hawk, twin 450 hp diesel engines), R/V MS3 (5.8 m Cape Horn, 95 hp 4stroke outboard), and R/V LRZ (4.2 m rigid inflatable Zodiac, 25 hp 4-stroke
outboard). Cruises on the Eugenie Clark and Fish Hawk were conducted for the
Dolphin Ecology Vocalizations and Oceanography project, while those on the MS3
and LRZ were conducted for the Eckerd College Dolphin Project. For each group of
dolphins we determined species, group size, and for some groups, photoidentification data was collected. GPS locations were recorded automatically every
60 seconds using a Garmin GPSMAP 76c throughout the cruises.
Acoustic recordings of dolphin groups were made throughout each encounter
whenever possible. Two recording systems were used. Aboard the R/V Eugenie
Clark, recordings were made using a custom recording system using ISHMAEL
software (D. Mellinger), a single pole high-pass filter (corner frequency 1.5 kHz),
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Alligator Technologies amplifier (Alligator Technologies, Costa Mesa, CA; 60 dB gain),
and 32 kHz elliptical anti-aliasing filter. Recordings were sampled at 64 kHz with 16bit resolution. A 16-element towed array was used (Innovative Transducers, Inc.,
Ft. Worth, TX; sensitivity: - 212 dBV/µPa, ± 3 dB up to 4 kHz, - 1.2 dBV/µPa per 1
kHz above 4 kHz), with depth varying with vessel speed. All other recordings were
made with an M-Audio 24/96 digital recorder (M-Audio, Cumberland, RI; 16-bit
resolution, 96 kHz sample rate, +3.9 dB gain between 20 Hz and 50 kHz, antialiasing filter with corner frequency of 47.8 kHz), with a single HTI-96-MIN
omnidirectional hydrophone (High Tech, Inc., Long Beach, MS; sensitivity: - 180
dBV/µPa, ± 3 dB from 10 kHz to 50 kHz). This hydrophone was kept at
approximately 5 m depth for vessel speeds of 8-10 km/h when in open Gulf waters
by using a 2.5 kg lead weight and at a constant depth of 1 m when in inshore waters
by suspending the hydrophone, several meters of cable and two 2.5 kg lead weights
from a surface float.
Multiple recordings of sounds from a group of dolphins cannot be considered
statistically independent, as there is a high probability that the same animal has
produced multiple sounds. When analyzing the characteristics of multiple clicks
within click trains, this lack of independence is a certainty (Soldevilla et al., 2008).
Therefore, the analysis of clicks was grouped by sighting: all recorded clicks within
each sighting were treated as a single sample point for statistical purposes. In order
to increase the probability that the recordings from each group were statistically
independent from one another, we attempted to reduce multiple recordings of the
same group and of the same individuals. This was accomplished in one of two ways.
For inshore groups (near Tampa Bay and Boca Ciega Bay), independence was
determined using photo-identification results; groups containing individuals who
were already identified in previously recorded groups used in the analysis were
omitted from the analysis. For groups found further offshore (≥ 10 km from shore),
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photo-identification results were unavailable and independence was estimated by
determining the distance between the first position of a group and the last positions
of all previous groups seen on the same day. Mean bottlenose dolphin movement
speeds have been estimated to be approximately 2 km / hour to 5 km / hour (Irvine
et al., 1981; Mate et al., 1995; Wells et al., 1999). Therefore, as a conservative
approach, groups were considered independent only if the distances between the
first position of the group and the last positions of all previous groups divided by the
corresponding time differences were greater than 10 km / hr. This procedure was
repeated each day that field work was conducted. Bottlenose dolphins more than a
few km from shore appear to be more transient in nature and travel longer distances
than their inshore counterparts (Fazioli and Wells, 1999; Wells et al., 1999). The
area just offshore of Sarasota (the southern half of our study area) appears to be the
confluence of two separate offshore stocks (Fazioli and Wells, 1999). Consequently
our study area is potentially visited by a large number of individual dolphins, and
these visits are likely ephemeral. Therefore, this method is likely sufficient to ensure
statistical independence for dolphins 10 km or more from shore. Only recordings
from groups containing exclusively bottlenose dolphins were used in this analysis.
Echolocation clicks were identified in acoustic files in Adobe Audition (version
2, Adobe Systems, Inc., San Jose, CA). All echolocation trains were isolated into
individual wav files for analysis. Only echolocation trains from single dolphins were
used in analysis. Files containing overlapping echolocation from more than one
dolphin were omitted from analysis (unless the amplitudes of additional echolocation
clicks were comparatively very low). This was important in order to determine the
pulse rate of individual dolphins; overlapping pulse trains would artificially increase
the pulse rate in the analysis. Echolocation click trains were defined as sets of
pulses in which each pair of pulses had a pulse period (time between amplitude
maxima, also known as inter-pulse interval or inter-click interval) greater than half
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the preceding pulse period or less than twice the preceding pulse period; otherwise
the sets of pulses were considered separate click trains. Burst-pulses were identified
in Adobe Audition by the presence of horizontal banding when viewed in 1024-point
FFT spectrograms (see Watkins, 1967). As burst-pulses are believed to be used for
communication, not target detection (e.g., Lammers et al., 2003), they were not
used in this analysis.
Individual wav files of echolocation click trains were imported into MATLAB
(version 2007b, Mathworks, Inc., Natick, MA) for further analysis in a custom signal
processing program. Files were high-pass filtered (20 kHz) to eliminate boat noise
(which was considerable in some files). The resulting signal was rectified and then
enveloped using a low pass filter (500 Hz) in order to facilitate the automatic
identification of peaks and reduce false detections. Enveloped peaks equal to or
greater than 1.6 x the RMS (root mean square) amplitude of the file were labeled as
potential echolocation peaks. The accuracy of click detection was verified manually
by inspecting plots of the click train that were overlaid with the detected clicks. Only
files (or segments of files) with accurately identified echolocation peaks from single
dolphin click trains were used in analysis. The pulse periods (and the corresponding
pulse rates) were determined for each pair of identified echolocation clicks, and
measured as the distances between amplitude maxima of the enveloped signals.
The GPS positions collected during each encounter were imported into ArcGIS
(version 9.2, ESRI, Redlands, CA) in order to calculate the depths at each location.
For each GPS position, the interpolated depth (to the nearest meter) was
determined, and the mean water depth was calculated for each group (bathymetry
data from the National Geophysical Data Center Coastal Relief Model; Divins and
Metzger, 2009).
Statistical analysis was carried out using MYSTAT (version 12, Systat, Inc.,
Chicago, IL) and MATLAB. The mean pulse rate for each group was determined both
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by using all pulse rate values, and by binning pulse rate data by echolocation click
train. The latter method was used to reduce the bias from pulse rate
interdependence within click trains and from over-representation by exceptionally
long click trains. High occurrence mode pulse rates were determined for each group
from all pulse rate values. These pulse rate modes were identified as peaks in the
pulse rate histograms separated from adjacent peaks by decreases in occurrence
greater than half their magnitude. The maximum value rounded to the nearest
integer was used as the mode value. These mode values, representing the highoccurrence values in pulse rates, were converted to theoretical distance to target
values using the two-way acoustic travel time and the dolphin’s lag time using the
following formula:

d = (((1/pr) – t) / 2) * c
Equation 2.1

where d = estimated distance (m), pr = pulse rate (Hz), t = lag time (s) and c =
speed of sound (m / sec).

A speed of sound estimate of 1,534 m / sec was based

on the formula of MacKenzie (1981) using typical temperature and salinity values for
the study area (25 °C, 34.5 PSU) and 10 m depth. The lag time used for estimated
distance calculations was determined by an iterative process, and was defined as the
maximum time value necessary to calculate distances of 0.25 m or greater (similar
to methods of Akamatsu et al., 2005). The minimum distance of 0.25 m was chosen
as a reasonable estimate of short-range bottlenose dolphin echolocation based on
results of echolocation studies on trained animals (e.g., Evans and Powell, 1967). To
determine the relationship between pulse rate and depth, linear regression models
were used for the mean pulse rates (calculated from all data and from data binned
by click train) versus mean depth for each group, and the principal (greatest
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magnitude) mode versus mean depth of each group, with Shapiro-Wilk tests for
normality.

Results

Fourteen groups with acoustic recordings were determined to be independent
samples and were used in analysis (Figure 2.1). In five out of 14 groups,
independence was determined using photo-identification results; all of these groups
were found within Tampa Bay, Boca Ciega Bay or within approximately 2 km from
shore in the Gulf of Mexico. The distance traveled method was used for the
remaining nine groups. These groups were all recorded 10 km or farther from shore
in the Gulf of Mexico. Sighting duration ranged from 7 to 63 min (mean = 32.9 min,
SD = 18.0 min), and group size ranged from 2 to 15 dolphins (mean = 6.0, SD =
4.40, Table 2.1). Mean depths ranged from 2.4 to 30.1 m (mean = 12.9 m, SE =
2.26 m; Table 2.1).

103

Figure 2.1: Map of study area, median locations of 14 groups of bottlenose dolphins
shown, numbers refer to groups in chronological order and are given with group
identification in Table 2.1. Depths are in meters.
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040708_2
040908_2
041008_5
062008_2
071108_2
071808_6
072108_2
072108_3
072108_4
072308_5
072308_7
072808_2
080108_2
091408_2
Total
Mean
Range
SD
SE

1
2
3
4
5
6
7
8
9
10
11
12
13
14

50
38
45
33
63
63
21
9
31
12
29
7
23
36
460
32.9
7-63

15
9
6
6
15
4
2
2
4
2
8
2
4
5

23.6
30.1
17.2
2.8
6.9
6.6
13.0
12.0
21.8
10.0
19.6
10.0
5.0
2.4

6.0
2-15

12.9
2.430.1

18.03

4.40

0.56
0.50
0.40
0.39
1.55
0.73
0.00
0.00
1.00
0.00
0.50
0.00
0.00
1.17
8.84

23
29
17
2
4
5
13
12
21
10
19
10
5
0
0

Max
depth
(m)

Min depth
(m)

SD depth
(m)

Mean
depth
(m)

Group
size

Encounte
r length
(min)

Number
in Fig. 1

Group id.

Table 2.1: Group identification number, number corresponding to Figure 1, length of
dolphin encounter, group size, and water depth data for 14 groups of Gulf of Mexico
bottlenose dolphins. Group identification number indicates date (mmddyy_number),
depth data rounded to nearest meter for spatial interpolation of National Geophysical
Data Center Coastal Relief Model (hence minimum depth of 0 m for group 091408_2,
see methods).

25
31
18
3
9
7
13
12
23
10
20
10
5
4
31

2.25

For these 14 groups, 11,974 pulses in 900 click trains were accurately
detected in 1,238 acoustic files (123 – 1,797 pulses per group, 27 – 134 click trains
per group, Table 2.2), resulting in 10,736 calculated pulse rates. Mean pulse rate
calculated by using the combined pulse rate values for each group ranged from 19.6
Hz to 66.8 Hz (overall mean = 49.9 Hz, SD = 32.77 Hz, Table 2.2), while the mean
pulse rate calculated by using the mean values for each click train ranged from 19.1
Hz to 52.6 Hz (overall mean = 39.8 Hz, SD = 30.38 Hz, Table 2.2).
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040708_2

23.
6

259

37

29.48 /
19.62

040908_2

30.
1
17.
2

123

34

350

31

19.63 /
19.09
42.29 /
47.42

062008_2

2.8

1428

10
8

63.28 /
52.59

071108_2

6.9

1797

13
4

54.33 /
38.95

071808_6

6.6

1065

71

66.82 /
50.85

072108_2

13.
0

735

27

32.73 /
22.78

072108_3

12.
0

441

29

42.85 /
37.13

072108_4

21.
8

463

66

42.24 /
38.25

072308_5

10.
0

535

71

50.67 /
44.97

072308_7

19.
6

1123

66

37.36 /
25.83

072808_2

10.
0

371

40

48.05 /
33.85

080108_2

5.0

1660

10
8

52.39 /
42.41

091408_2

2.4

1624

78

48.13 /
43.26

11974

90
0

49.99 /
39.75

041008_5

Total

14.359
/
10.903
6.653 /
7.204
46.721
/
57.431
31.784
/
32.176
31.320
/
25.121
36.332
/
36.511
21.171
/
14.862
15.665
/
15.994
27.079
/
24.828
20.880
/
23.895
23.351
/
19.669
24.905
/
24.949
40.400
/
34.780
31.119
/
32.467
32.765
/
30.382

Theoretical
Distance
(m)

Mode Pulse
Rate (Hz)

Max Pulse
Rate (Hz)

Min Pulse
Rate (Hz)

SD Pulse
Rate (Hz)

Mean Pulse
Rate (Hz)

Click trains

Pulses

Mean depth
(m)

Group id.

Table 2.2: Group identification number, number of pulses analyzed, and pulse rate
data for 14 groups of Gulf of Mexico bottlenose dolphins. Group identification
number indicates date (mmddyy_number). For mean, SD, minimum and maximum
pulse rates, first value indicates mean calculated using all pulse rate values, second
value indicates mean calculated using pulse rates binned by echolocation click train.
High-occurrence modes in pulse rate data rounded to nearest integer and ordered
within group by decreasing level of occurrence. Corresponding theoretical target
distances for each mode based on two-way travel time at 1534 m/s + 5.29 ms lag
time. Principal (highest magnitude) mode used in regression analysis in bold.

5.51 /
6.77

64.84 /
57.06

20

34.3

7.25 /
7.63
7.10 /
9.87

26

25.4

22
51
178
68
10

30.8
11.0
0.25
7.2
72.6

57

9.4

7.46 /
11.66

36.97 /
36.97
183.38
/
182.86
188.98
/
142.42
188.61
/
139.50
170.82
/
156.61
138.33
/ 61.71

78
10
156
12

5.8
72.6
0.9
59.9

4.63 /
4.92

98.06 /
73.17

46

12.6

6.09 /
6.33

28

23.3

68

7.2

3.84 /
4.52

157.12
/
110.31
111.89
/
105.51
160.54
/ 84.50

28
86

23.3
4.9

4.18 /
6.01

108.9 /
87.827

60
8

8.7
91.8

7.27 /
8.08

185.69
/
163.33
179.10
/
144.52
188.98
/
182.86

12
68

59.9
7.2

38
77

16.1
5.9

5.73 /
6.08
5.22 /
6.56
5.73 /
6.78

5.89 /
8.50

4.29 /
8.56
3.84 /
4.52
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Twenty-three modes in pulse rate were identified (1 – 3 per group, Figure
2.2). The values of the pulse rate modes for each group, along with the
corresponding mean depth for each group and theoretical acoustic two-way travel
times for each mode are listed in Table 2.2. Pulse rate modes ranged between 8 Hz
and 156 Hz. In order to calculate distance to target estimates for the 23 pulse rate
modes, a lag time of 5.29 ms was required. Estimated distance to target values for
these modes ranged between the predetermined minimum of 0.25 m to a maximum
of 91.8 m.
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Figure 2.2: Histograms (occurrence) of pulse rate data from 14 groups of bottlenose
dolphins, with mean water depth. Principal (largest) mode used in regression
analysis. Histogram bar resolution 10 Hz.
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The linear regression models indicated a significant trend for mean pulse rate
of groups to decrease with mean depth of groups, both for means calculated using
combined data (r2 = 0.719, p < 0.001, Shapiro-Wilk test for normality: p = 0.814,
Figure 2.3) and for means calculated using data pooled by click train (r2 = 0.528, p =
0.003, Shapiro-Wilk test for normality: p = 0.291, Figure 2.4). Although there was a
general trend for the value of the principal (largest) pulse rate mode to decrease
with mean depth, the slope was not significantly different than zero (r2 = 0.260, p =
0.063, Shapiro-Wilk test for normality: p = 0.929, Figure 2.5).

Figure 2.3: Plot of mean pulse rate values (calculated using all pulse rate values) for
14 groups of bottlenose dolphins used in this study against mean depth of group,
with least squares regression line. Error bars = ± 1 SE, r2 = 0.719, p < 0.001.
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Figure 2.4: Plot of mean pulse rate values (calculated using pulse rate values binned
by echolocation click train) for 14 groups of bottlenose dolphins used in this study
against mean depth of group, with least squares regression line. Error bars = ± 1
SE, r2 = 0.528, p = 0.003.

Figure 2.5: Plot of principal (largest) pulse rate modes for 14 groups of bottlenose
dolphins used in this study against mean depth of group, with least squares
regression line. Error bars = ± 1 SE, r2 = 0.260, p = 0.063.
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Discussion

The relationship between target distance and pulse rate has been thoroughly
investigated using trained dolphins under controlled conditions and in most cases as
a dolphin decreases its distance to the target, the echolocation pulse rate increases.
This is thought to be a function of the two-way travel time of the echolocation click,
plus a lag time, both of which must occur before the next click is produced (Au et al.,
1974). Several recent studies have determined that this relationship is also true for
some free-ranging odontocetes (Akamatsu et al., 2005; Jensen et al., 2009). Other
studies have investigated free-ranging odontocete echolocation click rates in relation
to reasonably assumed foraging patterns (e.g., searching, final approach, Madsen et
al., 2002; Johnson et al., 2004; Akamatsu et al., 2005; Johnson et al., 2007). For
sperm whales, several studies have found that the initial pulse rates of sperm whales
during foraging dives increased in relation to the depth in which they were foraging,
suggesting a navigational function (Jaquet et al., 2001; Thode et al., 2002).
However, this is the first analysis investigating the echolocation pulse rate of multiple
groups of free-ranging delphinids in relation to depth, which could presumably be an
important factor both in navigation and foraging.
Widely ranging pulse rates such as those found in this study (Table 2.2) have
previously been observed in free-ranging bottlenose dolphins. For example,
Akamatsu and colleagues (1998) found that echolocation inter-pulse intervals
commonly ranged up to 200 ms (equivalent to 5 Hz pulse rate). Inter-pulse
intervals ranged between 17 ms and 462 ms (equivalent to a pulse rate range of 59
Hz to 2.2 Hz) for free-ranging bottlenose dolphins investigated by Jensen and
colleagues (2009). Widely ranging pulse rates have also been observed in freeranging Baiji, finless porpoises (Akamatsu et al., 1998) and Atlantic spotted dolphins
(Stenella frontalis; Herzing, 1996). Group and individual-specific differences in the
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use of echolocation will likely result in high variability of pulse rates (e.g., navigation,
foraging on benthic vs. pelagic prey) and will also likely confound the relationship
between pulse rate and depth. This suggests that free-ranging dolphins are using
overlapping pulse rates in a variety of depths, and may indicate multiple purposes
such as navigation, foraging on benthic prey, foraging on pelagic prey, and possibly
communication (even though burst-pulses were omitted from the analysis).
Many of the groups in this study have several obvious modes in pulse rate
occurrence (Figure 2.2). When interpreting these modes and the associated distance
to target estimates, we make three assumptions about dolphin echolocation and the
echolocation observed in this study. First, we are assuming that these dolphins are
timing their echolocation pulses based on the two-way travel time plus a lag time
(e.g., Au et al., 1974). Second, we are assuming that if a mode exists in the
observed pulse rates, this pulse rate must be important to the animals (it is unlikely
that pulse rates with little functionality will occur frequently). Thus, the peaks in
these modes will be a representative value of important pulse rates. Third, we are
assuming that all pulse rate modes are indeed used for target detection and ranging;
by omitting burst-pulses from analysis we effectively omitted communicative pulsed
signals. Most studies using trained animals estimate bottlenose dolphin lag times to
be between 19 ms and 45 ms (e.g., Au et al., 1974). A recent study by Jensen and
colleagues (2009) demonstrated a lag time of 31 ms for free-ranging bottlenose
dolphins, well within the ranges found in trained bottlenose dolphin studies.
Therefore, it seems reasonable to use such lag time estimates for distance to target
estimates. However, a 19 ms lag time resulted in reasonable (positive) distance to
target estimates in just over half the pulse rate modes (12 / 23); the period between
the clicks for the other modes was less than 19 ms. From the pulse rate modes
presented here, a lag time of 5.29 ms is required to calculate distance to target
estimates greater than or equal to 0.25 m. There are several possible explanations
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for this result. As most estimates of lag time are based on results obtained from
trained animals who usually know the range to the target they must detect, it is
possible that free-ranging odontocetes in natural foraging and navigation conditions
have more flexible and potentially shorter lag times. Akamatsu and colleagues
(2005) also calculated a lag time of 5 ms for free-ranging finless porpoises, while the
lag time for a related species (harbor porpoises) was estimated to be 20 – 35 ms (Au
et al., 1999). There is some evidence for trained bottlenose dolphins to use very
short lag times in short range echolocation (Evans and Powell, 1967; Au, 1993),
suggesting that the ability to process multiple clicks or use shorter lag times exist.
In addition, Ivanov (2004) found that a trained bottlenose dolphin produced
echolocation pulses at a faster rate than the two-way travel time when echolocating
on objects at great distances (> 600 m). These pulses were produced in bursts
which did conform to the familiar two-way travel time plus lag time model (Ivanov,
2004). Similar click patterns have also been observed in a trained beluga during
target detection (Turl and Penner, 1989), and in the echolocation of free-ranging
false killer whales (Pseudorca crassidens) and Risso’s dolphins (Grampus griseus,
Madsen et al., 2004).

The results of studies such as Ivanov (2004) illustrate that

our understanding of odontocete echolocation is not complete, and processes may
vary greatly on a species, individual and situational basis.
Distance estimates using the 5.29 ms lag time ranged from our minimum
distance estimate of 0.25 m (group 041008_5, mean depth = 17.2 m, pulse rate
mode = 178 Hz) to 91.8 m (group 072808_2, mean depth = 10.0 m, pulse rate
mode = 8 Hz; Table 2.2). To a first approximation this maximum estimated distance
is similar to several other maximum effective range calculations for bottlenose
dolphin echolocation. For example, the maximum range of echolocation in a noise
limited environment for a natural prey item target using simulated dolphin pulses
was determined to be 93 m (Au et al., 2007), while a trained bottlenose dolphin was
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able to detect a metal sphere at a maximum distance of 113 m (Au and Snyder,
1980). Based on pulse rates, Akamatsu and colleagues (1998) estimated the
maximum range of free-ranging bottlenose dolphin echolocation to be approximately
140 m. Our results also suggest that both long and short distance echolocation are
used throughout the depth range in this study (Table 2.2). For example, the shallow
group 062008_2 (mean depth = 2.8 m) had primary and secondary modes
equivalent to 7.2 m and 72.6 m, while the deep water group 041008_5 (mean depth
= 17.2 m) had modes equivalent to between the minimum of 0.25 m to 30.8 m. Our
distance estimates obviously must be interpreted with caution. These distance to
target values are based on assumptions and are subject to errors in calculation (e.g.,
inappropriate lag time). The distance estimates also may not reflect how these
animals are actually using their echolocation.

Pulse rate is not only determined by

the distance to the target, but by the difficulty of the echolocation task, the animal’s
expectations of finding a target, and whether a target is present or absent (Au,
1993). Animals within this study area are not exposed to dramatic bathymetry
changes or deep depths, and some may be quite familiar with their habitats (see
Nowacek, 2005), therefore there may be little need to echolocate at maximum
distances.

Penner (1988) found that dolphins used lower pulse rates in target

absent tasks than when a known target was present. Therefore it is reasonable to
postulate that free-ranging dolphins may echolocate at a slower rate than what
would be expected from the two-way travel time plus lag time (which would inflate
our distance estimates). Although target detection distances exceeding 100 m (e.g.,
Au and Snyder, 1980) to over 650 m (Ivanov, 2004) have been reported for
bottlenose dolphins, the long distance values found in this study, especially in
shallow water, should be regarded with additional caution. Shallow water is a
particularly reverberant environment, and odontocete echolocation appears to be
negatively affected by reverberation (Au and Snyder, 1980; Au and Turl, 1983).
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Odontocetes likely use the information contained in the multiple returning echo
highlights of the original pulse to discriminate objects (Au et al., 1988; Au et al.,
2007). Echoes from reverberation return to an echolocating animal prior to echoes
from potential targets of interest (Au et al., 2007); therefore with increasing distance
to target the loss of signal due to reverberation will increase (cf. Au and Snyder,
1980). At some distance the interference due to shallow water reverberation may
therefore make the detection of targets impossible, and this distance is likely far less
than the maximum range of dolphin echolocation. However, the maximum
calculated distance in this study for shallow water groups (72.6 m distance in both
6.6 m and 2.8 m mean water depths, Table 2.2) is not unreasonable given the
results of studies on trained animals in highly reverberant conditions (e.g., 113 m
distance in water 5.8 m to 6.1 m deep, Au and Snyder, 1980).
The results of the regression analysis indicate that mean pulse rate decreases
with increasing depth. This supports the hypothesis that free-ranging bottlenose
dolphins in this area are using echolocation for target detection and ranging, and the
target distance is a function of water depth. This is an intuitively appealing result
with regards to not only studies on trained odontocetes, but also to an increasing
number of free-ranging studies. The pulse rates of free ranging odontocetes were
found to be slower than those of the same species in captive facilities, a relationship
presumed to reflect target distance (Akamatsu et al., 1998). The relationship
between the pulse rates of on-axis echolocation clicks was found to increase with
decreasing distance to the hydrophone target by Jensen and colleagues (2009). A
similar relationship has been observed in the initial segments of sperm whale
echolocation during descent to the foraging layer, where pulse rates were related to
the depth of foraging or to the bottom (Jaquet et al., 2001; Thode et al., 2002;
Zimmer et al., 2003). The lack of significance in the relationship between the
principal mode of pulse rate and mean depth may indicate that the outlier values in
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pulse rate are ecologically important. Therefore, although the mode is a more
statistically robust measure of central tendency, the mean values (which are
influenced by outliers to a greater degree) may be a better representation of
bottlenose dolphin echolocation pulse rates. A potential bias which could complicate
our analysis is the fact that as dolphin echolocation pulse rates increase, the
amplitude tends to decrease (Au and Benoit-Bird, 2003; Jensen et al., 2009).
Therefore it is possible that in certain situations, such as dolphins being unusually
distant from the hydrophone or sounds propagating poorly due to shallow water
multipath effects, higher pulse rates could be under sampled. It is beyond the scope
of this study to determine and quantify this bias.
The seasonal distribution of inshore resident bottlenose dolphins which
generally reside in restricted areas and those animals normally residing in the open
Gulf of Mexico (analogous to “inshore” and “offshore / intermediate” types, Wells et
al., 1999) is generally well known for our study area. From April to September,
resident dolphins in Sarasota Bay (immediately to the south of Tampa Bay) tend to
remain within the core protected waters of the Bay, while from October to March,
there is an increased tendency for the residents to range into the passes between
the Bay and the open Gulf of Mexico and into the Gulf itself (Irvine et al., 1981).
This tendency has also been noted in Tampa Bay and Boca Ciega Bay (Weigle, 1987;
S. Gowans, unpublished data). In addition, deeper water sightings (> 15 m depth)
often had noticeably larger animals with pseudo-stalked barnacles (possibly
Xenobalanus sp.) attached to the caudal aspect of their dorsal fins (personal
observation). Pseudo-stalked barnacles are more frequently observed in deeper
water animals; however, they are observed in shallower waters as well (Toth-Brown
and Hohn, 2007). Larger size and the presence of pseudo-stalked barnacles suggest
that the animals in these groups were non-coastal animals (Barros, 1993; Wells et
al., 1999; pseudo-stalked barnacles were not observed during any inshore sightings
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during this study, personal observation). Therefore, as this study was conducted
from April to September, it is likely that groups recorded near Tampa Bay and Boca
Ciega Bay are composed of “inshore” type dolphins, while groups recorded
increasingly further into the open Gulf are composed of “intermediate” or “offshore”
types (see Wells et al., 1999). However, there does not appear to be an obvious
division in the pulse rates between shallow water and deep water groups, instead the
mean pulse rate values decrease in a linear manner with depth (Figures 2.3 and
2.4). Likewise, both shallow and deep water groups produce pulse rate modes which
suggest both short and long range target detection (Table 2.2). These results also
suggest that the pulse rates of bottlenose dolphins in this area are primarily
influenced by depth related processes, and the geographic differences observed in
these dolphins may have little effect on their use of echolocation.
Although the results presented here indicate that echolocation clicks are
produced with some function which is depth dependent, and that pulse rates
potentially correspond to a wide variety of distances, we cannot determine the exact
purposes of these echolocation clicks. Potential purposes include navigation or
foraging for benthic, demersal or pelagic prey. Nevertheless, this paper provides
evidence that these dolphins alter the timing of their echolocation in relation to
depth, which is likely related to navigation or foraging functions. The function of
echolocation clicks in relation to depth will require additional attention in future
studies of free-ranging dolphins.
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CHAPTER 3: LOW FREQUENCY NARROW-BAND CALLS IN
BOTTLENOSE DOLPHINS (TURSIOPS TRUNCATUS): SIGNAL
PROPERTIES, FUNCTION AND CONSERVATION IMPLICATIONS2

Introduction

Acoustic communication is an important sensory modality in many animals,
and it is particularly important in aquatic environments where vision is often limited
(Au and Hastings, 2008). Most dolphins (family Delphinidae) produce both pulsed
and tonal sounds, which are generally categorized as echolocation, whistles and
burst-pulses. Echolocation pulses are high intensity, short, broadband sounds with
ultrasonic peak frequencies (for review see Au, 1993). These acoustic signals are
produced in rapid succession in “click trains” and are used for the detection, ranging
and discrimination of objects by trained dolphins (e.g., Au et al., 1974), and likely in
free-ranging animals (e.g., Akamatsu et al., 1998; Simard et al., 2010). Whistles
are tonal signals with fundamental frequencies generally between 5 and 15 kHz,
although fundamental frequencies as low as 800 Hz and as high as 28.5 kHz have
been reported (Schultz and Corkeron, 1994; May-Collado and Wartzok, 2008).

2

This work has been previously published. Reprinted with permission from Simard, P., N. Lace, E.
Quintana-Rizzo, S. Gowans, S. A. Kuczaj II, R. S. Wells & D. A. Mann, Low frequency narrow-band calls in
bottlenose dolphins (Tursiops truncatus): signal properties, function and conservation implications,
Journal of the Acoustical Society of America, Volume 130, pp 3068-3076 (2011). Copyright 2011,
Acoustical Society of America (see Appendix 1). Analysis and writing of most of the manuscript was
carried out by P. Simard, with the exception of the analysis of time intervals between study sites, which
was carried out by N. Lace, and the behavioral analysis, which was carried out by S. Gowans. All
supporting authors contributed to data collection, data processing, manuscript editing, statistical advice
and/or funding.
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Whistles have been shown to have a social function in both captive (e.g., Caldwell
and Caldwell, 1965) and free-ranging dolphins (e.g., Cook et al., 2004). Another
social signal is the burst-pulse, which is acoustically similar to echolocation pulses
but with higher pulse rates (often exceeding 1,000 Hz; e.g., Lammers et al., 2003).
However, dolphins produce additional sounds which cannot easily be included in
these classifications. Such sounds are generally considered unusual and have been
largely ignored from an acoustic and behavioral perspective.
Various low frequency sounds from dolphins have been documented since the
early 1960s in various dolphin species (e.g., Lilly, 1962; Herzing, 1996; van der
Woude, 2009). As has been the case for burst-pulsed sounds, non-standardized
analysis techniques, classification and naming have lead to difficulties in comparing
dolphin repertoires across study sites. Therefore, comparative studies of low
frequency sounds remain difficult.
Here we analyzed and compared tonal, short duration (> 1 second), low
frequency (> 5 kHz) sounds produced by free ranging common bottlenose dolphins
(Tursiops truncatus) in three locations along the northeast Gulf of Mexico. The
sounds analyzed here closely resemble the “low frequency narrow-band” (LFN)
sounds documented by Schultz and colleagues (1995) for common bottlenose
dolphins in eastern Australia. As the report by Schultz and colleagues (1995)
appears to be the first complete and quantitative description of the sound, we will
adopt their terminology. We investigated the acoustic properties of the sounds and
the behavioral correlations, making comparisons to previous reports of similar
sounds. In addition, we analyzed the energy spectrum of these sounds in relation to
natural ambient noise, boat noise, and auditory threshold data; the first such
analysis of dolphin low frequency sounds.
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Methods

Acoustic data were collected on groups of bottlenose dolphins in three
locations along the Gulf of Mexico: Mississippi Sound, Mississippi (30° 16’ N, 88° 31’
W; work conducted by the University of Southern Mississippi), Tampa Bay, Florida
(27° 40’ N, 82° 42’ W, University of Southern Mississippi and collaborative work by
Eckerd College and the University of South Florida) and Sarasota Bay, Florida (27°
30’ N, 82° 35’ W; collaborative work by the Chicago Zoological Society’s Sarasota
Dolphin Research Program and the University of South Florida). The habitat in
Mississippi Sound was relatively exposed to the Gulf of Mexico. The Tampa Bay site
included both the relatively exposed waters of Tampa Bay and the adjacent
protected lagoon of Boca Ciega. The Sarasota Bay site was protected from the open
Gulf of Mexico by series of narrowly separated barrier islands. All study sites were
characterized by water depths ranging from approximately 1 m to 14 m. Data
collection methodology varied between locations and between institutions (Table
3.1). Acoustic recordings were collected continuously when possible during boatbased follows of dolphins. Groups were defined as dolphins within a 100 m radius,
and were usually engaged in the same behavior (e.g., Wells et al., 1987; Shane,
1990). Observations and recordings were done only when Beaufort Sea State was <
2.
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Table 3.1: Summary of methodology for group follows of bottlenose dolphins.
Institutions: USM = University of Southern Mississippi, EC = Eckerd College, USF =
University of South Florida, CZS = Chicago Zoological Society’s Sarasota Dolphin
Research Program. Dates refer to those used in this study only. N/AV = data not
available.
Institution
Dates
(MM/YY)
Vessels

USM
05/05-06/08

USM
02/06-05/08

EC/USF
06/08-12/09

CZS/USF
07/03

7.0m, 225HP
1 min
behavioral
states
(predominant
group activity)

5.0m 90HP &
4.2m 30HP
Behavioral
state changes
(predominant
group activity)

7.0m 115HP

Behavior
data

15.5m inboard
& 7.0m 150HP
1 min
behavioral
states
(predominant
group activity)

M-Audio 24/96
or M-Audio
Microtrack II
3.9 or 2.8

TDT-RP2 AD
converter

N/AV

Sony TCD-D8
DAT or NI6062 ADC
N/AV

48 or 192

48 or 200

96

48.8

16
100 Hz high
pass

16 or 12
none in LFN
recordings,
100-500 Hz in
others

16
48 kHz antialiasing

24
built in DeltaSigma ADC

HTI-96-MIN

HTI-96-MIN

-180

N/AV

+/- 3dB, 10Hz50kHz
none

N/AV

RECORDER
Type
Gain (dB re 1
µPa)
Sample Rate
(kHz)
Bit Rate
Filters

Fostex

HYDROPHONE
Type
Reson
Sensitivity
(dBV)
Calibration

-203

Aquarian or
Wilcoxon
-190 or -188

N/AV

N/AV

Filters

none

none

Towing

stationary

stationary

20m behind
vessel

3-min
instantaneous
point
sampling
(predominant
group
activity)

0.0

2 kHz high
pass
T-join off bow
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Dolphin sounds were identified manually from spectrograms in Adobe Audition
(Version 2.0, Adobe Systems Inc., San Jose, CA), as well as LFN train pattern
analysis. The criteria for inclusion in pattern analysis were clearly defined signals
from start to finish without overlap with other LFN sounds. The number of sounds in
a train was recorded and the inter-LFN interval was measured for each LFN sound in
a train. When the inter-LFN interval was equal or greater than twice the average for
that train, the sound was considered to be a part of the next LFN train (Figure 3.1
illustrates a train of three LFN sounds). Differences in LFN patterns between
Mississippi and West Florida (Tampa and Sarasota Bays) were tested with t-tests
(MYSTAT, version 12, Systat, Inc., Chicago, IL).
The acoustic analysis of the LFN sounds was conducted with a custom written
MATLAB routine (2007b, Mathworks, Inc., Natick, MA). Sarasota Bay recordings
were high pass filtered at the time of recording with a corner frequency that reduced
the amplitude of much of the LFN sounds (2 kHz, 1-pole); these recordings were
normalized to their unfiltered levels for this study with an FFT filter which amplified
below the 2 kHz corner frequency. Sounds for acoustic analysis were chosen based
on high signal to noise ratio (SNR, peak SNR > 15 dB), clearly defined beginnings
and ends, and no overlap with other sounds which could contaminate the file. For
each high SNR LFN sound, signal duration, peak frequency, and sound pressure level
(peak and RMS, root mean square) were determined. Sound pressure level was only
calculated for sounds recorded with calibrated equipment (see Table 3.1). Given the
high probability that one or a few dolphins in each group were responsible for many
of the sounds, statistical testing was based on group means, not individual sounds.
Differences in group mean duration and peak frequency between Mississippi and
West Florida (Tampa and Sarasota Bays) were tested with t-tests (MYSTAT). As
received level was only calculated for recordings from Eckerd College / University of
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South Florida follows, and received level is influenced by myriad factors not under
investigation here (e.g., orientation of animals toward hydrophone, shallow water
sound channels), statistical tests on received level were not conducted.
The spectrum level of the highest received level LFN sounds was calculated.
As we could not determine the distance between phonating dolphins and the
hydrophone, the highest received level served as an conservative estimate for
potential source levels of the sounds (as source levels will be at least as high as the
maximum received level). For comparison, the average spectrum level of boat and
ambient noise was calculated. Available low frequency (≥ 5 kHz) audiogram data for
bottlenose dolphins were plotted with the LFN and noise spectrum levels (audiogram
data from Johnson, 1967; Turl, 1993; Finneran and Houser, 2006; Houser and
Finneran, 2006). Au (1993) compared bottlenose dolphin frequency processing
abilities to a constant-Q filter bank (constant ratio of center frequency to filter
bandwidth). Consequently, sound pressure levels must be normalized when broad
ranges of frequencies are considered. The audiogram results used in this paper (e.g.,
Johnson, 1967) used pure tones, and therefore did not span third-octave bands (as
the LFN or boat noise would). Therefore, in order to relate these results to spectrum
noise level data, auditory thresholds were adjusted by the estimated dolphin critical
ratio (threshold dB – [10*log10{0.69*frequency}], Au and Moore, 1990; Au, 1993).
In order to investigate the overall group activity when LFN sounds were
recorded, the behavioral states of each group in the study period were determined.
It was not possible to identify the vocalizing animal and therefore the predominant
group activity of each group was used as a proxy for the behavioral context of sound
production. It was also not always possible to rapidly identify each individual in the
group and thus group follow protocols were conducted (cf. Mann, 1999). While these
methods may be biased towards recording obvious surface behaviors (such as
socializing, Mann, 1999), observers did not know during the observations if LFN
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sounds were being produced, thus the same biases towards recording behavior
states occurred regardless of LFN production.
Behavior was categorized into five behavioral states: forage (any of a variety
of behaviors including repeated dives in varying directions in one location, fish toss
by head or flukes, brief but rapid increase in speed, capture of fish in mouth, or
circling visible school of fish), mill (movement in various directions in one location
without physical contact), rest (moving very slowly in one direction, or drifting in one
direction, often dorsal surface remains above surface for extended time), social
(physical contact between individuals, often includes surface behaviors such as leaps
or sexual activity) and travel (moving steadily in one direction). In some cases,
specific behavioral events (e.g., leaping, bow-riding) were also recorded. The
predominant activity of the group (> 50% of individuals in the group engaged in a
behavioral state) was recorded at different intervals by the different study sites
(Altmann, 1974; Shane, 1990; Mann, 1999; see Table 3.1). For each group,
predominant group activity states were assigned in a binary manner (present /
absent during follow) without weighting for number of records, which allowed for the
inclusion of data recorded at different time scales. As behavioral states changed
over time, each group could be scored present for several different behavioral states.
The presence of LFN sounds was also assigned to each group in a binary manner.
Using the binary coding for behavior states and presence of LFN sounds, the
proportion of groups with and without LFN production engaging in the five behavior
states was determined. In addition, the proportion of groups engaging in the
behavior states which were producing LFN sounds was determined. A Yule’s Q
binary coefficient matrix and a linear regression were used to determine the
relationships between LFN sounds and behavior (performed in MYSTAT).
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Results

From the three study areas, 120 groups of bottlenose dolphins were used in
analysis, of which 15 had LFN sounds (Figure 3.1, 16 additional groups were not
used as the recordings contained low SNR sounds which could not definitively be
classified). Seven of the LFN follows took place in Mississippi Sound (13.2%, 7 of 53
follows), seven in Tampa Bay (10.6%, 7 of 66 follows) and one from Sarasota Bay
(one follow known to contain LFN sounds available for analysis). Therefore, omitting
the Sarasota Bay follow, overall occurrence of LFN sounds was 11.8% (14 of 119
follows). In all locations, whistles, echolocation and burst-pulsed sounds also
occurred during the recordings in which LFN sounds were made, and many contained
other low frequency sounds not categorized as LFN sounds.

Figure 3.1: Top panel - spectrogram of three LFN sounds produced by bottlenose
dolphins (recorded in Mississippi Sound, 192 kHz sample rate, spectrogram 256 FFT),
note echolocation (especially 0.0 - 0.2 sec) and whistle (0.3 – 0.65 sec). Middle
panel - waveform of 3rd LFN in spectrogram, indicated by arrow. Bottom panel spectrogram of same three LFN sounds as in top panel, downsampled to 16 kHz to
show detail of LFN sounds.
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In total, 1,735 sounds were selected for pattern analysis (Table 3.2). One
group from Tampa Bay had no LFN sounds of sufficient quality for this analysis
(EC/USF 091231). Single LFN sounds were only observed in 4.6% of all the LFN
trains. The mode number of LFNs in trains was three (25%) in Mississippi Sound,
while in West Florida recordings, the mode was four (23%). However, the mean
number of LFNs in a train was 7.87 in Mississippi Sound and 5.50 in West Florida;
although this difference was not statistically significant (t = -0.672, p = 0.515). The
longest train consisted of 55 LFN sounds recorded in Mississippi Sound. The interval
between LFN sounds in a train was significantly shorter in West Florida (158.60
msec) compared to Mississippi Sound (205.35 msec; t = -3.001, p = 0.011).
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Table 3.2: LFN sound pattern analysis data. Total West Florida is combined data
from Tampa Bay and Sarasota Bay. “Group with LFN recording” indicates: Institution
(USM = University of Southern Mississippi, EC = Eckerd College, USF = University of
South Florida, CZS = Chicago Zoological Society), date of follow (YYMMDD), and a/b
indicating different groups recorded on the same day.

Tampa Bay

Mississippi Sound

Site

Sarasota
Bay
Total
West
Florida
Total
All

Group
with LFN
recording

LFN for
pattern
analysis

# LFN in train

44

Trains
for
pattern
analysis
9

mean

SD

range

Inter-LFN within train
(msec)
mean
SD
range

USM
050608
USM
050613
USM
060305
USM
070209
USM
080423
USM
080519
USM
080609
Total

4.89

4.99

1-14

346.77

90.00

13

17.08

15.12

2-55

161.01

49.14

174537
24-330

222
402

38

10.58

12.88

2-51

178.87

94.72

22-529

7

3

2.33

0.578

2-3

244.25

147.4

309

57

5.42

5.45

1-27

242.26

113.9

127458
62-522

8

2

4.00

2.60

3-5

285.00

122.4

39

9

4.33

1.41

1-9

339.10

28.56

1,031
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7.87

9.94

1-55

205.35

105.9

245319
111686
22-686

USM
060406
USM
060509
EC/USF
080711
EC/USF
090710
EC/USF
090721a
EC/USF
090721b
Total

166

36

4.61

2.88

1-15

167.63

58.23

43-330

123

19

6.47

3.67

2-17

160.55

65.39

35-337

94

17

5.53

2.72

1-10

91.65

25.80

26-139

106

19

5.58

2.99

1-15

134.02

99.35

11-424

133

22

6.04

4.19

3-23

188.36

111.2

40-543

37

6

6.17

1.60

4-8

162.22

54.74

54-290

659

119

5.53

3.35

1-23

154.03

82.85

CZS
030702

45

9

5.00

2.12

2-9

227.89

90.12

11543
36-340

704

128

5.50

3.18

1-23

158.60

84.78

11-543

1,735

259

6.74

7.51

1-55

187.02

100.8

11-686
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In total, 1,034 LFN sounds were available for acoustic analysis (once selected
for high SNR and no overlap with other sounds, Table 3.3). One group from Tampa
Bay had no LFN sounds of sufficient quality for accurately determining acoustic
properties of the sounds (EC/USF 091231). Two hundred and sixty nine LFN sounds
from four groups were recorded with calibrated systems allowing for sound pressure
level calculations (Table 3.4), while all 1,034 recordings could be used for peak
frequency and duration. The LFN sounds were tonal and frequently contained many
harmonics which on occasion extended into ultrasonic frequencies (Figure 3.1). The
peak frequency was usually the fundamental; however, occasionally the peak
frequency would occur in a harmonic. Peak frequencies ranged from 272 to 4,843
Hz, and duration ranged from 0.017 to 0.274 seconds (Table 3.3). No significant
differences were found between Mississippi Sound and West Florida groups for mean
group values for duration or peak frequency (t = -2.129, p = 0.055; t = -1.473, p =
0.166, respectively). The maximum received level was 154 dBrms re. 1µPa (172
dBpeak re. 1µPa, Table 3.4).
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Table 3.3: LFN sound duration and peak frequency data. Total West Florida is
combined data from Tampa Bay and Sarasota Bay. “Group with LFN recording”
indicates: Institution (USM = University of Southern Mississippi, EC = Eckerd
College, USF = University of South Florida, CZS = Chicago Zoological Society’s
Sarasota Dolphin Research Program), date of follow (YYMMDD), and a/b indicating
different groups recorded on the same day.
Site

Mississippi
Sound

Tampa Bay

Sarasota
Bay
Total West
Florida
Total all

Group
with LFN
recording
USM
050608
USM
050613
USM
060305
USM
070209
USM
080423
USM
080519
USM
080609
Total

LFN for
acoustic
analysis
52

mean

SD

range

mean

SD

range

0.043

0.011

640

173

365-946

155

0.100

0.036

1,020

479

194

0.093

0.045

981

448

3

0.050

0.016

1,485

708

150

0.063

0.020

1,220

573

8

0.110

0.022

2,847

2050

29

0.058

0.021

1,121

237

591

0.081

0.039

1,057

578

USM
060406
USM
060509
EC/USF
080711
EC/USF
090710
EC/USF
090721a
EC/USF
090721b
Total

107

0.053

0.016

1,271

388

40

0.043

0.015

684

183

8

0.039

0.007

1,147

442

57

0.042

0.157

1,077

500

148

0.058

0.020

656

138

56

0.053

0.018

964

386

416

0.052

0.019

926

415

CZS/USF
030702

27

0.068

0.020

508

81

2721,793
2874,731
9882,296
6713,413
3484,843
8642,197
2724,843
3651,980
4251,320
6211,639
6543,000
4381,453
4412,272
3653,000
360-782

443

0.053

0.019

0.0260.072
0.0220.197
0.0330.274
0.0400.069
0.0260.152
0.0850.144
0.0310.116
0.0220.274
0.0230.129
0.0230.092
0.0290.050
0.0200.126
0.0250.137
0.0170.090
0.0170.137
0.0320.104
0.0170.137
0.0170.274

900

414

990

520

1,034

Duration (sec)

0.069

0.035

Peak frequency (Hz)

3603,000
2724,843
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Table 3.4: LFN sound received level data from recordings made with calibrated
systems (all recordings from Tampa Bay, Florida). “Group with LFN recording”
indicates: Institution (USM = University of Southern Mississippi, EC = Eckerd
College, USF = University of South Florida, CZS = Chicago Zoological Society’s
Sarasota Dolphin Research Program), date of follow (YYMMDD), and a/b indicating
different groups recorded on the same day.
Group
with LFN
recording

No. LFN
for
analysis

Peak amplitude (dB re. 1
uPa)
mean SD
range

RMS amplitude (dB re. 1
uPa)
mean SD
range

EC/USF
080711
EC/USF
090710
EC/USF
090721a
EC/USF
090721b
Total

8

156

9

148-172

142

5

137-154

57

140

6

129-152

126

3

120-133

148

138

6

128-158

125

4

115-135

56

143

6

130-155

127

4

120-135

269

140

7

128-172

126

5

115-154

The spectrum level of the highest received level LFN sound (154 dBrms re.
1µPa) was calculated, and 17 recordings of recreational boats which passed from
approximately 30 to 70 m from the hydrophone were used to calculate the average
spectrum level for boat noise (Figure 3.2). Boats were powered by inboard or
outboard engines (no jet drives), ranged from 5 to 12 m in length and were
operating at high (planing) speeds. The average spectrum level for ambient noise
(no vessels with engines running visible) was calculated using 20 recordings from
various locations in Tampa Bay (Figure 3.2). Figure 3.2 also illustrates behavioral
audiogram data from Johnson (1967), Turl (1993), Finneran and Houser (2006) and
Houser and Finneran (2006, all adjusted for critical ratios), with a second order
polynomial best fit line for all audiogram data points.
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Figure 3.2: Spectrum level of LFN sound (highest received level, 154 dB re. 1 µPa),
average spectrum levels of boat noise (boats 30-70 m away from hydrophone) and
ambient noise, with published bottlenose dolphin audiogram data and second-order
polynomial best fit line.

For groups producing LFN sounds, the most predominant group activity states
observed were milling (66.7% of groups) and socializing (60.0%, Table 3.5) In
socializing groups with LFN sounds recorded, 85.7% were engaging in sexual activity
(e.g., ventral-to-ventral contact, intromission). For groups not producing LFN
sounds, the most common behavioral states observed were traveling (47.8%) and
milling (46.7%). Difference in proportions of behavior states observed between LFN
and non-LFN was greatest for socializing (60.0% of groups with LFN sounds
engaging in socializing, 22.8% of groups without LFN production engaging in
socializing). The behavioral state which had the highest production rate of LFN
sounds was socializing (30.0% of socializing groups produced LFN sounds) followed
by milling (18.9%; Table 3.5). Yule’s Q binary coefficients indicated a strong
positive correlation between LFN sound production and socializing (0.714), and a
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weaker positive correlation with milling (0.484). Regression analysis indicated a
significant relationship only between socializing and LFN sound production (F-ratio =
8.323, p = 0.005, Table 3.5).

Table 3.5: Proportion of total groups with and without LFN sound production
engaging in behavior states during follow, proportion of groups engaging in behavior
states producing LFN sounds, and results for correlation and regression analysis.
Behavior

Proportion
of groups
with LFNs
engaging in
a particular
behavior

Proportion of
groups
without LFNs
engaging in a
particular
behavior

Proportion of
all groups
engaging in a
particular
behavior
producing
LFNs

Yule’s Q
binary
coefficient

Linear regression
r2 = 0.098
F-ratio
p value
(* =
<0.05)

Forage

0.333

0.435

0.111

-0.103

0.109

0.742

Mill

0.667

0.467

0.189

0.485

0.311

0.578

Rest

0.133

0.152

0.125

0.000

0.273

0.602

Social

0.600

0.228

0.300

0.714

8.323

0.005*

Travel

0.533

0.478

0.154

0.226

0.062

0.803

Discussion

Here we describe sounds produced by bottlenose dolphins which are
stereotyped, low frequency, tonal, produced in trains and appear to be correlated
with dolphin socialization. The sounds reported here are similar to previous reports of
low frequency sounds in a variety of delphinids in a variety of locations, and reported
with a variety of names. “Barks” were reported in captive bottlenose dolphins (Lilly,
1962), free ranging bottlenose and Atlantic spotted dolphins (Stenella frontalis) in
the Bahamas (Herzing, 1996). Essapian (1963) referred to “yelping” sounds in
captive bottlenose dolphins. “Low frequency narrow-bandwidth (LFN)” sounds were
reported in free ranging common bottlenose dolphins in Australia (Schultz et al.,
1995), while “thunks” were reported in captive bottlenose dolphins by McCowan and
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Reiss (1995). “Squawks” were produced in free ranging bottlenose and Atlantic
spotted dolphins in the Bahamas (Herzing, 1996), “grunts” in free ranging Pacific
humpback dolphins (Sousa chinensis, Van Parijs and Corkeron, 2001) and Risso’s
dolphins (Grampus griseus, Corkeron and Van Parijs, 2001), and “chirps” in free
ranging Risso’s dolphins (Corkeron and Van Parijs, 2001). The sounds reported here
are also similar to parts of the “bray calls” of free ranging bottlenose dolphins in
Portugal (dos Santos et al., 1995, who terms the segments “gulps”) and Scotland
(Janik, 2000a).

In all cases the sounds are typically simple upsweeps or

downsweeps without dramatic frequency modulation, and with multiple harmonics,
although some of these sounds were reported as being pulsed in nature (e.g., barks,
Lilly, 1962; squawks, Herzing, 1996) and therefore only resemble tonal sounds due
to artifacts resulting from high repetition rates (see Watkins, 1967)
The overall occurrence of LFN sounds is rarely reported in the literature, and
therefore it is difficult to determine how rare these sounds actually are. Our results
suggest that these sounds are produced rarely in comparison to whistles and clicks
(LFNs produced in only 12.3% of all groups). In comparison, Quick and Janik (2008)
found that 84% (22/26) of bottlenose dolphin groups off northeast Scotland
produced whistles. However, the occurrence of LFNs in our study was well below
what was found by Schultz and colleagues (1995, 39.3% of all groups). Given the
fact that studies exist on LFN-like sounds in various areas and species, we believe
that these signals (and other low frequency signals) are not as unusual as a survey
of the dolphin acoustics literature would suggest, and that future studies of dolphin
acoustics should be mindful of their presence.
Our results support earlier observations that LFN sounds are typically
produced in series or trains (e.g., McCowan and Reiss, 1995; Herzing, 1996). The
wide range in the number of LFNs the dolphins were able to produce and in the interLFN interval within the trains indicates a great deal of temporal pattern flexibility in
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this signal. Although groups in Mississippi tended to produce more LFNs in their
trains than in west Florida groups, this result was not significant. However,
Mississippi dolphin inter-LFN intervals were 29% longer. As northern and eastern
Gulf of Mexico bottlenose dolphins are thought to be largely but not entirely isolated
from one another genetically (Duffield and Wells, 2002; Sellas et al., 2005), this
result suggests that this difference may have resulted from cultural learning and / or
environmental differences rather than genetic isolation.
The low levels of variability found here for LFN sound duration, and the lack of
statistical significance between mean LFN sound durations between Mississippi and
West Florida suggest that this signal is conservative (unchanging) in form. The
duration of the LFN sounds reported here (overall mean 0.069 seconds) are similar
to the bottlenose dolphin “thunks” found by McCowan and Reiss (1995, mean
duration 0.064 seconds), Pacific humpback dolphin “grunts” (Van Parijs and
Corkeron, 2001, approximately 0.09 seconds in duration) and the bottlenose dolphin
LFN sounds reported by Schultz and colleagues (1995, 0.1 seconds to 0.41 seconds).
Other reports of similar sounds have higher durations. For example, Herzing (1996)
reported squawks and barks from 0.2 seconds to 1.0 seconds in duration for
bottlenose and Atlantic spotted dolphins in the Bahamas. Inshore dolphins in the
Gulf of Mexico, such as those in this study, are arranged into communities which
commonly interact with adjacent communities; however, gene flow appears to be is
low and genetic similarities decrease with geographic distance (Duffield and Wells,
2002; Sellas et al., 2005). Assuming that these are the same sounds, geographic
isolation between the Gulf of Mexico (this study) and the Bahamas (Herzing, 1996)
may explain the observed differences in LFN duration between these areas.
Like duration, the low variability found here for LFN sound peak frequency
and lack of statistical significance between mean LFN peak frequency values between
Mississippi and West Florida suggest that this signal is conservative in form. Peak
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frequencies reported here (overall mean 990 Hz) are very similar to previous reports
of similar low frequency dolphin sounds (e.g., LFN fundamental frequency 260-1280
Hz, Schultz et al., 1995; barks 200-2000 Hz, Herzing, 1996). The low level of
variation within and across studies may indicate an anatomical restriction limiting the
frequency content of these sounds, that there has been little selection pressure for
variation in frequency, or that the signal has maximum utility when produced at such
frequencies. Given the unusual nature of these sounds (in comparison to pulses and
whistles), the sound production mechanism may not conform to the standard
odontocete model (see Au and Hastings, 2008).
No previous studies have reported received levels for similar sounds. The
distance between the hydrophone and the phonating dolphin could not be accurately
estimated in this study; however, the received levels found here (mean 126 dBrms re.
1 µPa, max 154 dBrms re. 1 µPa) indicate that the LFN sounds are similar in
amplitude to higher frequency whistles. The mean source level estimate for
bottlenose whistles in Scotland was 158 dBrms re. 1 µPa (based on received levels of
mean 114 dBrms re. 1 µPa, max 130 dBrms re. 1 µPa, Janik 2000b). These amplitude
levels, considered in relation to the received level reported here, suggest that the
amplitudes of LFN sounds are similar to those of whistles, if not louder.
Our results suggest that the LFN sounds are related to socializing and
heightened emotional contexts. During many of these group follows in which LFN
sounds were recorded, socializing was vigorous and sexual activity was observed,
and on one occasion apparent aggression toward the vessel was observed. Nearly all
previous reports have similar results. Sounds similar to the sounds reported here
have also been documented as occurring during sexual, social or agonistic situations
in both captive and free ranging environments (Lilly, 1962; Essapian, 1963;
McCowan and Reiss, 1995; Herzing, 1996; Van Parijs and Corkeron, 2001). For
example, Schultz and colleagues (1995) found that LFN sounds were present in
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97.7% of free ranging socializing groups of bottlenose dolphins and only 16.7% of
non-socializing groups, while McCowan and Reiss (1995) concluded that thunks were
aggressive contact calls between captive bottlenose adults and calves. Many
characteristics of the LFN sound trains fit the general characteristics of aggressive
sounds in birds and mammals (harsh, repetitive, stereotypical, low frequency,
Morton, 1977), and aggression has been reported during socio-sexual encounters of
Indo-Pacific bottlenose dolphins (T. aduncus, Scott et al., 2005). In addition, several
LFN trains in this study ended with pops, which have been previously associated with
courtship and aggressive behavior in male Indo-Pacific bottlenose dolphins (Connor
and Smolker, 1996). However, the study by Janik (2000a) of bottlenose bray calls
illustrates the need for caution. Using multiple hydrophones to determine the
locations of braying dolphins, Janik (2000a) determined that the calls were not being
made by socializing groups of dolphins but by other dolphins nearby, and concluded
that bray calls served a foraging function. Other episodes of LFN sound production in
Sarasota (but not used in this study) and additional episodes involving bottlenose
dolphins in Guatemala appeared to occur during foraging behavior (EQR, unpublished
data); however, these data have not been statistically analyzed. Given the
comparative simplicity of our study (in which localization was not possible and
predominant group activity states were integrated over the duration of the follow),
our behavioral results are far from unequivocal. As it was not possible to identify the
dolphin producing sound, nor to record predominant group activity at the exact same
time as sound production, our ability to examine the behavioral context of these calls
in detail was limited. It will likely be difficult to examine the behavioral context of
these calls in more detail unless multiple hydrophones can be used to identify the
vocalizing individual, and unless the behavior of that individual can accurately be
recorded at the same time as the vocalization. This will be difficult to conduct in
murky waters, such as those sampled in this study. The behavioral plasticity of
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dolphins makes it likely that these sounds have multiple, context-specific functions,
and most available data on cetacean sound production suggests both signal and
functional flexibility (Griebel and Oller, 2008).
The vast majority of the acoustic energy of the LFN sounds is well below what
is considered the range of best hearing for bottlenose dolphins (e.g., between 15 and
110 kHz if best hearing is defined as within 10 dB of maximum sensitivity, Johnson,
1967; Au and Hastings, 2008). However, Figure 3.2 illustrates that bottlenose
dolphins can detect the LFN sounds at the maximum received level recorded in this
study (154 dBrms re. 1 µPa). Therefore, it appears that the LFN sounds are powerful
enough to overcome lack of hearing sensitivity for at least short distances. Even in
moderate noise conditions (boat noise curve in Figure 3.2, for boats 30 – 70 m
away), the energy of the 154 dB LFN sound exceeds the background noise level and
dolphins should have little trouble detecting these sounds at close range. However,
it is likely that boat noise could have a large impact on LFN detectability beyond
several tens of meters from the phonating dolphin (see Sims et al., 2012 for a
discussion on anthropogenic masking of other low frequency dolphin sounds).
Although the LFN sounds may function predominantly as a short range call, it is likely
that more distant conspecifics use these signals as well, as has been suggested for
other signal types (e.g., echolocation eavesdropping, Xitco and Roitblat, 1996;
whistle matching, Janik 2000c). Janik (2000a) showed that low frequency bray calls
had a function in foraging and also provided evidence that these calls attracted
eavesdropping conspecifics. The level of boat activity is known to correlate with
changes in the behavior and acoustic signal production of dolphins (Nowacek et al.,
2001; Buckstaff, 2004; Foote et al., 2004), and the level of boating activity is high in
many areas where this signal has been documented (e.g., Sarasota Bay, Nowacek et
al., 2001). Jensen and colleagues (2009) provide evidence that even at slow speeds
(5 knots), boats within 50 m of dolphins can significantly reduce the communication
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range of whistles. In addition, the propagation of low frequency sound is limited in
shallow water (Au and Hastings, 2008), as is typical in our study sites. Given the
facts that the main energy of the LFN sounds occurs within the high amplitude boat
noise spectrum, and outside the best hearing range for dolphins, I believe that these
acoustic signals are potentially at risk of significant masking from anthropogenic
noise, especially as the boat noise levels here are considered moderate as boats
were all more than 30 m away from the recording hydrophone. As this sound
appears to be an occasional but ubiquitous signal in the dolphin repertoire, it
increases the need to closely monitor noise levels and boat-dolphin interactions for
conservation purposes.
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CHAPTER 4: DOLPHIN DENSITY AND DISTRIBUTION ON THE
WEST FLORIDA SHELF USING VISUAL SURVEYS AND PASSIVE
ACOUSTIC MONITORING

Introduction

A fundamental question in biology is how animal distribution fluctuates over
space and time. Various methods have been developed to measure animal density
or abundance – the number of animals in an area – each with associated benefits
and disadvantages in terms of accuracy, precision and logistic considerations.
Measuring marine mammal density or abundance is complicated by several factors,
including their tendencies to spend large amounts of time underwater, travel long
distances, and living in an environment frequently inhospitable to researchers.
One method commonly used by cetacean biologists is visual estimates from
boat-based surveys. This method allows for reliable species identification, group size
estimation and concurrent data collection (e.g., photographic identification,
behavioral observations). The number of animals can be quantified using relative
abundance indices, where animal counts are normalized by unit search effort (e.g.,
animals per unit time, Simard et al., 2006). Density per unit area can also be
calculated using strip transect sampling, where the number of animals observed are
normalized by the transect lengths to calculate animals per unit distance (Fazioli et
al., 2006), or multiplied by an estimated survey strip width to calculate animals per
unit area (Fazioli and Wells, 1999). Distance sampling methods allow for the
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calculation of absolute abundance estimates, where the number of animals in a
region is estimated using techniques which extrapolate spatially integrated density
from survey data (Buckland et al., 2001). While the advantages of visual survey
methods are obvious, there are several disadvantages. Visual surveys are relatively
uncomplicated for inshore species or populations; however, offshore areas require
large vessels and large field expenditures. Visual surveys are weather dependent,
can only be conducted in daylight, and there is no repeatability inherent at the data
collection level. Myriad factors influence sighting efficacy (e.g., sea state, observer
height, observer experience, Buckland et al., 2001), which is a critical component as
abundance estimates must often be made with very few sightings of a species
(Mellinger et al., 2007a). In addition, some deep water species rarely surface, and
may not be visible during the passage of the survey vessel.
Another method is the use of stationary autonomous acoustic recorders to
detect the sounds made by cetaceans. The use of autonomous recorders can be
relatively inexpensive and logistically simple, and data collection is not dependent on
good weather or daylight. If multiple recorders are used, abundance can be
investigated over synoptic scales and movements may be tracked using time of
arrival differences (Mellinger et al., 2007a). Recordings are permanent records
which can be reanalyzed at a later time if spurious results appear or new techniques
develop. Relative abundance based on sound production is relatively simple, and
methods for estimating absolute abundance from point samples are being developed
(Van Parijs et al., 2002; Efford et al., 2009; Marques et al., 2009; Whitehead, 2009).
Cetaceans lend themselves to acoustic surveys, as they commonly use sound for
social purposes and in the case of the odontocetes (toothed whales, including
dolphins), for foraging and navigation (see Au and Hastings, 2008 for review). In
addition, sound propagates well in the aquatic environment, allowing for detection at
long distances (Lurton, 2002). In addition, cetaceans may produce sounds when
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they are not visible at the surface, thereby increasing their probability of detection.
Disadvantages to this method include variability in the sound production of cetaceans
(e.g., by behavior, Nowacek, 2005; location, Jones and Sayigh, 2002), masking by
ambient noise and greater uncertainty about species, group size and behavior
(Mellinger et al., 2007a) and the logistic considerations of deploying and recovering
equipment in the marine environment (Dudzinski et al., 2011). Nevertheless,
acoustic monitoring is increasingly being used to effectively monitor the distribution
and activity patterns of cetaceans (e.g., Clark, 1995; Mellinger et al., 2007b; Philpott
et al., 2007; Todd et al., 2009; Bailey et al., 2010; Elliott et al., 2011). While few
studies have compared detection rates from autonomous acoustic recorders with
visual detection rates, significant correlations between the two methods have been
reported for common bottlenose dolphins (Tursiops truncatus) in the Shannon
Estuary, Ireland (Philpott et al., 2007) and the eastern coast of Scotland (Bailey et
al., 2010).
The West Florida Shelf (WFS) in the eastern Gulf of Mexico is a broad
continental shelf which is habitat for common bottlenose dolphins (henceforth
referred to as bottlenose dolphins) and Atlantic spotted dolphins (Stenella frontalis)
(Griffin and Griffin, 2003; 2004). While several detailed studies exist on the
seasonal and spatial patterns of bottlenose dolphins found in estuarine and lagoon
communities (e.g., Irvine et al., 1981; Wells, 1991), far less is known about the
species on the WFS.
The WFS is used by several communities of bottlenose dolphins. Wells and
colleagues (1987) define dolphin “communities” as a group of dolphins that associate
more with each other (> 50% of associations) than with dolphins in adjacent
communities, share significant portions of their range, and have genetic similarities.
Bottlenose dolphins normally found in estuaries and lagoons are also found in coastal
WFS waters (Irvine et al., 1981; Weigle, 1990; Fazioli et al., 2006) in addition to
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those normally resident to the open Gulf of Mexico. In the shallow WFS, bottlenose
dolphins from different communities are frequently found together (e.g., Fazioli et
al., 2006); however, bottlenose dolphins from Tampa Bay, Sarasota Bay and
Charlotte Harbor and the adjacent WFS have mtDNA and microsatellite differences
which suggest only minimal genetic exchange between communities (Sellas et al.,
2005). In addition, three ecotypes of bottlenose dolphins have been identified based
on morphology, genetics, red blood cell count and hematocrit: “offshore”,
“intermediate” and “inshore” (Duffield et al., 1983; Hersh and Duffield, 1990; Mead
and Potter, 1995; Hoelzel et al., 1998). Unlike other areas (e.g., northwest Atlantic,
Torres et al., 2003), on the WFS the offshore and inshore ecotypes are thought to
overlap in range (Waring et al., 2011). Although the movements and distribution of
WFS bottlenose dolphins are not well known, photographic identification studies off
Sarasota Bay and Tampa Bay have demonstrated site fidelity for some individuals
(Fazioli et al., 2006; Wells et al., 2011). Less is known about Atlantic spotted
dolphins on the WFS. Atlantic spotted dolphins are generally found in deeper waters
on the WFS (> 20 m, Griffin and Griffin, 2003; 2004), and it has been suggested
that this species migrates to shallower water in the spring (Fritts et al., 1983 and
references therein).
The purpose of this study is to investigate the spatial and temporal variation
in dolphin density on the WFS. In this study, both visual survey data and
autonomous acoustic data are used concurrently to assess dolphin density. As both
methods provide only estimates of cetacean numbers, comparing the results of
concurrent visual and acoustic methods is important for understanding the biases of
each method. Therefore, the results obtained by these two methods will be
compared.
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Methods

Autonomous Acoustic Recorders
For this project, new acoustic recorders were developed, built, programmed,
and tested (Digital SpectroGram [DSG] recorders, Appendix 2). The recorders were
deployed at 82 stations on the WFS from June through September 2008, and from
June 2009 through June 2010 (Figure 4.1).

Figure 4.1. Map of the study area showing station locations of 2008 and 2009 - 2010
DSG recorder deployments. Source for Florida land and bathymetry: Florida Fish
and Wildlife Conservation Commission, 2012. Source for other land: Price, 2012.

In 2008, 24 DSG recorders were deployed at 19 stations on a 25 km spaced
grid (at several stations, DSG recorders were replaced mid-study). This area was
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from approximately 28.1° N to 27.0° N (offshore of Clearwater to Port Charlotte, FL),
and out to the 30 m isobath (Figure 4.1). Six recorders were deployed in June (duty
cycle 11 seconds / hour), and 18 recorders were deployed in July (duty cycle 6
seconds / hour, five replacing June recorders and 13 at new stations). Recordings
were made at a 50 kHz sample rate, with a 3-pole (-18 dB / octave) low-pass filter
with a 35 kHz corner frequency. All hydrophones were HTI-96-MINs (-186 dBV/µPa,
flat response 2 Hz – 37 kHz [+/- 3 dB], High Tech, Inc., Long Beach, MS), and
recordings were stored on 16 GB HDSD cards. The DSGs were housed in 11.4 cm x
63.5 cm watertight PVC housings with capacity for 21 D-cells (see Dudzinski et al.,
2011; Appendix 2). Due to the relatively shallow depth, recorders were bottom
mounted in trawl-resistant housings with concrete bases and fiberglass caps (which
were designed to hold the PVC housing of the DSG recorders).

These units were

designed to be deployed with a rope from the surface, and retrieved by scuba divers
(Dudzinski et al., 2011; Appendix 2). The hydrophones were located on extension
cables which lead to the outside of the fiberglass cap. Deployments and recoveries
were conducted on the R/V Eugenie Clark (14 m Newton, twin 320 hp diesel
engines).
In 2009, 81 DSG recorders were deployed at 63 stations on a 20 km spaced
grid from approximately 28.1° N to 27.2° N (offshore of Tarpon Springs to Venice,
FL), and out to the 100 m isobath (at several stations, DSG recorders were replaced
mid-study, Figure 4.1). Recordings were made on a six seconds per hour duty cycle
with a sample rate of 37 kHz. Hydrophones were HTI-96-MINs (- 170 or -186
dBV/µPa, flat response 2 Hz – 37 kHz [+/- 3 dB]), and recordings were stored on 16
GB HDSD cards. DSG recorders were housed in 62 cm x 12 cm watertight PVC
housings, and able to hold 24 D-cell batteries (Appendix 2). Recorders were moored
to the bottom with concrete blocks, with the recorders themselves floating at 10 m
depth in trawl-resistant PVC cages (or near the bottom at stations with water depth
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less than 10 m). Surface floats marked the location of the recorders and were
designed to allow for recorder recovery from the surface (Dudzinski et al., 2011;
Appendix 2). All recorders were deployed from June 1 – 4, 2009 on the R/V
Weatherbird II (35 m, twin 500 hp inboard diesel engines). At nine stations, DSG
recorders were switched out mid-study. All recoveries were conducted aboard the
R/V Fish Hawk (11 m Sea Hawk, twin 450 hp inboard diesel engines) and R/V Alicat
(9 m Hydro Cat, twin 225 outboard engines). All recorders were recovered by June
2010 or earlier.
In both 2008 and 2009, an experimental data compression system was used
(known as “stutter”), in which only a small number of data points were saved from a
recording. For example, in 2009 the stuttered recordings saved 341 points per 2048
points during a recording. The data compression allowed for large numbers of files
to be recorded (e.g., in 2009 the stuttered files were collected on a duty cycle of five
seconds every 4 minutes). However, due to the difficulty of developing automatic
detection algorithms (see Appendix 3) and the difficulty of identifying echolocation in
the stuttered files, the stuttered files were not used.

Visual Surveys
Visual surveys were conducted on the WFS from April 2008 through
September 2008 and April 2009 through June 2010 for this study (the times
generally overlapping the times of the DSG deployments). Cruises by the University
of South Florida were conducted primarily for towed hydrophone recordings (R/V
Eugenie Clark, details above, Simard et al., 2010; Frankel et al., submitted) as well
as DSG deployments and recoveries (vessel details above) and a single cruise in
response to the 2010 Deepwater Horizon oil spill (R/V Bellows, 25 m, twin 200 hp
inboard diesels). All USF cruises departed from St. Petersburg or Sarasota, FL.
Additional visual survey data were obtained from the Sarasota Dolphin Research
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Program (SDRP) and the Eckerd College Dolphin Project (ECDP), which routinely
survey the coastal WFS primarily for photographic identification purposes (e.g., Wells
et al., 2011). Vessels were all small boats with outboard engines (SDRP: Mini, 5.5
m, 115 hp; Bob, 5.5 m, 150 hp; Fregata, 6.4 m, 150 hp; Nai’a, 6.7 m, 250 hp;
ECDP: MS3, 5.8 m, 115 hp; LRZ, 4.2 m, 30 hp). A single cruise was also conducted
aboard a 12 m auxiliary sailing vessel (Balaena, 44 hp inboard diesel). Cruises by
ECDP and Balaena departed from St. Petersburg, FL, while SDRP cruises departed
from Sarasota, FL. All cruises had a minimum of two experienced cetacean
observers.
On visual survey cruises, data collected included times of observation of
dolphin groups, species, group size, distance from boat when a group was first
sighted (USF, ECDP), automatically recorded GPS positions (every 60 seconds,
variable for SRDP), and on / off survey (USF). Environmental data were also
collected and included wave and swell height, wind speed, and for SRDP a
sightability index from 0 (perfect conditions) to 4 (likely to miss dolphins) and 5 (off
survey). Cetaceans were identified to the closest taxonomic level possible

Spatial and temporal divisions
For the analysis of both acoustic and visual detection data, the study area
was divided into ten regions (Figure 4.2) using ArcGIS (Version 10, ESRI, Redlands,
CA) with bathymetry and landform data from Florida Fish and Wildlife Commission
(2012) and Price (2012). Dolphin density and species composition varies greatly
with depth in many areas, including the West Florida Shelf (e.g., Fritts et al., 1983;
Griffin and Griffin, 2004; see Chapter 1). Therefore, geographic regions were
partially defined by depth. Coastal regions extended from the shoreline including the
seaward edges of barrier islands to 2 km from shore. When estuaries or passes
interrupted the shoreline, the border of the coastal regions followed a line connecting
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the shoreline features near the mouth of the estuary or pass. The seaward extent of
this region was based on the results of Fazioli and colleagues (2006), who found that
bottlenose dolphin groups containing only “inshore” dolphins (>75 % of sightings in
the estuaries of Tampa Bay, Sarasota Bay or Charlotte Harbor / Pine Island Sound)
were found on average 0.8 km from shore (SD = 1.03 km), and mixed “inshore” and
“gulf” dolphins were found on average 1.9 km from shore. Therefore, the coastal
regions were assumed to be heavily influenced by the movements and distribution of
the resident dolphins from the local bays and estuaries. Extending seaward from the
coastal regions were the inner shelf regions (> 2 km from shore to the 20 m
isobath). In this depth range, most bottlenose dolphins encountered by Fazioli and
colleagues (2006) were not Sarasota Bay residents, but dolphins resident to the
open Gulf of Mexico. In addition, very few Atlantic spotted dolphins were found
within the 20 m isobath by Griffin and Griffin (2004). The 20 m isobath is also the
boundary for the NMFS stock boundary dividing “coastal” and “shelf” bottlenose
dolphins (Waring et al., 2011). Further from shore were the mid shelf regions (> 20
m – 45 m). In this region, Atlantic spotted dolphins become abundant (Griffin and
Griffin, 2004). The seaward edge of the mid shelf regions is also near a transition of
shelf circulation, inshore of which Ekman layer divergence results in a cross-shelf
pressure gradient which impacts coastal circulation (Weisberg et al., 2001; 2005;
see Chapter 1). This division of physical processes could potentially have biological
responses which could influence the distribution of large predators such as dolphins.
The most seaward region (outer shelf) was defined as a single area extending from
the mid shelf regions to the 100 m isobath. This region is physically a buffer
between the inner shelf processes and those which occur near the shelf break
(Weisberg et al., 2005). The 100 m isobath was chosen specifically as it was the
near the seaward boundary of DSG deployments and consequently most visual
surveys.
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In addition to the depth and distance to shore definition of regions, the
coastal, inner shelf and mid shelf regions were sub-divided into three latitude based
regions (Figure 4.2). Fazioli and colleagues (2006) found evidence for the WFS off
Tampa Bay being the confluence of several shelf bottlenose dolphin communities. In
addition, Tampa Bay is a large estuary and has a significant impact on the
oceanography of the adjacent WFS (Weisberg and Zheng, 2006; Wall et al., 2008).
With these factors, it was suspected that different spatial and temporal patterns in
dolphin distribution might be observed. Therefore, latitude regions were defined as
their position in relation to Tampa Bay: north (approximately 27° 45’ to 28° 15’ N),
central (approximately 27° 30’ to 27° 45’ N), and south (approximately 27° 10’ to
27° 30’ N).

Figure 4.2. Analysis regions for visual survey and acoustic detection data. Source for
Florida land and bathymetry: Florida Fish and Wildlife Conservation Commission,
2012. Source for other land: Price, 2012.
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Seasonal patterns are known to be important for local oceanographic patterns
(e.g., Weisberg et al., 2005), prey distribution (e.g., Hixon et al., 1980) and dolphin
distribution (e.g., Fazioli et al., 2006). Therefore, for temporal analysis of acoustic
and visual detection rates, the study period was divided into winter (Jan 1 – March
31), spring (April 1 – June 30), summer (July 1 – September 30) and fall (October 1
– December 31).

Acoustic data analysis
The recording schedule and length of deployments would necessarily result in
enormous amounts of data. Therefore, much effort was put into the development of
automatic detection algorithms in order to quickly identify dolphin sounds. However,
due to the large and variable background noise and the highly variable nature of
dolphin sounds, detection algorithms with adequate levels of correct detection and
rejection rates were not developed (Appendix 3). Therefore, dolphin sounds were
identified by manual inspection. As DSG files are stored in a format which preserves
the time and date stamp as part of the filename, acoustic files were first converted
to .wav files using the software DSG2wav (Loggerhead Instruments, Sarasota, FL).
Spectrograms (512 point resolution, Blackman-Harris windowing function) of each
file were inspected in Adobe Audition (Version 2.0, Adobe Systems Inc., San Jose,
CA). Dolphin sounds were classified by type (whistles, e.g., Cook et al., 2004;
echolocation, e.g., Simard et al., 2010; burst-pulses, e.g., Lammers et al., 2003; low
frequency narrow-band [LFN] sounds, e.g., Simard et al., 2011; other low frequency
sounds, e.g., Herzing, 2006); however, for this study a simple presence-absence for
any dolphin sound was used as a measure of dolphin presence. A spreadsheet with
all files names, date and time, length of file, root mean square sound (RMS) pressure
level (2 kHz high pass filtered) as well as columns for binary detection codes for
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dolphin sounds was created using Sigchain software (Loggerhead Instruments,
Sarasota, FL) operating in MATLAB (Version 2009b, Mathworks Inc., Natick, MA).
Post-identification analysis was conducted using custom written MATLAB
routines. Detection rates (dolphin detections / km2 / hour) were calculated for each
region and season. Detection rates were also calculated for day-only recordings (9
AM – 5 PM) for comparison to visual survey data. Dolphin detections were defined
as the number of files in each region and season with any dolphin sound, while the
time was the sum recording time. The area of detection was calculated as:

Detection area (m2) = pi * (10

(SL-noise-SNR)/18 2

)

Equation 5.1

where SL is source level of the dolphin sound, noise is the ambient noise level, and
SNR is the signal to noise ratio of the detection threshold, and the logarithmic
function is based on geometric spreading loss and absorption (see below).
Whistle source levels were available for both Atlantic spotted dolphins and
bottlenose dolphins on the WFS (Frankel et al., submitted). Whistles are only weakly
directional (Lammers and Au, 2003; Branstetter et al., 2012). However,
echolocation is highly directional (Au, 1993) and the nature of the directionality
appears to be complex with respect to the azimuth of the animal (Au et al., 2012;
Branstetter et al., 2012), making the development of a detection function far more
complex as the orientation of the dolphin to the hydrophone would critically change
the received level.

Therefore, for this study the detection function developed for

whistles is assumed to be proportionately appropriate for echolocation, assuming the
orientation of the dolphin to the hydrophone is random. The same assumption is
made for other dolphin sounds. Burst-pulse directionality is similar to echolocation
(Branstetter et al., 2012), but low frequency sounds are likely omnidirectional due to
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their frequency content (see Au and Hastings, 2008). Specific source levels of such
sounds are not currently known for WFS dolphins (however, see Simard et al., 2011;
Chapter 3). Source level estimates for bottlenose dolphin and Atlantic spotted
dolphin whistles on the WFS were 141.7 dB re. 1 µPa and 140.8 dB re. 1 µPa
respectively (Frankel et al., submitted). Therefore, the mean value of 141.3 dB re. 1
µPa was used for these calculations.
Ambient noise limits the detection of sounds by human observers and animals
(Hastie et al., 2005; Quintana-Rizzo et al., 2006; Frankel et al., submitted). To
quantify noise in this study, the mean RMS sound pressure level for all files in the
region and season was calculated. In order to adjust this broadband noise
measurement into same frequency resolution as the analysis spectrogram, the mean
noise level was adjusted with the formula:

Band Level = RMS - 10 * log10 ((NR - CF)/(SR/R))
Equation 5.2

where NR is the Nyquist rate (maximum frequency of alias-free sampling, equal to
half of the sample rate, 25.0 or 16.5 kHz), CF is the corner frequency of the highpass filter (the frequency below which amplitude is reduced, 2 kHz), SR is the
sample rate (50.0 or 37.5 kHz) and R is the spectrogram resolution (512 points).
The detection threshold was determined by measuring the amplitude of 40
whistles considered “barely detectable” by the author. The RMS noise levels
immediately adjacent to the whistle were used to determine the signal to noise levels
(SNR). For 2008 data, the mean SNR was 8.8 dB re. 1 µPa, while in 2009 the mean
SNR was 10.6 dB re. 1 µPa. A paired t-test determined that there was no significant
difference between the years (t = 0.139, p > 0.05), therefore the mean SNR value
(9.7 dB re. 1 µPa) was used for these calculations.
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The results from Frankel and colleagues (submitted) were used to estimate
the transmission loss of a dolphin whistle. Using a Bellhop model for 30 m depth on
the WFS, transmission loss was estimated to follow a logarithmic function:

Transmission Loss = 18.498 x log10 (range) + 0.2694
(Equation 5.3, from Frankel et al., submitted)

Observed propagation data for both bottlenose dolphin and Atlantic spotted dolphin
whistles provided in situ confirmation for this model (Frankel et al., submitted).
Due to the low duty cycles used in this study (≤ 11 seconds / hour), a
comparison was conducted between detection rates from the regular recordings and
the more frequent “stuttered” recordings. Four time blocks from four recorders were
investigated, each 4 – 11 hours long, two with high levels of detections, one with low
levels of detections, and one with no detections. Regular and stuttered files were
manually browsed without knowing what group the files originated in, and the
proportions of files with detections were calculated. Correlation between the
proportion of files with detections on an hourly time series was low (r = 0.60);
however, when calculated for a time series of the proportion of time bins with
detections, the correlation was high (r = 0.90). Therefore, the detection rates
calculated using the sparse data set (non-stuttered recordings) is likely adequate
when considering time-integrated data on the scale used in this study.

Visual survey data analysis
GPS positions of vessel tracks were divided into three categories: “on survey”
(vessel moving, observers on deck actively searching for dolphins but no dolphins
present), “with dolphins” (dolphins present) and “off survey” (not with dolphins, not
actively searching for dolphins). As multiple vessels and cruise protocols were used
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in this study, certain biases may exist in sighting data. For example, USF cruises to
deploy and recover recorders would continue operations in worse weather conditions
than cruises for visual surveys alone. As these cruises were also conducted in
deeper water, a potential bias is that deep water surveys took place in worse
weather conditions. Therefore, all effort data (GPS tracks while on survey) and
visual detections collected during poor weather (wave or swell height > 1 m) were
omitted from analysis. Observer height has a large impact on the ability to see
cetaceans (Buckland et al., 2001). As most USF cruises involved observer heights
above the small vessel surveys by ECDP and SDRP, groups sighted more than 500 m
away from the vessel were not included in the analysis. From distance estimation
training conducted part way through the study, a potential bias was identified in
which distances to dolphin groups may have been underestimated on USF cruises.
However, as most distances were below 200 m, any such bias is not likely to
seriously bias the results. Data were not collected in a manner to allow for Distance
sampling (e.g., the angular distances from the vessel track lines were not recorded);
however, strip transect sampling was used in a manner similar to Fazioli and
colleagues (2006). A 500 m detection strip width was assumed; therefore, linear
kilometers were equivalent to square kilometers for the purposes of density
estimates (cf. Fazioli and Wells, 1999).
GPS tracklines and sighting locations were analyzed in ArcGIS. For each
region, the length of survey track and the number of dolphins observed was
calculated for each region and season. Seasonal / regional densities (dolphins / km 2)
were calculated for the most common species (bottlenose and Atlantic spotted
dolphins) and for all species combined (including unidentified dolphins, and was
conducted for comparisons with acoustic data only).
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Statistical analysis
For acoustic data, regions or seasons without a full month of recordings from
at least one recorder were not included in analysis. Regions and seasons with less
than 25 km visual survey effort were not included in analysis. Statistical analysis
was conducted in Excel (Version 2010, Microsoft, Redmond, WA). For both acoustic
and visual density estimates, G-tests were used to test for significant variation in
density from even distribution both spatially (within seasons, between regions) and
temporally (within regions, between seasons). Spearman’s correlations were
conducted between acoustic density estimates (based on all recordings and day-only
recordings) and visual density estimates (for overall dolphin density). Correlations
were conducted both spatially (within seasons, between regions) and temporally
(within regions, between seasons).

Results

Acoustic Data
In 2008, 13 recorders from 13 stations were recovered and had data (an
additional two recorders were recovered with stuttered files only, Figure 4.3, Table
4.1). Recorders operated from 10 June to 29 September, resulting in 15,582 files
totaling 34 hours 18 minutes of recording time. The recording times of individual
recorders were not completely overlapping due to differences in deployment and
recovery times, and in some cases recorder failure. In 2009, 27 recorders from 24
stations were recovered and had data (Figure 4.3, Tables 4.2 and 4.3). Recorders
operated from 1 June, 2009 to 10 June, 2010 (again, the times of individual
recorders were not completely overlapping). For 2009, 119,340 files were recorded,
resulting in 235 hours 25 minutes of recording time.
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Dolphin whistles, echolocation, burst-pulses, LFN sounds and other low
frequency burst-pulse like sounds were found. No sounds from other cetaceans were
found; however, as some cetacean sounds are much lower in frequency than dolphin
sounds, it is possible that they were simply missed. For example, Bryde’s whales
(Balaenoptera edeni) are the most commonly observed baleen whale in the Gulf of
Mexico and sightings often occur at the 100 m isobath (Würsig et al., 2000);
however, their sounds are mainly below 100 Hz (Heimlich et al., 2005).
In 2008, sufficient data was obtained to calculate density estimates for seven
regions and two seasons (Table 4.1). From the 2009 deployment, sufficient data
was collected to calculate density estimates for eight regions and five seasons
(Tables 4.2 and 4.3).

Figure 4.3. Map of recovered DSG recorders with outlines of the analysis regions (see
Figure 4.2). Source for Florida land and bathymetry: Florida Fish and Wildlife
Conservation Commission, 2012. Source for other land: Price, 2012.
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Table 4.1. Summary of recovered DSG recorders in each region and season of study
in 2008, with total time of recording (seconds) and pooled detection rates (overall
and daylight hours only). Detection rates are detections/km2/hour. Note that
regions coastal central, coastal south and outer shelf did not have any DSG
recorders. “Det. Rate. 24 hour” is the detection rate calculated from all files, while
“Det. Rate day only” is the detection rate calculated from recorded between 9AM and
5PM.

Summer 2008

Spring 2008

Coastal
North

Inner
Shelf
North

Mid
Shelf
North

Inner
Shelf
Central

Mid
Shelf
Central

Inner
Shelf
South

Mid
Shelf
South

Stations

A01

A09

A13

Seconds
Det.
Rate 24
hour
Det.
Rate day
only
Stations

5145
24.27

5423
27.58

4153
6.15

A14,
A17
7723
7.92

38.71

31.79

3.83

4.59

Seconds
Det.
Rate 24
hour
Det.
Rate day
only

A01

A03,
A05
17,990
8.90

A06,
A09
11,534
71.06

A11

A19

A20

19,707
17.10

A02,
A04
18,517
30.02

9,149
3.61

7,611
5.48

6,670
7.93

23.11

24.92

6.52

85.22

2.34

5.81

5.22
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Fall 2009

Summer 2009

Spring 2009

Table 4.2. Summary of recovered DSG recorders in each region and season of study
in 2009, with total time of recording (seconds) and pooled detection rates (overall
and daylight hours only). Detection rates are detections/km2/hour. Note that
regions coastal north and coastal south did not have any DSG recorders. “Det. Rate.
24 hour” is the detection rate calculated from all files, while “Det. Rate day only” is
the detection rate calculated from recorded between 9AM and 5PM.
Inner
Shelf
North

Mid
Shelf
North

Coastal
Central

Inner
Shelf
Central

Mid
Shelf
Central

Inner
Shelf
South

Mid
Shelf
South

Outer
Shelf

Stations

B09

B05,
B08,
B15,
B17

B45

B44

B33,
B42

B53,
B62

B50,
B51,
B52,
B61

Seconds
Det.
Rate 24
hour
Det.
Rate
day only
Stations

6,403
19.04

21,505
21.76

3,391
42.63

4,313
30.47

8,931
14.30

8,734
40.19

17,783
8.89

B03,
B04,
B13,
B40,
B49,
B58
31,026
1.48

14.60

16.64

60.15

24.77

5.68

30.94

5.33

1.27

B09

B33,
B42

B53,
B62

B50,
B51,
B52,
B61

Seconds
Det.
Rate 24
hour
Det.
Rate
day only
Stations

18,582
38.56

B05,
B06,
B07,
B08,
B15,
B17
50,686
13.23

30,789
7.49

28,422
70.09

56,788
12.55

B03,
B04,
B13,
B40,
B49,
B58
75,087
3.87

39.08

28.09

5.20

65.52

10.75

3.45

B09

B33,
B42

B53,
B62

B50,
B52,
B61

B02,
B13,
B40,
B49

Seconds
Det.
Rate 24
hour
Det.
Rate
day only

15478
25.16

B05,
B06,
B07,
B08,
B17
77,403
7.70

30,784
8.06

9,216
64.87

43,799
14.08

59,545
4.76

23.82

10.60

6.13

40.88

13.91

3.77
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Table 4.3. Summary of recovered DSG recorders in each region and season of study
in 2010, with total time of recording (seconds) and pooled detection rates (overall
and daylight hours only). Detection rates are detections/km2/hour. Note that
regions coastal north, coastal central, coastal south, inner shelf central and inner
shelf south did not have any DSG recorders. “Det. Rate. 24 hour” is the detection
rate calculated from all files, while “Det. Rate day only” is the detection rate
calculated from recorded between 9AM and 5PM.

Spring 2010

Winter 2010

Stations

Inner
Shelf
North
B09

Mid Shelf
North

Mid Shelf
Central

Mid Shelf
South

Outer
Shelf

B33, B42

B52, B61

B02, B13,
B40, B49

18,778
9.03

30,239
9.40

51,400
5.31

7.22

5.72

4.63

Seconds
Det.
Rate 24
hour
Det.
Rate day
only
Stations

15,167
19.62

B05, B06,
B07, B08,
B17
70,186
12.09

15.40

9.25

B09

B52, B61

Seconds
Det.
Rate 24
hour
Det.
Rate day
only

6343
18.30

B05, B06,
B08
21,428
5.12

14,330
13.44

B02, B40,
B49
22,413
2.32

12.46

3.08

5.70

1.38

In 2008, acoustic density estimates ranged from 2.34 detections / km 2 / hour
(mid shelf central, daytime recordings only, summer) to 85.22 (inner shelf central,
daytime recordings only, summer, Table 4.1). In 2009 – 2010, density estimates
ranged from 1.27 detections / km2/ hour (outer shelf, daytime recordings only,
spring 2009) to 70.02 inner shelf south, all recordings, summer 2009, Tables 4.2 and
4.3).
Sufficient data for temporal variation G-tests were available for six regions
(Table 4.4); null hypothesis, even detections across seasons within a region.
Acoustic density estimates varied significantly between seasons for the regions inner
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shelf north, mid shelf north and inner shelf south. The variations in density between
seasons were not significantly different from even distribution for mid shelf central,
mid shelf south and outer shelf (Table 4.4). The spatial pattern of significant results
suggests that more northern and more shallow areas experience higher levels of
seasonal variation (in dolphin numbers and / or dolphin sound production), and that
deeper and more southern areas may be relatively constant over seasons.

Table 4.4. Temporal statistical results of acoustic detections (within regions, between
seasons; G-test results for null hypothesis of no seasonal variation in acoustic
detection rates). Note that regions coastal north, coastal central, inner shelf central
and coastal shelf had no data or insufficient data for a G-test. “*” = statistically
significant, α=0.05.

df
G
p

Inner
Shelf
North
5
12.025
< 0.05*

Mid Shelf
North

Mid Shelf
Central

5
14.051
< 0.05*

4
7.062
> 0.05

Inner
Shelf
South
4
122.47
< 0.005*

Mid Shelf
South

Outer
Shelf

6
3.995
> 0.05

4
3.179
> 0.05

Plots of the acoustic detection rates for each region over different seasons are
found in Figures 4.4 to 4.7 (and include density estimates from visual surveys as
well). In the inner shelf regions, significant increases in dolphin detections were
observed in summer months (inner shelf north: summer 2008 and 2009; inner shelf
south: summer 2009, Table 4.4, Figure 4.5). However, inner shelf south had a low
acoustic detection rate in summer 2008. Although not significant, a peak in summer
2008 was also observed for inner shelf central. In the mid shelf north region, a
significant peak in acoustic detections occurred in spring 2009 (Table 4.4, Figure
4.6). Non-significant peaks were also observed in spring 2009 in mid shelf central,
while mid shelf south had non-significant peaks in fall 2009 and spring 2010. No
significant results were found in the outer shelf, although detection rates were
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somewhat higher from summer 2009 through winter 2010, with the spring seasons
lower (Table 4.4, Figure 4.7).

Figure 4.4. Visual detection rates for bottlenose and Atlantic spotted dolphins
(dolphins/km2) and acoustic detections (detections/km2/hr) over the study period for
the three coastal regions. Note that the ranges of data on the y-axes are different
between plots. Bottlenose dolphin sighting rates significantly different from even
distribution for regions coastal central and coastal south, insufficient data for
statistical testing other data and/or regions (see Tables 4.4 and 4.9).
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Figure 4.5. Visual detection rates for bottlenose and Atlantic spotted dolphins
(dolphins/km2) and acoustic detections (detections/km2/hr) over the study period for
the three inner shelf regions. Note that the ranges of data on the y-axes are
different between plots. Bottlenose dolphin and Atlantic spotted dolphin sighting
rates significantly different from even distribution for inner shelf central region,
acoustic detection rates significantly different from even distribution for inner shelf
north and inner shelf south, insufficient data for statistical testing other data and/or
regions (see Tables 4.4 and 4.9).
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Figure 4.6. Visual detection rates for bottlenose and Atlantic spotted dolphins
(dolphins/km2) and acoustic detections (detections/km2/hr) over the study period for
the three mid shelf regions. Note that the ranges of data on the y-axes are different
between plots. Bottlenose dolphin sighting rates not significantly different from even
distribution for mid shelf central region, Atlantic spotted dolphin sighting rates
significantly different from even distribution for mid shelf central region. Acoustic
detection rates significantly different from even distribution for mid shelf north but
not for mid shelf central or mid shelf south regions, insufficient data for statistical
testing other data and/or regions (see Tables 4.4 and 4.9).
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Figure 4.7. Visual detection rates for bottlenose and Atlantic spotted dolphins
(dolphins/km2) and acoustic detections (detections/km2/hr) over the study period for
outer shelf region. Note that the ranges of data on the y-axes are different between
plots. Acoustic detection rates not significantly different from even distribution,
insufficient data for statistical testing visual sighting rate data (see Tables 4.4 and
4.9).

Sufficient data for spatial variation G-tests were available for five seasons
(Table 4.5); null hypothesis, even detections across regions within a season.
Acoustic density estimates varied significantly between regions in all seasons tested:
summer 2008, spring through fall 2009 and winter 2010. Density estimate maps are
found in Figures 4.8 to 4.14. Acoustic density estimates in the inner shelf central and
coastal central regions were particularly high. In all seasons, detection rates
generally decreased with depth (i.e., the lowest detection rates were in the mid shelf
regions in 2008 and on the outer shelf in 2009-2010); however, acoustic detection
rates in the coastal regions were often lower than in the inner shelf regions
immediately offshore.
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Table 4.5. Spatial statistical results of acoustic detections (within seasons, between
regions; G-test results for null hypothesis of no variation between regions in acoustic
detection rates). Note that seasons spring 2008 and spring 2010 had insufficient
data for a G-test. “*” = statistically significant, α=0.05.

df
G
p

Summer
2008
7
135.271
< 0.005*

Spring
2009
8
76.709
< 0.005*

Summer
2009
5
119.574
< 0.005*

Fall 2009
5
101.883
< 0.005*

Winter
2010
4
9.837
< 0.05*

In spring 2008 acoustic detection rates in inner shelf central and coastal
central were high but insufficient data existed for a G-test (Figure 4.8). In summer
2008, inner shelf central had much higher detection rates than other regions,
followed by inner shelf north and coastal north (Figure 4.9). In spring 2009,
detection rates were highest in coastal central, followed by inner shelf south and
inner shelf central (Figure 4.10). Inner shelf north and inner shelf south had the
highest detection rates in summer and fall 2009 (no data was available for inner
shelf central or coastal central, Table 4.2, Figures 4.11 and 4.12) and the spring
through fall 2009 detection rates in the inner shelf south were higher than in spring
and summer 2008. In winter 2010, inner shelf north had the highest detection rate,
and mid shelf north exceeded mid shelf central and mid shelf south (Table 4.3,
Figure 4.13). Inner shelf north also had the highest density estimate in spring 2010;
however, there was insufficient data for a G-test (Table 4.3, Figure 4.14).
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Figure 4.8. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in spring 2008. Bottlenose dolphin
and Atlantic spotted dolphin sighting rates significantly different from even
distribution, insufficient acoustic data for statistical testing (see Tables 4.5 and
4.10). Source for Florida land and bathymetry: Florida Fish and Wildlife
Conservation Commission, 2012.
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Figure 4.9. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in summer 2008. Bottlenose dolphin
sighting rates and acoustic detection rates significantly different from even
distribution, insufficient data for statistical testing of Atlantic spotted dolphin sighting
rates (see Tables 4.5 and 4.10). Source for Florida land and bathymetry: Florida
Fish and Wildlife Conservation Commission, 2012.
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Figure 4.10. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in spring 2009. Bottlenose dolphin
sighting rates, Atlantic spotted dolphin sighting rates and acoustic detection rates
significantly different from even distribution (see Tables 4.5 and 4.10). Source for
Florida land and bathymetry: Florida Fish and Wildlife Conservation Commission,
2012.
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Figure 4.11. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in summer 2009. Bottlenose dolphin
sighting rates, Atlantic spotted dolphin sighting rates and acoustic detection rates
significantly different from even distribution (see Tables 4.5 and 4.10). Source for
Florida land and bathymetry: Florida Fish and Wildlife Conservation Commission,
2012.
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Figure 4.12. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in fall 2009. Bottlenose dolphin
sighting rates, Atlantic spotted dolphin sighting rates and acoustic detection rates
significantly different from even distribution (see Tables 4.5 and 4.10). Source for
Florida land and bathymetry: Florida Fish and Wildlife Conservation Commission,
2012.
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Figure 4.13. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in winter 2010. Acoustic detection
rates significantly different from even distribution, insufficient data for statistical
testing of dolphin sighting rates (see Tables 4.5 and 4.10). Source for Florida land
and bathymetry: Florida Fish and Wildlife Conservation Commission, 2012.
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Figure 4.14. Maps showing density of bottlenose dolphins and Atlantic spotted
dolphins from visual survey data (dolphins/km2) and density of dolphins calculated
from acoustic detections (detections/km2/hour) in spring 2010. Bottlenose dolphin
and Atlantic spotted dolphin sighting rates significantly different from even
distribution, insufficient data for statistical testing of acoustic detection rates (see
Tables 4.5 and 4.10). Source for Florida land and bathymetry: Florida Fish and
Wildlife Conservation Commission, 2012.
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Visual Survey Data
Between April 7, 2008 and September 23, 2008 and between April 8, 2009
and June 18, 2010, 12,466 km of visual survey was conducted in the study area and
512 dolphin groups were observed while on survey. Only oceanic dolphins (Family
Delphinidae) were identified in this study. The vast majority of the survey effort and
the sightings took place within the analysis regions, although some effort (331 km)
and sightings (6) took place in waters further offshore. Bottlenose dolphins were
observed 477 times, and always within the analysis regions (≤ 100 m depth).
Atlantic spotted dolphins were observed 29 times, with three sightings taking place
on the shelf break seaward of the outer shelf region (all at approximately 150 m
depth). Only two sightings of Atlantic spotted dolphins occurred at depths shallower
than 20 m (at approximately 10 m and 14 m). A single group of rough-toothed
dolphins (Steno bredanensis) was observed in a mixed group with bottlenose
dolphins in shelf waters (approximately 12 m depth). Offshore, two groups of
pantropical spotted dolphins (Stenella attenuata) and a single group of pygmy killer
whales (Feresa attenuata) were observed, all in approximately 3,100 m depth.
Eleven groups of dolphins were observed which could not be identified to species.
The survey effort and sighting rates (dolphins / km2) for bottlenose dolphins,
Atlantic spotted dolphins and all dolphins combined (all species and unknown
dolphins) are found in Tables 4.6 – 4.8. Note that regions / seasons with less than
25 km of survey effort and resulting density estimates are included in Tables 5.6 –
5.8, but not used in further analysis.
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Coastal
South

Inner
Shelf
South

Mid Shelf
South

0.0

171.4

276.3

52.8

547.0

976.4

463.7

0.0

(0.61)
(0.00)
(0.61)
1.8

0.00
0.00
0.04
183.1

nd
nd
nd
230.3

0.59
0.00
0.59
164.9

0.26
0.00
0.28
157.9

0.04
0.00
0.04
79.2

0.24
0.00
0.24
384.1

0.08
0.00
0.08
22.5

0.17
0.22
0.40
7.2

nd
nd
nd
0.0

(3.97)
(0.00)
(3.97)

0.09
0.00
0.09

0.00
0.00
0.00

0.50
0.00
0.50

0.08
0.00
0.08

0.00
0.00
0.00

0.27
0.00
0.27

0.13
0.00
0.18

(0.56)
(0.00)
(0.56)

nd
nd
nd

Outer
Shelf

Inner
Shelf
Central

Mid Shelf
Central

Coastal
Central

83.4

Inner
Shelf
North

1.6

Coastal
North
Spring
2008
Summer
2008

km
bottlenose
spotted
all
km
bottlenose
spotted
all

Mid Shelf
North

Table 4.6. Survey effort (km) and sighting rates (dolphins/km2) for bottlenose
dolphins, Atlantic spotted dolphins and all dolphins combined for spring and summer
2008, “nd” = no data (no visual surveys). Density estimates in brackets were not
used in statistical analysis as survey effort was below 25 km.
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Coastal
South

Inner
Shelf
South

Mid Shelf
South

Outer
Shelf

Mid Shelf
Central

5.4

123.8

148.5

7.2

26.4

458.6

524.6

1106

215.5

(5.62)
(0.00)
(5.62)
1.8

(0.00)
(0.00)
(0.00)
183.1

0.00
0.02
0.06
230.3

0.32
0.00
0.32
164.9

(1.53)
(0.00)
(1.53)
157.9

0.00
0.00
0.00
79.2

0.25
0.00
0.25
384.1

0.04
0.00
0.04
22.5

0.13
0.10
0.24
7.2

0.00
0.05
0.05
0.0

(0.00)
(0.00)
(0.00)
0.0

0.04
0.03
0.08
19.7

0.00
0.01
0.01
200.8

0.83
0.00
0.83
89.2

0.15
0.02
0.17
66.9

0.00
0.00
0.00
102.0

0.39
0.00
0.39
463.4

(0.13)
(0.00)
(0.13)
61.3

(0.00)
(0.00)
(0.00)
0.0

nd
nd
nd
350.2

nd
nd
nd

(0.00)
(0.00)
(0.00)

0.00
0.00
0.00

0.85
0.00
0.85

0.06
0.00
0.06

0.02
0.02
0.04

0.27
0.00
0.27

0.03
0.00
0.03

nd
nd
nd

0.04
0.09
0.12

Inner
Shelf
Central

Coastal
Central

Spring
2009
Summer
2009
Fall
2009

km
bottlenose
spotted
all
km
bottlenose
spotted
all
km
bottlenose
spotted
all

Inner
Shelf
North

0.5

Coastal
North

Mid Shelf
North

Table 4.7. Survey effort (km) and sighting rates (dolphins/km2) for bottlenose
dolphins, Atlantic spotted dolphins and all dolphins combined for spring, summer and
fall 2009, “nd” = no data (no visual surveys). Density estimates in brackets were
not used in statistical analysis as survey effort was below 25 km.
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Spring
2010

Winter
10

km
bottlenose
spotted
all
km
bottlenose
spotted
all

Outer
Shelf

Mid Shelf
South

Inner
Shelf
South

Coastal
South

Mid Shelf
Central

Inner
Shelf
Central

Coastal
Central

Mid Shelf
North

Inner
Shelf
North

Coastal
North

Table 4.8. Survey effort (km) and sighting rates (dolphins/km2) for bottlenose
dolphins, Atlantic spotted dolphins and all dolphins combined for winter and spring
2010, “nd” = no data (no visual surveys). Density estimates in brackets were not
used in statistical analysis as survey effort was below 25 km.

0.0

0.0

0.0

79.3

0.0

0.0

367.2

0.5

0.0

0.0

nd
nd
nd
5.8

nd
nd
nd
56.1

nd
nd
nd
24.3

0.64
0.00
0.64
171.1

nd
nd
nd
199.1

nd
nd
nd
293.3

0.11
0.00
0.11
610.3

(0.00)
(0.00)
(0.00)
422.5

nd
nd
nd
492.7

nd
nd
nd
515.4

(0.00)
(0.00)
(0.00)

0.00
0.00
0.00

(0.00)
(0.00)
(0.00)

0.61
0.00
0.61

0.17
0.00
0.20

0.03
0.20
0.25

0.24
0.00
0.24

0.08
0.00
0.09

0.02
0.10
0.13

0.02
0.24
0.26

Sufficient data for temporal variation G-tests were available for four regions
(Table 4.9); null hypothesis, even detections across seasons within a region.
Bottlenose dolphin density estimates for coastal central, inner shelf central and
coastal south were significantly different across seasons from even distribution. No
significant difference was observed for mid shelf central (a similar result as found
with acoustic detections, Table 4.4), suggesting that bottlenose dolphins are
consistently found in this region. Atlantic spotted dolphin densities for inner shelf
central and mid shelf central were significantly different across seasons from even
distribution (Table 4.9, no sightings for coastal central or coastal south).
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Table 4.9. Temporal statistical results of dolphin density (within regions, between
seasons; G-test results for null hypothesis of no seasonal variation in visual
detections). Note that regions coastal north, inner shelf north, mid shelf north, mid
shelf south and outer shelf had insufficient data for G-tests, and coastal central and
coastal south had no data for Atlantic spotted dolphins. “*” = statistically significant,
α=0.05.
Coastal Central
Bottlenose dolphins
df
6
G
47.518
p
<0.005*
Atlantic spotted dolphins
df
G
p

Inner Shelf
Central

Mid Shelf
Central

Coastal South

4
29.357
<0.005*

5
9.489
>0.05

6
64.571
<0.005*

4
10.158
<0.05*

4
167.825
<0.005*

Visual survey densities for bottlenose dolphins and Atlantic spotted dolphins
over different seasons are found in Figures 4.4 – 4.7. There was some evidence for
higher numbers of bottlenose dolphins in warmer months; however, the data were
highly variable. In the coastal central region, bottlenose density was lower in spring
and summer 2008 and spring 2009, then increased in summer 2009 through spring
2010 (Figure 4.4). In coastal south, a clear pattern exists of higher densities for
bottlenose dolphins in warmer months and a decrease in winter 2010 (Figure 4.4).
In the inner shelf central region, data were discontinuous so patterns are more
difficult to identify; however, there seems to be a tendency for bottlenose dolphin
densities to be higher earlier in the year (spring 2008 > summer 2008, summer
2009 > fall 2009, Figure 4.5).
Atlantic spotted dolphins were most commonly observed in spring seasons
when considering the entire data set. However, as Atlantic spotted dolphins were
never observed in the coastal regions, sufficient data were available for G-tests for
only two regions for this species (Table 4.9). In inner shelf central, Atlantic spotted
dolphins were only observed in summer 2009. The only other density estimate for
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an inner shelf region also occurred in summer 2009 (inner shelf north, insufficient
data for a G-test, Table 4.7). In mid shelf central, they were observed in fall 2009,
and a large peak in density (the largest observed in the study) was found in spring
2010 (Figure 4.6). Although not subjected to a G-test, a large peak in spring 2010
following a general increase in density estimates for Atlantic spotted dolphins was
found in the outer shelf region as well (Figure 4.7).
Sufficient data for spatial variation G-tests were available for six seasons (all
but winter 2010); null hypothesis, even detections across regions within a season
(Table 4.10). When differences in density estimates were considered between
regions within seasons, significant differences from even density were observed for
both bottlenose dolphins and Atlantic spotted dolphins in all seasons tested (Table
4.10). Atlantic spotted dolphins rarely occured shallower than 20 m in the Gulf of
Mexico (Griffin and Griffin, 2003; Waring et al., 2011). Therefore, density
differences were also tested without including coastal regions, and remained
significantly different from even distribution (Table 4.10).
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Table 4.10. Spatial statistical results of dolphin density (within seasons, between
regions; G-test results for null hypothesis of no variation between regions in visual
detections). Note that winter 2010 had insufficient data for G-tests for both species,
summer 2008 had insufficient data for G-test for Atlantic spotted dolphins using all
regions, and summer 2008 and summer 2009 had insufficient data for G-test for
Atlantic spotted dolphins omitting coastal. “*” = statistically significant, α=0.05.
Spring
Summer
Spring
Summer
2008
2008
2009
2009
Bottlenose dolphins
df
6
5
7
5
G
233.348
212.362
229.285
370.041
p
<0.005*
<0.005*
<0.005*
<0.005*
Atlantic spotted dolphins – all regions
df
6
7
5
G
352.840
165.743
19.673
p
<0.005*
<0.005*
<0.005*
Atlantic spotted dolphins – no coastal regions
df
4
5
G
285.326
103.214
p
<0.005*
<0.005*

Fall 2009

Spring
2010

6
306.601
<0.005*

8
470.924
<0.005*

6
75.565
<0.005*

8
398.479
<0.005*

4
41.326
<0.005*

6
231.739
<0.005*

As with acoustic density estimates (Table 4.5), visual survey density
estimates were more frequently significantly different from even distribution when
considered spatially rather than temporally (Table 4.10). This suggests that spatial
heterogeneity (variation between regions at a given time) is higher than temporal
heterogeneity (variation within a region over time).
Maps of visual survey density estimates are found in Figures 4.8 to 4.14. For
bottlenose dolphins, the highest density estimates occur in the coastal central region
during every season in the study. Generally, coastal south and inner shelf south
were the regions with the next highest density estimates for bottlenose dolphins.
This pattern of high density estimates for coastal central followed by coastal south
and inner shelf south was similar to the pattern observed in acoustic density
estimates. Density estimates for bottlenose dolphins decreased with distance from
shore (again, similar to acoustic density estimates). There was also some tendency
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for bottlenose dolphin density estimates to be higher in southern areas than in
northern in a given depth.
Atlantic spotted dolphins were not observed in any coastal region, despite
high survey effort. Density estimates for these dolphins were frequently higher than
for bottlenose dolphins in the outer shelf and the mid shelf regions, but never in the
inner shelf regions (where they were only observed in summer 2009). In spring
2008 this species was only observed in the mid shelf south (and was not observed in
summer 2009, Table 4.6, Figures 4.10 and 4.11). In spring 2009 the highest density
estimate was in the mid shelf south, followed by outer shelf (Table 4.7, Figure 4.12)
and in summer 2009 the highest densities were in inner shelf north, inner shelf
central and mid shelf north (no surveys were conducted in the outer shelf or
southern regions, Table 4.7, Figure 4.11). In fall 2009, the outer shelf had the
highest density, followed by mid shelf central, while mid shelf north had lower
density (Figure 4.12). In spring 2010, density estimates were highest in the outer
shelf region (0.24 dolphins / km2, the highest density of the study), followed by mid
shelf central and mid shelf south (Table 4.8, Figure 4.14). These spatial patterns
suggest a seasonal movement from southwest to northeast in the spring and
summer.

Comparison of visual and acoustic methods
The results of the Spearman’s correlations between visual survey density
estimates (for all dolphins) and density estimates from acoustic recordings (all
recordings and day only) for each region over seasons are found in Table 4.11.
Significant positive correlations were rare. A positive significant correlation was
found between visual survey density estimates and acoustic estimates using all
recordings and day-only recordings for inner shelf north (see Figure 4.5, where a
peak in summer 2008 corresponds to a peak in bottlenose dolphin density, and a
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peak in summer 2009 corresponds to a cumulative peak in bottlenose and spotted
dolphin density, while lower acoustic density estimates in spring 2008 corresponds to
a lack of dolphin sightings). In addition, a significant positive correlation was found
between visual survey density estimates and acoustic estimates using all recordings
for mid shelf north (see Figure 4.6, where a spring 2009 peak in acoustic detections
corresponds to a peak in Atlantic spotted dolphin sightings). All other correlations
were non-significant and / or a negative correlation value.

Table 4.11. Temporal correlation results for overall dolphin density (all species) and
acoustic detections (24-hour and day only recordings, within regions, between
seasons, Spearman’s correlation). Note that regions coastal north, coastal Central
and coastal South had insufficient data for correlations. “*” = statistically significant
positive correlation, α=0.05.
Inner
Mid
Inner
Shelf
Shelf
Shelf
North
North
Central
24-hour acoustic recordings
df
5
4
5
r
0.8535
0.9868
-0.999
t
3.663
12.173
49.963
p
<0.05*
<0.001* <0.001
Day only acoustic recordings
df
5
4
5
r
0.781
0.306
-0.999
t
2.792
0.643
-49.963
p
<0.05*
>0.05
<0.001

Mid
Shelf
Central

Inner
Shelf
South

Mid
Shelf
South

Outer
Shelf

5
-0.0461
0.103
>0.05

5
-0.935
5.909
<0.01

5
-0.8926
4.427
<0.01

5
0.074
0.166
>0.05

5
0.506
1.312
>0.05

5
-0.986
11.492
<0.001

5
-0.997
27.258
<0.001

5
-0.137
0.309
>0.05

Correlations between visual survey density estimates for all dolphins and
acoustic density estimates (using all recordings and day-only recordings) for each
season over different regions are found in table 4.12. Again, significant positive
correlations were rare. Significant positive correlations were found in summer 2008
between visual density estimates and acoustic density estimates using all recordings
(see Figure 4.9). This correlation can be attributed to bottlenose dolphins, which had
higher densities in coastal north, inner shelf north and inner shelf central. Significant
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positive correlations were also found for summer 2009 between visual density
estimates and acoustic density estimates using all recordings and day only
recordings (see Figure 4.11). This correlation appears to be due to both bottlenose
and spotted dolphins.
Table 4.12. Spatial correlation results for overall dolphin density (all species) and
acoustic detections (24-hour and day only recordings, within seasons, between
regions, Spearman’s correlation). Note that winter 2010 had insufficient data for
correlations. “*” = statistically significant positive correlation, α=0.05.
Spring
Summer
2008
2008
24-hour acoustic recordings
df
7
6
r
0.207
0.777
t
0.560
3.022
p
>0.05
<0.05*
Day only acoustic recordings
df
7
6
r
0.1574
0.698
t
0.451
2.576
p
>0.05
>0.05

Spring
2009

Summer
2009

Fall 2009

Spring
2010

7
0.318
0.888
>0.05

7
0.999
182.322
<0.001*

7
-0.250
0.682
>0.05

7
-0.977
12.001
<0.001

7
0.598
2.112
>0.05

7
0.845
4.474
<0.01*

7
-0.351
1.059
>0.05

7
-0.991
21.364
<0.001

Discussion

In this study, the spatial and temporal distribution patterns of bottlenose
dolphins and Atlantic spotted dolphins were investigated on the WFS using visual
surveys and recordings from autonomous acoustic recorders, and several trends in
distribution were found. Both species of dolphins used the WFS year-round,
although spotted dolphins were only found in deeper waters. Apart from one
sighting of rough-toothed dolphins, no other cetaceans were observed, suggesting
that despite sporadic sightings of other species (Waring et al., 2011) the WFS is not
an important habitat for other cetacean species.
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There were several limitations to this analysis. Both the acoustic and the
visual survey data were spatially and temporally sparse. Acoustic recorders had a
low duty cycle (one recording per hour) and were up to 25 km apart from one
another. Visual surveys were infrequent in non-coastal areas, and a wide variety of
vessels with different speeds and observer heights were used. Missing data (seasons
and regions) made comparisons difficult and restricted the statistical analysis.
Finally, a fundamental problem with passive acoustic monitoring is that we do not
fully understand what causes dolphins to make sounds in some circumstances but
not others. Dolphin sound production varies with species (e.g., Oswald et al., 2008),
group size (Jones and Sayigh, 2002; Quick and Janik, 2008), activity (Jones and
Sayigh, 2002; Nowecek, 2005), community (Jones and Sayigh, 2002), foraging
preferences (Deecke et al., 2005) and ambient noise or disturbance level (Van Parijs
and Corkeron, 2001; Buckstaff, 2004). Therefore, the absence of dolphin sounds on
a recording cannot indicate the lack of dolphins in the area, and acoustic detections
can only serve as a proxy for distribution.
In this study, non-coastal visual survey effort was often low, and dolphins
were not always sighted in every region during a cruise. Consequently, density
estimates were sometimes zero. However, for seasons and regions with sightings,
bottlenose dolphin density estimates ranged between 0.02 dolphins / km to 0.85
dolphins / km. Assuming a 500 m effective survey distance on either side of the
boat, these values can be used as rough density estimates (0.02 dolphins / km 2 –
0.85 dolphins / km2, cf. Fazioli and Wells, 1999). These estimates are comparable to
those from Fazioli and Wells (1999) and Fazioli and colleagues (2006), who
calculated dolphin densities between 0.10 and 0.55 dolphins / km 2. Scott and
colleagues (1989) used aerial surveys and distance sampling methods to calculate
bottlenose dolphin density estimates between 0.027 and 0.388 dolphins / km2 for the
central WFS out to the 18.3 m isobath, while bottlenose density estimates for the
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WFS were only 0.0625 dolphins / km2 from the aerial surveys by Odell and Reynolds
(1980). In aerial surveys conducted by Fritts and colleagues (1983), the density of
bottlenose dolphins on the WFS within the 50 m isobath was 0.176 dolphins / km 2.
The results of these aerial surveys are also comparable to our rough density
estimates, especially as aerial surveys frequently give higher density estimates than
boat-based surveys (Wells et al., 1996). Some of the density estimates in this study
were higher than those found in these previous studies. All density estimates in this
study above 0.5 dolphins / km2 were found in the coastal central region, off Tampa
Bay. During aerial surveys of the Tampa Bay area, the highest bottlenose dolphin
densities (0.49 – 0.54 dolphins / km2) were found near the mouth of Tampa Bay and
the adjacent shallow WFS by Weigle and colleagues (1991).
Atlantic spotted dolphins were observed far less frequently than bottlenose
dolphins. For non-zero values, Atlantic spotted dolphin density estimates ranged
from 0.01 dolphins / km2 to 0.24 dolphins / km2 in this study. Few density estimates
are available for Atlantic spotted dolphins on the WFS. The rough density estimates
in this study are similar to the density estimate of 0.089 dolphins / km 2 from Mullin
and Hoggard (2000; referenced by Griffin and Griffin, 2003). Mullin and Hoggard
(2000) also found that bottlenose dolphins were more abundant than Atlantic spotted
dolphins. However, Griffin and Griffin (2004) found higher densities of Atlantic
spotted dolphins (0.260 dolphins / km2) than bottlenose dolphins (0.093 dolphins /
km2) on the WFS. The species composition of the WFS may fluctuate on various
time scales in relation to environmental conditions (Griffin and Griffin, 2004), and
therefore relative abundances of bottlenose dolphins and Atlantic spotted dolphins
may not be comparable between studies conducted at different times.
Rough-toothed dolphins were observed once during this study, in a mixed
group with bottlenose dolphins. Rough-toothed dolphins are more commonly seen in
off-shelf waters (Davis et al., 1992); however, several sightings on continental shelf
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waters of the Gulf of Mexico suggest that this species is normally found there in low
numbers (Fulling et al., 2003; Griffin and Griffin, 2003). Mixed groups of roughtoothed dolphins and bottlenose dolphins have been previously documented in the
Gulf of Mexico (Maze-Foley and Mullin, 2006) and the eastern tropical Pacific (Scott
and Chivers, 1990).
Bottlenose dolphin density (from visual detections) decreased from inshore to
offshore, similar to previous studies in this area (Irvine et al., 1981, Fritts et al.,
1983), and this pattern has been observed in other areas and species (e.g.,
Mediterranean Sea short-beaked common dolphins, Delphinus delphis: Cañadas and
Hammond, 2008). The increased density of dolphins close to shore is likely
influenced by foraging habitat. For example, inshore waters have an increased
bathymetric variation (coastlines, shipping channels), nutrient input (Heil et al.,
2007) and lower trophic level biomass (e.g., zooplankton, Sutton et al., 2001). Fish
abundance on the WFS is generally higher closer to shore, including important prey
items for bottlenose dolphins (e.g., pinfish, Lagodon rhomboides, Darcy and Gutherz,
1984; Pierce and Mahmoudi, 2001).
The shallower central waters of the study area (coastal central and inner shelf
central) off Tampa Bay often had higher density estimates for bottlenose dolphins
and / or acoustic detections than areas to the north and south (e.g., summer 2008,
Figure 4.9; Tables 4.1 and 4.6). All bottlenose dolphin density estimates from visual
surveys above 0.5 dolphins / km2 were found in the coastal central region (Tables
4.6 – 4.8), and given the depths of the recorders (A06: 9 m; A09: 9 m; B44: 13 m;
B45: 7 m), most if not all acoustic detections of dolphins are likely from bottlenose
dolphins. Aerial surveys for bottlenose dolphins on the shallow WFS have also found
unusually high densities off Tampa Bay (Irvine et al., 1982, Weigle et al., 1991).
Increased bottlenose dolphin numbers adjacent to estuaries have also been identified
in the Gulf of California (Ballance, 1992). The trends for higher detection rates in
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nearshore waters off Tampa Bay are likely due to environmental factors increasing
foraging opportunities. Tampa Bay is the largest estuary on Florida’s west coast, and
is characterized by various shipping channels, shallow areas and man-made
structures that modify the circulation in and out of the bay (Weisberg and Zheng,
2005). Estuarine outflow can influence the adjacent WFS (e.g., estuarine plumes
and associated chlorophyll increases, Wall et al., 2008). The WFS adjacent to Tampa
Bay has high levels of bathymetric variability and a high concentration of hard
bottom structures (e.g., natural and artificial reefs, Dupont, 1999). Bathymetric
variability and bottom structure, and their influence on circulation, can lead to
increased biological productivity (e.g., Mann, 1993; Mann and Lazier, 2006; Coleman
et al., 2004; Dupont, 2009; Campbell et al., 2011). Areas of high-relief bathymetry
were preferential foraging areas for bottlenose dolphins in Anclote Key and John’s
Pass, Florida (Allen, 2000; Allen et al., 2001), Moray Firth, Scotland (Hastie et al.,
2004; Bailey and Thompson, 2010) and southern California (Hansen and Defran,
1993). The Tampa Bay estuary is important for many fish species, including known
prey species of local bottlenose dolphins (e.g., pinfish, Nelson, 2002). In addition,
the waters off Tampa Bay have been identified as a potential confluence of several
bottlenose dolphin communities, and relatively large mixed groups of inshore
resident and Gulf of Mexico resident dolphins have frequently been found there
(Wells et al., 1987; Fazioli et al., 2006).
The high densities of bottlenose dolphins in coastal regions were not always
observed in acoustic detections, as acoustic detection rates in inner shelf regions
were higher than coastal rates in several cases. Lower acoustic detection rates in
coastal regions could reflect changes in acoustic behavior. Bottlenose dolphins
resident to Sarasota Bay produce fewer sounds than in several other coastal areas in
North Carolina (Jones and Sayigh, 2002). Ecological similarities between the shallow
WFS and the adjacent bays and estuaries may lead to similarities in acoustic
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behavior between these areas. In addition, Sarasota Bay resident dolphins are
known to range into the coastal WFS (Fazioli et al., 2006), so the coastal acoustic
density estimates likely reflect the acoustic behavior of these dolphins. The sound
production rates of other bay and estuary communities adjacent to the WFS are
unknown.
As has been found in previous studies (e.g., Griffin and Griffin, 2003), Atlantic
spotted dolphins were largely restricted to waters deeper than 20 m. In this study,
maximum sighting rates (> 0.2 dolphins / km2) were found in the mid shelf south
region in spring 2008, and in the mid shelf central and outer shelf regions in spring
2010 (Figures 4.8 and 4.14, Tables 4.6 and 4.8). In 2009, the maximum sighting
rate occurred in spring (mid shelf south), and in summer 2009 Atlantic spotted
dolphins were observed in inner shelf regions (inner shelf north and central, Figures
4.10 and 4.11, Table 4.7). Although our data are sparse, the visual survey results
presented here support a seasonal movement of Atlantic spotted dolphins from the
southwest to the northeast in spring and summer. An inshore – offshore (spring fall) seasonal migration by this species has been suggested previously for the WFS
(Fritts et al., 1983 and references therein), as well as a north – south (spring – fall)
migration (Mills and Rademacher, 1996). Griffin and Griffin (2004) investigated
seasonal density trends for a similar area of the WFS and found that Atlantic spotted
dolphin densities were highest in November – May, and concluded that little evidence
for an inshore spring movement was found. Given the larger seasonal period (6
months) and the fact that the entire central WFS was the spatial unit for
investigation by Griffin and Griffin (2004), it is possible that the seasonal movements
suggested in this study are too fine scale temporally and spatially to be found in the
Griffin and Griffin (2004) study. In addition, very few fall and winter visual survey
data were collected in non-coastal waters in this study, so a comparison of all
seasons is not possible.
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There is also some evidence from the acoustic data that dolphins move
inshore with the progression of spring and summer. The acoustic detection rates
peak in the spring in the regions mid shelf north and mid shelf central, then peak
further inshore in summer (in regions inner shelf north and inner shelf central,
Figures 4.8 – 4.11, Tables 4.1 and 4.2). This may be further evidence of a seasonal
migration of Atlantic spotted dolphins into shallower WFS waters; however, it may
also reflect movements of bottlenose dolphins as we were not able to differentiate
these species from their sounds. An influx of Gulf of Mexico resident bottlenose
dolphins into the shallow WFS has been reported for the spring and summer (Fazioli
et al., 2006). An important consideration when interpreting these results is the fact
that the winter of 2010 was unusually cold, and might have altered the normal
migration patterns of dolphin prey or predators, hence influencing dolphin
distribution patterns.
An inshore / northward migration of Atlantic spotted dolphins and / or
continental shelf resident bottlenose dolphins in the spring may be due to a variety
of factors; however, prey movements are likely important. For example, Atlantic
spotted dolphins and continental shelf bottlenose dolphins in the Gulf of Mexico are
known to feed on squid (Perrin et al., 1987 and references therein; Barros and Odell,
1990), and several species of squid migrate to shallower continental shelf waters on
the WFS in the spring and summer (Hixon et al., 1980; Marelli and Arnold, 1998).
Killer whales (Orcinus orca) are a known predator of dolphins including Atlantic
spotted dolphins (Maze-Foley and Mullin, 2006). Although only found in low
numbers, killer whales are present in the Gulf of Mexico in the summer months, and
occasionally are found on the continental shelves (O’Sullivan and Mullin, 1997).
Therefore, if an inshore migration of dolphins does in fact take place, predator
distribution could be partially responsible.
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The coastal regions in this study (shoreline to 2 km from shore) have different
seasonal density patterns which likely reflect the differences in the physical and
biological environment of these regions, as well as the ranging patterns and ecology
of the dolphins inhabiting them. In the coastal south region, winter 2010 had lower
visual sighting rates for bottlenose dolphins than in other seasons, while peaks in
sighting rates were found in Summer 2009 and to a much lesser degree Summer
2008 (Figure 4.4, Tables 4.6 – 4.8). This seasonal pattern for inshore bottlenose
dolphin density has been found in previous studies. For example, Fazioli and
colleagues (2006) also found that bottlenose dolphin density increased in the
summer and decreased in the winter in shallow WFS waters off Sarasota (< 10 km
from shore). A more recent study using mark recapture estimates found that coastal
dolphin abundance decreased as the summer progressed (Wells et al., 2011).
However, resident bottlenose dolphins from Sarasota Bay have been found to
increase their use of the shallow WFS in from late fall to early spring (Irvine et al.,
1981; Scott et al., 1990), and the coastal regions in this study are thought to be
mainly utilized by bay and estuary resident dolphins (cf. Fazioli et al., 2006). It is
interesting to note that immediately to the north in the coastal central region
(adjacent to Tampa Bay), there was little decrease in visual survey bottlenose
dolphin density estimates in winter 2010, and the lowest value was in spring 2009
(Figure 4.4, Tables 4.6 – 4.8).

Weigle and colleagues (1991) also found that

bottlenose dolphin density remained high year-round in the shallow WFS adjacent to
Tampa Bay.
Several small spatial and temporal scale studies have found high correlation
between acoustic detections from autonomous recorders and sightings from visual
surveys. For example, in the Moray Firth, Scotland, all bottlenose dolphin groups
within 900 m of a continuously operating T-POD echolocation detector for over 30
minutes were detected acoustically (Bailey et al., 2010). Philpot and colleagues
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(2007) were able to detect 82% of bottlenose dolphin groups within 500 m of a TPOD detector operating on a 1 minute on / 1 minute off duty cycle in the Shannon
Estuary, Ireland. Unlike the results of these studies, the spatial and temporal
density patterns obtained from visual surveys and acoustic recordings were generally
not well correlated. This is likely due to the low visual survey effort and low acoustic
recorder duty cycles necessary for the large spatial and temporal scales of this study.
It appears that positive significant correlations may be limited in this study more by
recording time than by visual survey effort. For example, in spring 2008 there was
no significant, positive correlation between visual survey and acoustic density
estimates. During this period 1,716 km of survey effort were conducted and 17,299
seconds of recording (for regions with enough data for analysis). In summer 2008,
although there was a decrease in visual survey effort (651 km), there was an
increase in recording time (57,190 seconds), and acoustic and visual density
estimates were significant and positive. The same pattern was seen in spring and
summer 2009, where although visual survey effort decreased (2,145 km to 493 km),
recording time increased (91,370 seconds to 100,057 seconds) and a positive,
significant correlation between visual and acoustic density estimates was observed.
Another factor could be that in both spring 2008 and 2009, recorders were not
deployed until early June, while visual surveys were conducted in April as well.
Therefore the acoustic densities for these seasons may not be good representations
of dolphin density. Additional studies with both high effort visual surveys and high
duty cycle acoustic recordings are needed to further address this question on the
WFS.
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CHAPTER 5: SPATIAL AND TEMPORAL PATTERNS IN DOLPHIN
ECHOLOCATION, WHISTLES, BURST-PULSE SOUNDS AND LOW
FREQUENCY NARROW-BAND SOUNDS ON THE WEST FLORIDA
SHELF

Introduction

Odontocete cetaceans are unique in the marine environment due to the
complexity of their social and foraging behavior (Gowans et al., 2008). The behavior
of dolphins can vary intra- and interspecifically, and over a variety of spatial and
temporal scales. The spatial and temporal scales of both physical and biological
systems tend to be correlated: spatially small events tend to occur on short time
scales, while spatially larger events tend to occur over larger time scales (Daly and
Smith Jr., 1993). Although the proximal explanations for changes in behavior may
be difficult to ascertain, they are often attributed to foraging, predation and life
history strategies (see Gowans et al., 2008 for review).
Moderate scale distribution shifts (e.g., weeks to months, and tens to
hundreds of kilometers) and changes in behavior are frequently observed in dolphin
species. In Kaikoura, New Zealand, dusky dolphins (Lagenorhynchus obscurus) form
larger foraging group sizes in the summer when both sharks and killer whales
(Orcinus orca) are found in greater numbers (Dahood and Benoit-Bird, 2010), and
forage nocturnally on deep scattering layer organisms (DSL, Benoit-Bird et al.,
2004). During the winter, some of the same individuals were observed
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approximately 300 km to the north in Admiralty Bay, New Zealand, where they are
daytime feeders who cooperatively forage on schooling fish (Markowitz et al., 2004;
Vaughn et al., 2010). Such changes in range and foraging behavior demonstrate
that individual dolphins can dramatically alter their foraging strategies on a seasonal
and regional basis (Markowitz et al., 2004).

In Golfo Nuevo, Argentina, dusky

dolphins spent more time travelling in the fall and formed larger groups in the winter
(likely due to reproductive cycle and distribution of prey, Degrati et al., 2008).
Seasonal behavior and ranging patterns have also been documented in transient
(mammal-eating) killer whales in the northeast Pacific (Baird and Dill, 1995), IndoPacific bottlenose dolphins in Shark Bay, Australia (Tursiops aduncus, Heithaus and
Dill, 2002) and common bottlenose dolphins (T. truncatus, henceforth referred to as
bottlenose dolphins) in the Gulf of Mexico and the Adriatic Sea (Shane et al., 1986;
Shane, 1990; Bearzi et al., 1999). Seasonal changes in behavior have also been
correlated with changes in acoustic behavior in bottlenose dolphins (Jacobs et al.,
1993), and autonomous acoustic recorders have been used to document seasonal
changes in distribution based on acoustic detections (e.g., bottlenose dolphins and
harbor porpoises, Phocoena phocoena, in the Moray Firth, Scotland, Bailey et al.,
2010; bottlenose dolphins in Doubtful Sound, New Zealand, Elliot et al., 2011).
Behavioral changes have also been documented for dolphins on smaller
temporal and spatial scales (e.g., hours and tens of km). For example, tidal cycle
has been found to influence dolphin behavior in several locations (e.g., bottlenose
dolphins in Aransas Pass, Texas, Shane et al., 1986; and in the Moray Firth, Bailey
and Thompson, 2006). Diel (24-hour) and diurnal (daytime) movement and activity
patterns are important time scales for dolphin ecology and behavior, as many prey
and predators have diel cycles in activity or distribution (e.g., Sundström et al.,
2001; Locascio and Mann, 2008). The echolocation ability of dolphins makes them
particularly well suited for movement and foraging after dark.

A noticeable pattern
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of diel activity has been found for some cetaceans living close to continental shelf
edges (e.g., dusky dolphins in Kaikoura Canyon, New Zealand, Benoit-Bird et al.,
2004; Hawaiian spinner dolphins, Stenella longirostris, Norris and Dohl, 1980).

In

such areas where deep water is close to shore, dolphins socialize and rest during the
day in shallow water, then relocate to deep off-shelf areas at night to forage on
organisms of the deep scattering layer (DSL) which approach the surface in
darkness. Results from satellite-linked tagging of rehabilitated and released roughtoothed dolphins (Steno bredanensis) have indicated that deeper dives occur mostly
at night (Wells and Gannon, 2005; Wells et al., 2008). Similar studies of a Risso’s
dolphin (Grampus griseus) suggested that the animal increased deep dives on a
crepuscular cycle (Wells et al., 2009). Using autonomous acoustic recorders, Todd
and colleagues (2009) found that harbor porpoise echolocation activity increased
near an offshore North Sea drilling rig at night, which was most likely due to the diel
activity cycles of their prey. In the Irish and Celtic Sea (depths approximately 100 m
or less), the sound production of short-beaked common dolphins (Delphinus delphis)
peaked in early morning and late evening, and was at a minimum in midday (Goold,
2000).
Diel and diurnal patterns in behavior have also been investigated in shallow
coastal areas, although the patterns are usually not strong and they appear to be
influenced by multiple factors (Shane et al., 1986). In Golfo San José, Argentina,
bottlenose dolphins were observed to rest in the morning and move into deeper
water in the afternoon to forage (Würsig and Würsig, 1979), while Indo-Pacific
bottlenose dolphins off the Eastern Cape coast in South Africa were observed moving
into shallower bays to forage as the day progressed (Saayman et al., 1973).
Karczmarski and colleagues (2000) attributed peaks in humpback dolphin (Sousa
chinensis) occurrence in Algoa Bay, South Africa, to diurnal patterns of prey
distribution. Changes in the proportion of time traveling, feeding, mating and resting
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have also been observed in coastal Gulf of Mexico bottlenose dolphins (Aransas Pass,
Shane et al., 1986).
Sound energy propagates underwater very efficiently in comparison to air,
while light energy is severely attenuated underwater (Lurton, 2002). Not
surprisingly, cetaceans have evolved to make use of sounds for various purposes.
The odontocetes (toothed whales, including dolphins) produce a variety of sounds,
most of which are categorized as whistles, echolocation, and burst-pulses. Whistles
are tonal signals which are often frequency modulated, with fundamental frequencies
normally between 5 kHz and 15 kHz (e.g., Caldwell and Caldwell, 1965). Studies of
captive and free ranging dolphins have indicated a social function for these signals.
For example, whistling rates increased in groups of bottlenose dolphins when
engaged in socializing behavior in the Bahamas (Herzing, 1996), several locations in
North Carolina (Jones and Sayigh, 2002), Sarasota Bay, Florida (Jones and Sayigh,
2002; Cook et al., 2004) and the Moray Firth (Quick and Janik, 2008). This pattern
has also been observed for other species, including white-beaked dolphins
(Lagenorhynchus albirostris, Rasmussen and Miller, 2002), and Atlantic spotted
dolphins (Stenella frontalis, Herzing, 1996; Azevedo et al., 2010). While whistles are
relatively omnidirectional at low frequencies, higher frequency harmonics are
directional in the anterior direction (Lammers and Au, 2003; Rasmussen et al., 2006;
Branstetter et al., 2012). This feature of whistles has been proposed as a cue to
conspecifics to coordinate group movement (Lammers and Au, 2003). A specialized
type of whistle known as the signature whistle has been documented to have group
cohesion and individual recognition functions in both captive and free ranging
bottlenose dolphins (e.g., Caldwell and Caldwell, 1965; Sayigh et al., 1999; Cook et
al., 2004; Quick and Janik, 2012). Signature whistles have also been documented
for Indo-Pacific bottlenose dolphins (Smolker et al., 1993) and evidence for signature
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whistles have been found for a variety of other species (e.g., humpback dolphins,
Van Parijs and Corkeron, 2001).
For most dolphins (e.g., bottlenose dolphins, Atlantic spotted dolphins),
echolocation clicks are broadband pulses with high peak frequencies (up to 130 kHz),
high source levels (up to 230 dB re. 1 µPa peak-to-peak), short duration (individual
pulses 40 – 70 µs), and moderate to high directionality (3 dB beamwidth 10° - 40°,
Au et al., 1974; Au et al., 1978; Au, 1980; Au et al., 1986; Au and Herzing, 2003;
Moore et al., 2008). Studies of captive dolphins have demonstrated the use of
echolocation for object detection, ranging and discrimination (e.g., Au et al., 1974;
Au and Pawloski, 1992). Free-ranging odontocetes also appear to use echolocation
in a similar manner for foraging and navigation (finless porpoise, Neophocaena
phocaenoides, Akamatsu et al., 2005; Blainville’s beaked whale, Mesoplodon
densirostris, Madsen et al., 2005; Tursiops sp., Jensen et al., 2009; Simard et al.,
2010; Chapter 2). The production of echolocation has also been correlated to
foraging behavior and the inspection of objects in free-ranging animals (e.g., Atlantic
spotted dolphins, Dudzinski, 1996; bottlenose dolphins, Jones and Sayigh, 2002).
Burst-pulses are similar to echolocation clicks in that they are broadband
clicks, with ultrasonic peak frequencies and high directionality at high frequencies
(Lammers et al., 2003, Branstetter et al., 2012). However, burst-pulses have very
high pulse rates (e.g., 1,000 – 2,000 Hz, Herzing, 1996; Lammers et al., 2003;
Simard et al., 2008). Burst-pulses appear to have a social function, and have been
associated with interspecific and intraspecific agonistic encounters, courtship and
socio-sexual behavior (Herzing, 1996; Lammers et al., 2003; Blomqvist and
Amundin, 2004). A variety of other dolphin sounds have been described. For
example, Connor and Smolker (1996) described “pops” in Indo-Pacific bottlenose
dolphins, which were low frequency pulses which appeared to be used as a threat
signal. Low frequency narrow-band (LFN) sounds are short tonal sounds with
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fundamental frequencies below 1,000 Hz which appear to be used by bottlenose
dolphins in social contexts (Schultz et al., 1995; Simard et al., 2011; Chapter 3).
Janik (2000) documented “bray calls” in bottlenose dolphins which are correlated
with foraging.
It is likely that behavioral plasticity observed in dolphins results in sounds
having multiple, context-specific functions, and most available data on cetacean
sound production suggests context-dependent signal and functional flexibility
(Griebel and Oller, 2008; Quick and Janik, 2008). Therefore, although the
production of sounds by dolphins has been relatively consistently correlated with
specific behaviors, there is great variation in why, where and when sounds are
produced. For example, increases in whistle production have also been associated
with foraging (Acevedo-Gutiérrez and Stienessen, 2004; Nowacek, 2005).
Differences in sound production may reflect specific environmental
considerations. Jones and Sayigh (2002) found that Sarasota Bay bottlenose
dolphins whistled and echolocated less frequently than those at three sites
investigated in North Carolina. This was explained by the small home range of
Sarasota Bay dolphins resulting in greater familiarity with their surroundings (Jones
and Sayigh, 2002). Transient (mammal-eating) killer whales in the northeast Pacific
produce fewer echolocation clicks and burst-pulsed calls than the sympatric, resident
(fish-eating) killer whales (Barret-Lennard et al., 1996; Deecke et al., 2005). These
studies attribute this behavior to their high frequency hearing marine mammal prey
who could be alerted by the high frequency sounds of killer whales.
There are clear interspecific differences in the use of sounds. For example,
the Cephalorhynchus dolphins are not known to whistle (Dawson, 1991), and dusky
dolphins only rarely whistle (Au et al., 2010). Oswald and colleagues (2008) found
that Risso’s dolphins whistled less than short-beaked common dolphins and longbeaked common dolphins (D. capensis) in both the temperate and tropical eastern
217

Pacific. Sound production can also vary intraspecifically. Jones and Sayigh (2002)
found differences in whistle and echolocation production in bottlenose dolphins
between four sites in the southeast U.S. Short-beaked common dolphins, Risso’s
dolphins and bottlenose dolphins have different whistling rates in the tropical Pacific
versus the temperate Pacific (Oswald et al., 2008). Differences in sound production
can vary on much smaller spatial scales. For example, Nowacek (2005) found that
Sarasota Bay bottlenose dolphins did not echolocate as frequently in seagrass beds,
which was attributed to the highly reverberant nature of the environment. Group
size also influences the sound production rates within a species; however, the
relationships between sound production appear to vary greatly between locations
(Jones and Sayigh, 2002; Quick and Janik, 2008), and even within dolphin
communities (Jones and Sayigh, 2002; Nowacek, 2005).
The West Florida Shelf (WFS) in the eastern Gulf of Mexico is habitat for both
bottlenose dolphins and Atlantic spotted dolphins (Griffin and Griffin, 2003; Chapter
4). Atlantic spotted dolphins do not commonly occur inshore of 20 m, while
bottlenose dolphins range throughout the area and are more abundant inshore of the
20 m isobath (Griffin and Griffin, 2003; Chapter 4). Similar to other areas of their
range, bottlenose dolphins have ecotypes which correspond to depth and / or
distance from shore. “Inshore” and “offshore” bottlenose dolphins show various
differences including morphology, molecular profile and diet (Hersh and Duffield,
1990; Mead and Potter, 1990; 1995), and evidence for an “intermediate” form exists
(Hersh and Duffield, 1990). Fazioli and colleagues (2006) used photographic
identification to determine that groups of bottlenose dolphins in the nearshore Gulf of
Mexico off Sarasota Bay (out to 9.3 km) contained animals normally found in the
open Gulf of Mexico and animals considered resident to Sarasota Bay. However,
Sellas and colleagues (2005) found nuclear and mitochondrial DNA differences
between bottlenose dolphins in the Gulf of Mexico and residents in adjacent lagoons
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and bays (e.g., Sarasota Bay), indicating little genetic exchange between the groups.
Diet and trophic level differences also exist between open Gulf of Mexico bottlenose
dolphins and bay resident dolphins (Barros and Odell, 1990; Barros et al., 2010).
There are various accounts of dolphin behavioral differences on different
temporal and spatial scales on the WFS. Group sizes of Atlantic spotted dolphins are
generally larger than bottlenose dolphins (e.g., mean group sizes 5.8 and 2.8,
respectively, Griffin and Griffin, 2003). Bottlenose dolphin group size on the WFS
has been shown to increase with increasing water depth (Fazioli et al., 2006). Such
differences in grouping behavior may be due to foraging strategies or predation risk
(Gowans et al., 2008). There is evidence for seasonal migrations of Atlantic spotted
dolphins on the central WFS, with movements inshore and / or northward in the
spring and offshore / southward in the fall (Fritts et al., 1983 and references therein;
Chapter 4). Bottlenose dolphins resident to Sarasota Bay make greater use of the
coastal WFS in the winter (Irvine et al., 1981; Fazioli et al., 2006), which would
coincide with a potential offshore or southward seasonal movement of Gulf resident
bottlenose dolphins in winter (Fazioli et al., 2006; Chapter 4). Increases in
bottlenose foraging activity occur in the fall in both Texas and Florida Gulf coasts
(Shane, 1990) and seasonal prey movements are thought to influence dolphin
distribution (Irvine et al., 1981; Weigle, 1990), although seasonal differences in prey
items consumed are not observed (Barros and Odell, 1990; Barros and Wells, 1998).
The diurnal activity of inshore bottlenose dolphins may depend on local
conditions (e.g., prey behavior). For example, bottlenose dolphin diurnal feeding
behavior was found to be more common early and late in the day in Port Aransas,
Texas and Sanibel Island, Florida; however, social activity peaked at different times
at these sites (mid-day in Texas, evening in Florida, Shane et al., 1986; Shane,
1990). Irvine and colleagues (1981) found no diurnal activity pattern for bottlenose
dolphins inhabiting Sarasota Bay and the shallow WFS. Using radio-tag data, Scott
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and colleagues (1990) found that bottlenose dolphins in Sarasota Bay had low levels
of activity at night which was interpreted as resting behavior. This was also found
for a single bottlenose dolphin with a satellite-linked tag in Tampa Bay (immediately
to the north of Sarasota Bay, Mate et al., 1995). The same study found that the
dolphin spent more time submerged and dives were longer from mid-afternoon to
the evening, which was interpreted as travel behavior (Mate et al., 1995).
The same properties of sound which support its use by cetaceans make it a
convenient tool for researchers. Passive acoustic data from vessels, animal tags and
from moored recorders have been used to study a variety of species for questions
regarding behavior, distribution, abundance and movements (e.g., Barlow et al.,
2006; Madsen et al., 2005; Bailey et al., 2010; Mellinger et al., 2007; Chapter 4).
Passive acoustic studies are especially useful when visual data collection is not
practical or possible, such as in poor weather, at night or in offshore locations
(Mellinger et al., 2007). While there is intra- and interspecific variation in sound
production in dolphins, passive acoustics can still be a valuable tool for remotely
investigating dolphin behavior. In this chapter I investigate the geographic, seasonal
and diel patterns in specific types of dolphin sound production (echolocation,
whistles, burst-pulses and low frequency narrow-band [LFN] sounds) on the WFS
offshore of Sarasota Bay and Tampa Bay using an array of bottom mounted
autonomous acoustic recorders. Patterns of sound production can then be used to
investigate patterns in dolphin ecology and behavior.

Methods

A detailed description of the field methods and analysis of acoustic recordings
can be found in Chapter 4. Autonomous acoustic recorders (Digital SpectroGram,
DSG) were deployed at 19 stations on the central West Florida Shelf from June –
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September 2008, and at 63 stations from June 2009 to June 2010 (see Figure 4.1).
The 2008 deployment was to the 30 m isobath offshore of Clearwater to Port
Charlotte, FL, while the 2009 – 2010 deployment extended out to the 100 m isobath
offshore of Tarpon Springs to Venice, FL. Recordings were on a duty cycle of either 6
seconds / hour or 11 seconds / hour, and at a sample rate of 50 kHz (2008) or 37
kHz (2009 – 2010).
Acoustic files were manually inspected in Adobe Audition (Version 2.0, Adobe
Systems Inc., San Jose, CA). Sounds were categorized as whistles, echolocation,
burst-pulses, LFN sounds, and other low frequency sounds, and files were scored in a
binary manner (presence / absence) for each sound category. Normalized detection
rates (sounds / km2 / hour) were calculated for each hour per season using a custom
written MATLAB routine (Version 2009b, Mathworks Inc., Natick, MA). For these
calculations, time was the total time recorded in the hour in question, and area was
calculated as a function of mean background noise level, detection threshold and
spreading loss (see Chapter 4). For analysis, normalized detection rates were
integrated over eight 3-hour time bins (12:00 AM – 2:59 AM, 3:00 AM – 5:59 AM,
etc.) over four seasons (winter: January – March, spring: April – June, summer: July
– September, fall: October – December). These seasonal divisions were based on
local oceanographic patterns (e.g., Weisberg et al., 2005), prey distribution (e.g.,
Hixon et al., 1980) and dolphin distribution (e.g., Fazioli et al., 2006; see Chapter 4).
These results from individual stations were spatially combined into regions based on
oceanographic conditions and inter- and intraspecific dolphin distribution patterns
(Figure 5.1, see Chapter 4).
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Figure 5.1. Map of the analysis regions for this study: Coastal North, Central and
South; Inner Shelf North, Central and South; Mid Shelf North, Central and South,
and Outer Shelf. See Chapter 4 for additional details. Source for Florida land and
bathymetry: Florida Fish and Wildlife Conservation Commission, 2012. Source for
other land: Price, 2012.

In order to investigate the variation in sound production over the spatial scale
of regions (Figure 5.1) and the temporal scales of 3-hour diel bins and 3-month
seasons, a General Linear Model (GLM) was conducted in SPSS (version 20.0.0, IBM
Software, New York, NY). In order to investigate the diel patterns of sound
production in more detail, G-tests were used to determine if the diel sound
production (of different sound types) varied significantly from even distribution
within each region per season. As this involved conducting a large number of tests,
Bonferroni corrections were applied. G-tests and Bonferroni corrections were
performed in Excel (Version 2010, Microsoft, Redmond, WA).
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Results

Thirteen DSG recorders from 13 stations were recovered in 2008, and 27
recorders from 24 stations were recovered in 2009 (several recorders were switchedout mid study, Figure 5.2), resulting in 134,992 acoustic files totaling 270 hours 14
minutes of recording. Additional details of recovered DSG recorders can be found in
Chapter 4.

Figure 5.2. Map of recovered DSG recorders from 2008 and 2009-2010 deployments.
Boundaries of analysis regions shown in Figure 5.1 are shown in grey outline.
Source for Florida land and bathymetry: Florida Fish and Wildlife Conservation
Commission, 2012.
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Most dolphin sounds were classified as whistles and echolocation. Burstpulses and LFN sounds were uncommon relative to whistles and echolocation, but
present at low levels throughout the study. Sounds classified as “other low
frequency” were rare, and were therefore omitted from analysis.
The results of the GLM are found in Table 5.1. Spatial variation (regions) had
the most explanatory value in the variation of all four categories of sounds, followed
by seasonal change. Time (diel period) had the least explanatory value in variations
in sound production. For whistles, region had the most explanatory value; however,
season and time (diel period) were still significant. Variation in echolocation and
burst-pulses were mostly explained by region, but also with season and not with
time (diel period). Variations in LFN sounds were only significantly related to region.
The regional and seasonal variations in sound production (normalized
detection rates) are illustrated in Figure 5.3. Because burst-pulses and LFN sounds
were detected infrequently in comparison to whistles and echolocation, their
detection rates are difficult to see in Figure 5.3. Therefore, burst-pulses and LFN
sounds alone are plotted in Figure 5.4.
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Table 5.1. Multivariate test results of GLM for region, season and time on normalized
acoustic detection rates, “*” = statistically significant, α = 0.05.
Source
Corrected
Model

Sound type

Whistles
Echolocation
Burst-pulses
LFN sounds
Intercept
Whistles
Echolocation
Burst-pulses
LFN sounds
Region
Whistles
Echolocation
Burst-pulses
LFN sounds
Season
Whistles
Echolocation
Burst-pulses
LFN sounds
Time
Whistles
Echolocation
Burst-pulses
LFN sounds
Type III Sum of Squares
Error
Whistles
Echolocation
Burst-pulses
LFN sounds
Total
Whistles
Echolocation
Burst-pulses
LFN sounds
Corrected
Whistles
Total
Echolocation
Burst-pulses
LFN sounds

F

p

7.019
9.835
4.593
1.373
242.669
148.698
41.953
9.509
11.740
20.162
6.795
1.999
8.717
2.733
2.386
0.963
2.748
1.381
1.036
0.738

<0.001*
<0.001*
<0.001*
0.130
<0.001*
<0.001*
<0.001*
0.002*
<0.001*
<0.001*
<0.001*
0.047*
<0.001*
0.013*
0.029*
0.450
0.009*
0.213
0.406
0.640

Observed
Power
1.00
1.00
1.00
0.91
1.00
1.00
1.00
0.87
1.00
1.00
1.00
0.82
1.00
0.87
0.81
0.38
0.91
0.58
0.45
0.32

22636.1
53394.8
2560.8
251.8
58556.4
123172.2
3783.9
294.3
34468.5
92502.0
3436.6
277.5
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Figure 5.3. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds over the study period. Inset of map of
regions (Figure 5.1) included for reference.
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Figure 5.4. Normalized detection rates (y-axis, detections/km2/hr) for burst-pulses
and LFN sounds only. Inset of map of regions (Figure 5.1) included for reference.
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By comparing the ordinate axes in Figure 5.3, an overall spatial pattern in
whistle and echolocation detection rates can be observed, where higher detection
rates were found in the inner shelf (especially central) and coastal regions. The
lowest sound detection rates were found in the outer shelf region. In coastal
regions, data were too sparse to infer any seasonal patterns. On the inner shelf,
there were spring – summer peaks in echolocation and whistles; however, whistles in
the inner shelf north remained at high values from summer 2009 until the end of the
study. The whistle and echolocation detection rates for inner south central were
higher than the equivalent periods to the north and south. In the mid shelf regions,
there was an overall increase in sound detections in spring and summer 2009. In
mid shelf central, this peak in sound production continued through the fall and winter
(no spring 2010 data). Mid shelf south had additional peaks in echolocation
detections in spring 2008, and large peaks in both whistle and echolocation
detections in spring 2010, which were not observed in the mid shelf north region.
Detection rates for whistles and echolocation were generally higher in the mid shelf
north in comparison to mid shelf central and south. In the outer shelf region,
detections of whistles and echolocation were lowest in spring seasons (2009 and
2010), while summer, fall and winter values were much higher (especially winter
whistle detections).
Inspection of the ordinate axes in Figure 5.4 also indicated an overall trend
for burst-pulses and LFN sound detection rates to decrease with increasing distance
from shore, although no LFNs were detected in either coastal region. Again, the data
were too sparse in the coastal regions to determine seasonal trends; however, the
highest detection rate for burst-pulses in the study occurred in summer 2008 in the
coastal north region.

In the inner shelf regions, both burst-pulses and LFNs seemed

to peak in spring and / or summer months, similar to whistles and echolocation
(Figure 5.3). The increases observed in LFN and burst-pulse production in fall 2009
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in the inner shelf north region is similar to the pattern observed in this region for
whistles and echolocation; however, a large increase in burst-pulses in the winter
was observed. Patterns were not clear in the mid shelf regions, probably as
detection rates were very low; however, generally detection rates were highest in
the warmer months. In both the inner shelf central and mid shelf central regions,
burst-pulses had higher detection rates than in regions to the north or south, while
for LFNs the inner shelf central and mid shelf central regions had lower detection
rates than regions to the north and south. LFN sounds were barely detected in both
the mid shelf central and outer shelf regions. The outer shelf region had a fall 2009
peak in the burst-pulse detection rate.
The plots in Figures 5.3 and 5.4 also illustrate that the proportion of any
given sound type is variable. In order to determine the relative sound production of
each sound type, the variations of sound production are presented as the proportion
of each sound produced in Figures 5.5 – 5.11.
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Figure 5.5. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in spring 2008. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.6. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in summer 2008. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.7. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in spring 2009. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.8. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in summer 2009. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.9. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in fall 2009. Inset of map of regions (Figure
5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.10. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in winter 2010. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
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Figure 5.11. Proportion of total sound detection for whistles, echolocation, burstpulses and LFN sounds for each region in spring 2010. Inset of map of regions
(Figure 5.1) included for reference. Blank regions indicate no data collected.
Echolocation was the dominant sound type produced in shallower and more
northern regions, while whistles were more common in deeper and more southern
regions (Figures 5.3 to 5.9). This pattern can be clearly observed in all seasons
except spring 2008. In addition, in the mid shelf and inner shelf regions, the
proportion of whistles increased in the three sampled springs. For example, in the
mid shelf south region, whistles increased from 37% in spring 2008 (Figure 5.3) to
57% in spring 2009 (Figure 5.5) and to 62% in spring 2010 (Figure 5.9). This was
balanced by a relative decrease in echolocation over the same seasons. An increase
in the proportion of whistles produced was also observed between the two summers
in the inner and mid shelf regions (Figures 5.4 and 5.6). Burst-pulsed sounds were
observed throughout the study but were unusually common in the coastal north
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region (sampled in spring and summer 2008; Figures 5.3 and 5.4). LFN sounds were
also observed throughout the study, being produced in all seasons and at all depths,
but were relatively uncommon in the three central regions. The fall 2009 and winter
2010 seasons did not appear to be unusual in the relative proportions of sounds
produced (Figures 5.7 and 5.8).
The diel cycles of the normalized detection rates of different sounds
statistically showed less variation than between seasons and regions (Table 5.1).
However, there were noticeable patterns observed in the diel variation of sound
production in relation to season and region. Therefore, post-hoc G-tests were used
to determine the significance of diel sound production rate against even distribution
(with Bonferroni adjusted alpha levels). The results of these G-tests are found in
Tables 5.3 – 5.9, and the normalized detection rates per 3-hour diel bin for each
region and season are plotted in Figures 5.10 – 5.16.

Table 5.2. Results of G-tests for diel variation of sound types for spring 2008. “*” =
statistically significant, Bonferroni adjusted α=0.004, df for all tests = 7.
SPRING 2008
Coastal North
Inner Shelf
Central
Inner Shelf
South
Mid Shelf
South

G
p
G
p
G
p
G
p

Whistles
11.072
> 0.05
12.173
> 0.05
11.072
> 0.05
19.628
0.006

Echolocation
181.407
< 0.001*
72.769
< 0.001*
22.389
0.002*
24.401
< 0.001*

Burstpulses
84.493
< 0.001*
45.721
< 0.001*

LFNs

8.772
> 0.05
6.698
> 0.05

5.853
> 0.05
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Table 5.3. Results of G-tests for diel variation of sound types for summer 2008. “*”
= statistically significant, Bonferroni adjusted α=0.003, df for all tests = 7.
SUMMER 2008
Coastal North
Inner Shelf
North
Mid Shelf
North
Inner Shelf
Central
Mid Shelf
Central
Inner Shelf
South
Mid Shelf
South

G
p
G
p
G
p
G
p
G
p
G
p
G
p

Whistles
14.222
0.05
35.456
< 0.001*
3.330
> 0.05
69.616
< 0.001*
28.738
< 0.001*
14.222
0.05
44.325
< 0.001*

Echolocation
27.318
< 0.001*
29.769
< 0.001*
10.191
> 0.05
217.746
< 0.001*
18.545
0.01
14.764
0.04
75.370
< 0.001*

Burstpulses
89.726
< 0.001*
22.436
0.002*
4.421
> 0.05
63.226
< 0.001*
18.725
0.009

LFNs

13.757
> 0.05
5.368
> 0.05
51.766
< 0.001*

16.053
0.02
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Table 5.4. Results of G-tests for diel variation of sound types for spring 2009. “*” =
statistically significant, Bonferroni adjusted α=0.002, df for all tests = 7.
SPRING 2009
Inner Shelf
North
Mid Shelf
North
Coastal
Central
Inner Shelf
Central
Mid Shelf
Central
Inner Shelf
South
Mid Shelf
South
Outer Shelf

G
p
G
p
G
p
G
p
G
p
G
p
G
p
G
p

Whistles
66.286
< 0.001*
5.281
> 0.05
375.510
< 0.001*
126.925
< 0.001*
15.198
0.03
41.024
< 0.001*
33.431
< 0.001*
0.459
> 0.05

Echolocation
28.987
< 0.001*
26.604
< 0.001*
359.946
< 0.001*
59.477
< 0.001*
72.507
< 0.001*
35.502
< 0.001*
17.673
0.01
0.368
> 0.05

Burstpulses
16.696
0.02
10.896
> 0.05

9.191
> 0.05

11.331
> 0.05
0.899
> 0.05

LFNs

10.580
> 0.05

1.318
> 0.05
15.035
< 0.05*
5.900
> 0.05
3.552E-23
> 0.05

Table 5.5. Results of G-tests for diel variation of sound types for summer 2009. “*”
= statistically significant, Bonferroni adjusted α=0.002, df for all tests = 7.
SUMMER 2009
Inner Shelf
North
Mid Shelf
North
Mid Shelf
Central
Inner Shelf
South
Mid Shelf
South
Outer Shelf

G
p
G
p
G
p
G
p
G
p
G
p

Whistles
16.160
0.02
20.989
< 0.004
5.910
> 0.05
6.031
> 0.05
5.255
> 0.05
0.790
> 0.05

Echolocation
17.243
0.02
2.725
> 0.05
4.192
> 0.05
35.379
< 0.001*
3.999
> 0.05
2.018
> 0.05

Burstpulses
9.949
> 0.05
2.708
> 0.05
4.404
> 0.05
17.451
0.01
2.837
> 0.05
0.407
> 0.05

LFNs

1.976
> 0.05
0.764
> 0.05
21.926
0.003
0.936
> 0.05
0.286
> 0.05
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Table 5.6. Results of G-tests for diel variation of sound types for fall 2009. “*” =
statistically significant, Bonferroni adjusted α=0.003, df for all tests = 7.
FALL 2009
Inner Shelf
North
Mid Shelf
North
Mid Shelf
Central
Mid Shelf
South
Outer Shelf

G
p
G
p
G
p
G
p
G
p

Whistles
8.801
> 0.05
7.260
> 0.05
3.759
> 0.05
0.602
> 0.05
1.067
> 0.05

Echolocation
8.160
> 0.05
2.255
> 0.05
5.145
> 0.05
3.523
> 0.05
2.249
> 0.05

Burstpulses
5.103
> 0.05
0.659
> 0.05
2.565
> 0.05
4.827
> 0.05
0.621
> 0.05

LFNs
7.926
> 0.05
0.755
> 0.05

2.804
> 0.05
3.553E-23
> 0.05

Table 5.7. Results of G-tests for diel variation of sound types for winter 2010. “*” =
statistically significant, Bonferroni adjusted α=0.003, df for all tests = 7.
WINTER 2010
Inner Shelf
North
Mid Shelf
North
Mid Shelf
Central
Mid Shelf
South
Outer Shelf

G
p
G
p
G
p
G
p
G
p

Whistles
11.494
> 0.05
2.331
> 0.05
3.493
> 0.05
3.603
> 0.05
2.975
> 0.05

Echolocation
7.794
> 0.05
4.349
> 0.05
4.317
> 0.05
10.915
> 0.05
1.550
> 0.05

Burstpulses
1.958
> 0.05
0.808
> 0.05
1.283
> 0.05
1.478
> 0.05
1.839
> 0.05

LFNs
3.896
> 0.05
1.064
> 0.05
0.804
> 0.05
0.637
> 0.05
0.435
> 0.05
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Table 5.8. Results of G-tests for diel variation of sound types for spring 2010. “*” =
statistically significant, Bonferroni adjusted α=0.003, df for all tests = 7.
SPRING 2010
Inner Shelf
North
Mid Shelf
North
Mid Shelf
South
Outer Shelf

G
p
G
p
G
p
G
p

Whistles
13.884
> 0.05
3.282
> 0.05
76.927
< 0.001*
3.416
> 0.05

Echolocation
32.619
< 0.001*
4.628
> 0.05
79.058
< 0.001*
1.299
> 0.05

Burstpulses
8.973
> 0.05
3.082
> 0.05
5.049
> 0.05
0.776
> 0.05

LFNs
12.032
> 0.05
1.546
> 0.05
1.958
> 0.05
0.414
> 0.05
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Figure 5.12. Normalized detection rates (y-axis, detections/ km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in spring 2008.
Inset of map of regions (Figure 5.1) included for reference. Times in EST, and
indicate start times of recordings. Shaded areas approximate times between sunset
and sunrise, sunrise times 5:38 – 6:23 AM, sunset times 6:18 – 7:31 PM.
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Figure 5.13. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in summer
2008. Inset of map of regions (Figure 5.1) included for reference. Times in EST,
and indicate start times of recordings. Shaded areas approximate times between
sunset and sunrise, sunrise times 5:38 – 6:23 AM, sunset times 6:18 – 7:31 PM.
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Figure 5.14. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in spring 2009.
Inset of map of regions (Figure 5.1) included for reference. Times in EST, and
indicate start times of recordings. Shaded areas approximate times between sunset
and sunrise, sunrise times 5:38 – 6:21 AM, sunset times 6:49 – 7:31 PM.
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Figure 5.15. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in summer
2009. Inset of map of regions (Figure 5.1) included for reference. Times in EST,
and indicate start times of recordings. Shaded areas approximate times between
sunset and sunrise, sunrise times 5:38 – 6:23 AM, sunset times 6:18 – 7:31 PM.
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Figure 5.16. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in fall 2009.
Inset of map of regions (Figure 5.1) included for reference. Times in EST, and
indicate start times of recordings. Shaded areas approximate times between sunset
and sunrise, sunrise times 6:23 – 7:22 AM, sunset times 5:46 – 6:18 PM.
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Figure 5.17. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in winter 2010.
Inset of map of regions (Figure 5.1) included for reference. Times in EST, and
indicate start times of recordings. Shaded areas approximate times between sunset
and sunrise, sunrise times 6:22 – 7:22 AM, sunset times 5:46 – 6:48 PM.
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Figure 5.18. Normalized detection rates (y-axis, detections/km2/hr) for echolocation,
whistles, burst-pulses and LFN sounds in 3-hour bins for each region in spring 2010.
Inset of map of regions (Figure 5.1) included for reference. Times in EST, and
indicate start times of recordings. Shaded areas approximate times between sunset
and sunrise, sunrise times 5:38 – 6:21 AM, sunset times 6:49 – 7:31 PM.
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In the coastal regions, echolocation and burst-pulsed sounds were produced
more often in daylight hours. In region coastal north (spring and summer 2008,
Figures 5.10 and 5.11), no diel pattern was observed in whistles, while in coastal
central (spring 2009, Figure 5.12), there was a large peak in whistles in the 9 – 11
PM time bin. In the inner shelf regions, the patterns in echolocation and whistles
were often significantly different from even distribution; however, there was little
cohesive pattern. Often peaks in echolocation and whistles were in phase (e.g.,
inner shelf south, summer 2008, Figure 5.11); however, in several cases they were
not (e.g., inner shelf central, spring 2009, Figure 5.12). In spring 2008, a significant
pattern of increased echolocation at night can be observed in the inner shelf region
(Figure 5.10). Fewer significant results were observed in fall 2009 and winter 2010;
however, fewer regions were sampled. The only significant diel pattern observed in
LFNs was found in summer 2008, inner shelf central, where these sounds peaked in
late afternoon (Figure 5.11). In the mid shelf regions, significant patterns were
frequently seen in whistles and echolocation where sound production increased at
night and decreased during the day.

This pattern became less cohesive in fall 2009

and winter 2010, but reestablished itself in spring 2010 (Figures 5.12 to 5.18). This
seasonally and diel pattern was also observed in the outer shelf region; however, the
results were not significant.

Discussion

Passive autonomous acoustic recordings of animals have several advantages
including the ability to investigate animals over synoptic time and space scales.
However, like all methods of data collection, limitations exist. Here we must contend
with the fact that trends in sound detection can be the result of both changes in
animal distribution and changes in animal acoustic behavior. In addition, sound
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production in cetaceans does not only vary with behavior. For example, Jones and
Sayigh (2002) found that bottlenose dolphin whistle and echolocation production not
only varied with activity, but with location and group size as well. Furthermore,
sounds produced by dolphins cannot necessarily be mapped to particular behaviors.
For example, although whistles are generally considered communication signals
(Caldwell and Caldwell 1965), their rates can increase during foraging events
(Acevedo-Gutierrez and Stienessen 2004). Finally, although efforts have been made
to distinguish species based on whistle contours and echolocation frequency content
(Rendell et al., 1999, Soldevilla et al., 2008), attempting to categorize dolphin
sounds by species is beyond the scope of this study. Therefore, results will reflect
combined species for the area: Atlantic spotted dolphins in deeper waters, bottlenose
dolphins throughout the area, and the potential for other species which are rarely
observed in the study area (e.g., rough-toothed dolphins, Griffin and Griffin 2003;
Chapter 4).

Inshore – Offshore Variation
In this study, statistically significant differences were found in the types of
dolphin sounds recorded (whistles, echolocation, burst-pulses and LFN sounds) in
different regions of the central WFS. Generally detection rates decreased with
increasing distance from shore; however, detection rates were lower in coastal
regions than in the inner shelf regions immediately offshore of them (Figure 5.3).
This pattern was also found when all sounds were combined into a binary detection
score using the same data set (Chapter 4). This result is likely due to a combination
of dolphin behavior and distribution. From visual survey data, bottlenose dolphin
density tends to decrease with increasing distance from shore (Fritts et al., 1983;
Irvine et al., 1981; Chapter 4), and total dolphin density (all species combined) also
decreases with increasing distance from shore (Chapter 4). However, the lower
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detection rates in coastal regions likely reflect the acoustic behavior of coastal and
estuarine dolphins. Jones and Sayigh (2002) found that bottlenose dolphins resident
to Sarasota Bay produced fewer sounds than bottlenose in three sites in North
Carolina. Coastal dolphins likely share ecological similarities with bay and estuarine
dolphins (e.g., similar prey species), and as the Sarasota Bay residents are known to
range into the coastal WFS (Irvine et al., 1983; Fazioli et al., 2006), it is likely that
the acoustic detection rates here also reflected the acoustic behavior of Sarasota Bay
residents. The sound production rates of other bay and estuary communities
adjacent to the study area are currently unknown.
The results here could indicate additional changes in acoustic behavior. For
example, killer whale predation pressure has been suggested as the cause for
decreased whistle production in dusky dolphins (Yin, 1999; Au et al., 2010). In the
Gulf of Mexico, killer whales range onto the continental shelves from their normal
offshore habitat (O’Sullivan and Mullin, 1996). This increase in potential predation
pressure could lead to decreased sound production in bottlenose and Atlantic spotted
dolphins closer to the shelf break (although killer whale numbers in the Gulf of
Mexico are thought to be low, Waring et al., 2011).

In addition, inshore waters on

the WFS have poor visibility (coastal and inner shelf regions, e.g., 1 – 2 m) while
visibility beyond the 20 m isobath is far better (mid and outer shelf regions, e.g., 10
– 30 m, personal observation). Therefore, inshore dolphins likely depend more on
echolocation and communication signals as vision will be impaired by environmental
conditions.
The highest rates of burst-pulse detections were found in the coastal north
region, while no burst-pulses were recorded in coastal central (Figure 5.3).
However, these recordings were not from the same time period (summer 2008 and
spring 2009 respectively), and data were especially sparse from coastal central (1
month). Therefore, generalizations about the spatial pattern of burst-pulses in
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coastal regions are not possible. No LFN sounds were recorded in coastal regions
(Figure 5.3). As these sounds appear to be uncommon, this is likely due to the
sparse data for these regions. LFN sounds have been recorded in inshore waters in
Tampa Bay and Sarasota Bay (Simard et al., 2011; Chapter 3) and deeper areas of
the WFS; therefore, it is likely that this sound is produced in the coastal regions.

North – South Variation
The production of whistles, echolocation and burst-pulses were generally
higher in the inner shelf central and mid shelf central regions (adjacent to Tampa
Bay) than in regions to the north and south (Figure 5.2 and 5.3). Higher densities of
acoustic detections off of Tampa Bay were also found for this data set when all
sounds were combined (Chapter 4), and for visual survey density estimates for
bottlenose dolphins (Irvine et al., 1982; Chapter 4). The WFS waters adjacent to
Tampa Bay have been identified as an area of bottlenose dolphin community mixing,
and such mixed groups generally have larger group sizes (Wells et al., 1987; Fazioli
et al., 2006). Increased numbers of dolphins in this area may be due to increased
foraging opportunities off Tampa Bay, as this large estuary is characterized by
bathymetric irregularities, dynamic oceanography, high nutrient input and high
biological activity at multiple trophic levels (e.g., Nelson, 2002; Weisberg and Zheng,
2005). The increased production of burst-pulses in the regions adjacent to Tampa
Bay may be explained by increased density of dolphins, or by the behavior of mixed
community groups of bottlenose dolphins. Agonistic encounters have been observed
between dolphins from different communities (Wells, 1991) and several studies have
demonstrated that burst-pulses are common in agonistic encounters (Herzing, 1996;
Blomqvist and Amundin, 2004).
As opposed to the pattern observed in whistles, echolocation and burstpulses, LFN sounds occured less frequently in the inner shelf central and mid shelf
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central regions than in regions to the north and south (Figure 5.3). This sound has
been correlated with vigorous social activity and possibly socio-sexual activity in
bottlenose dolphins (Schultz 1995; Simard et al., 2011; Chapter 3). Therefore,
lower detection rates for this sound may indicate less socio-sexual behavior off
Tampa Bay. While increased numbers of mixed community groups are observed in
this area, there appears to be only low levels of genetic exchange between
communities (Sellas et al., 2005). Therefore, the low level of LFN sounds may
support the hypothesis that mixed community groups are not primarily for mating
opportunities as suggested by Sellas and colleagues (2005).

Seasonal Patterns
Seasonally, sound detection rate patterns for specific sound types resembled
the patterns for overall sound detection rates (Chapter 4). Sound production was
highly variable seasonally; however, few coherent patterns were seen (Figures 5.3
and 5.4). There was a tendency for peaks in sound production in the warmer
months; however, peaks were also found at other times (e.g., high winter whistle
and burst-pulse detections on the inner shelf north region, low detection rates for all
sound types in summer 2008 for inner shelf south). Therefore, it appears that
seasonal movements or changes in acoustic behavior were present, but were highly
variable in space and / or time, perhaps because they were due to multiple factors.
In the outer shelf region, lowest sound detection rates for all sounds were in
spring (2009 and 2010). While this supports a seasonal migration of dolphins out of
the area (e.g., Atlantic spotted dolphins moving inshore in the spring), there are
insufficient data for this area to determine if this pattern is a persistent trend.
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Variation in Proportion of Sounds Produced
Although overall sound production rates were lower in deeper waters (see
Chapter 4), whistles were proportionately more common in deeper and more
southern regions of the WFS, while echolocation was proportionately higher in
northern and shallower regions (e.g., Figure 5.8). The pattern for a higher
proportion of whistles in offshore and more southerly areas resembles the
distribution pattern observed for Atlantic spotted dolphins on the WFS (Chapter 4).
This suggests that Atlantic spotted dolphins (and / or shelf-resident bottlenose
dolphins) produce proportionately more whistles than bottlenose dolphins in
shallower, coastal water. There is currently little information specifically comparing
whistling rates of Atlantic spotted dolphins and bottlenose dolphins, or between
bottlenose dolphins from different areas of the WFS. However, in the concurrent
study by Frankel and colleagues (submitted), acoustic recordings from ten groups of
bottlenose dolphins resulted in 1,695 high signal-to-noise ratio whistles (mean 170
per group), while 1,273 high signal-to-noise whistles were recorded from only five
groups of Atlantic spotted dolphins (mean 255 whistles per group). Preliminary
whistle rate analysis indicated that Atlantic spotted dolphin groups produced more
whistles per minute (mean = 6 whistles / minute, SD = 5.6) than bottlenose dolphin
groups (mean = 3 whistles / minute, SD = 2.7, A. Frankel, personal communication).
This difference could account for the increased proportion of whistles detected in
deeper waters in this study.
Different species frequently have different whistling rates. For example, in
the eastern Pacific whistles were recorded in 100% of long-beaked common dolphin
groups, but only 75% of bottlenose dolphin groups in tropical areas, and 0% in
temperate areas (Oswald et al., 2008). Larger group sizes are generally found
offshore, due to the presence of Atlantic spotted dolphins which tend to be found in
larger groups (e.g., Fritts et al., 1983), and the tendency for bottlenose dolphins to
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form larger groups in deeper water (e.g., Fazioli et al., 2006). Larger group size
could potentially increase the proportion of whistles recorded. For example, studies
have found that Sarasota Bay bottlenose dolphin groups produce more whistles with
increasing group size; however, echolocation production does not increase (Jones
and Sayigh, 2002; Nowacek, 2005). However, whistle rates for bottlenose dolphin
groups have been shown to increase only until a threshold group size is reached,
after which point whistle rates do not increase further (Jones and Sayigh, 2002;
Quick and Janik, 2008). Mixed species groups have also been documented whistling
more frequently (Oswald et al., 2008; Au et al., 2010). Although mixed groups were
not frequently seen on the WFS, their presence is largely restricted to deeper waters
where Atlantic spotted dolphins are commonly found, and this may have contributed
to an increased proportion of whistles.
Although Jones and Sayigh (2002) did not specifically investigate the
proportions of sounds produced in bottlenose dolphin communities, their results did
indicate that whistles were slightly less common than echolocation bouts for
Sarasota resident bottlenose dolphins (see Figure 1a in Jones and Sayigh, 2002).
The tendency for more inshore dolphins to produce proportionately fewer whistles
and more echolocation could be due to a variety of factors. For example, low
visibility levels in inshore waters could increase the utility of echolocation for foraging
and navigation. Mean echolocation pulse rate has been demonstrated to be faster in
shallower water (Simard et al., 2010; Chapter 2), and therefore inshore echolocation
could be easier to detect in shallow water recordings.

Diel Patterns
In the GLM, diel patterns did not explain as much variability as regional and
seasonal differences. However, when diel period was considered without the effects
of region and season in G-tests; sound types varied significantly from the predicted
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even distribution. In this study there are several pattern types observed in the diel
variation of sound production, and these pattern types appear to spatially overlap
intra- and interspecific differences in dolphin distribution, foraging ecology and social
structure.

Diel patterns in coastal regions
Although sound detection occurred in all diel periods in coastal regions,
dolphins appeared to be acoustically more active in the day and evening (Figures
5.10 – 5.12). Large peaks were observed in echolocation (afternoon), and in
communication sounds (burst-pulses in afternoon hours, and whistles in the
evening). Patterns in sound production were not necessarily time-synchronized with
peaks in other sound types.
Bottlenose dolphins are the only species documented in the coastal regions
(Fritts et al., 1983; Griffin and Griffin, 2003; Chapter 4), and these dolphins are
predominantly residents of inshore communities (e.g., Tampa Bay, Sarasota Bay,
Irvine et al., 1981; Fazioli et al., 2006). The spatial and temporal patterns of
resource distribution are thought to influence the group size, residency and ranging
patterns of dolphins (Gowans et al., 2008). In areas such as Tampa Bay, Sarasota
Bay and adjacent coastal areas, the prey field for bottlenose dolphins appears to be
predictable in space and time (Barros and Wells, 1998). Bottlenose dolphins in these
areas feed predominately on non-obligate schooling fish (e.g., pinfish, Lagodon
rhomboides), and tend to be solitary foragers, likely leading to small group sizes and
high site fidelity (Irvine et al., 1981; Barros and Wells, 1998; Gowans et al., 2008).
Previous studies indicate that inshore bottlenose dolphins in Tampa Bay and
Sarasota Bay are more active during daylight hours. Radio-tracked bottlenose
dolphins in Sarasota Bay reduced movements at night (Scott et al., 1990), and a
bottlenose dolphin in Tampa Bay with a satellite-linked tag had shorter and less
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frequent dives at night, with little surface movement (e.g., 2 AM – 4 AM: Mate et al.,
1995). Studies have also reported daytime peaks in dolphin foraging. For example,
Shane (1990) reported foraging peaks in the morning and late afternoon in Sanibel
Island, Florida, and morning peaks in foraging were reported in John’s Pass and
Anclote Key, Florida (Allen et al., 2001). Peaks in social behavior have also been
reported to occur in the evening in Sanibel Island (Shane, 1990). Therefore, the
daytime and evening peaks in both echolocation and social sounds support previous
observations of diurnal and diel behavior.

Diel patterns in outer shelf and mid shelf regions
In deeper waters (mid shelf regions and the outer shelf region, depths > 45
m), there was a tendency for a synchronous increase in whistle, echolocation and
burst-pulse production at night (Figures 5.12 – 5.18). Results were frequently
significant for echolocation and / or whistles in the mid shelf regions, and although
the same diel pattern was observed on the outer shelf region, the results were not
significant (likely due to low sound detection rates). The diel pattern of increased
nighttime sound production was more prominent and extended into shallower water
in the south (inner shelf south, depths < 20 m), was less prominent in the north,
and was more prominent in the spring and summer. LFN sounds had no significant
diel pattern, and no obvious pattern was observed. Lack of significance for burstpulses and LFN sounds is likely due to low sound detection rates. Although the
detection rates for different sounds tended to be time-synchronized, the patterns
were too widespread to indicate a possible diel movement out of the area.
Nighttime increases in dolphin foraging (and sound production) are common
in deep water; however, usually these observations are in off-shelf environments.
For example, nighttime foraging activity and echolocation occurs in dusky dolphins in
Kaikoura Canyon (Beniot-Bird et al., 2004), striped dolphins (Stenella coeruleoalba)
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in the Ligurian Sea (Mediterranean: Gannier, 1999), spinner dolphins in the Hawaiian
Islands (Norris et al., 1994) and dolphin sounds from various species in the Gulf of
Mexico (Stienessen, 1998). However, increased sound production at night can also
occur in continental shelf waters. Goold (2000) observed an increase in nighttime
sound production by short-beaked common dolphins in continental shelf waters off
Wales. Most of the sounds recorded were whistles; however, the pattern was
interpreted as foraging behavior (Goold, 2000).

The pattern observed in this study

was observed in the inner shelf south region in spring 2008 (Figure 5.12, significant
results for echolocation only), with depths ranging from 20 m to 45 m. This appears
to be the shallowest depth documented for such a diel pattern of dolphin sound
production and / or behavior.
The diel pattern observed here spatially overlaps areas where whistles make
up a larger proportion of sounds produced (see above). Atlantic spotted dolphins
were found to be more common in this area (Griffin and Griffin, 2003; 2004; Chapter
4), and the seasonal variation (pattern weaker in winter, stronger in spring and
summer) may support the proposed migrations of Atlantic spotted dolphins and Gulf
bottlenose dolphins (Fritts et al., 1983 and references therein, Fazioli et al., 2006,
Chapter 4). Fazioli and Wells (1999) and Fazioli and colleagues (2006) found that
bottlenose dolphins photographically identified on the WFS out to approximately 10
km from shore were only rarely observed in deeper waters (out to 55 km from
shore). Intermediate and offshore bottlenose dolphin ecotypes are present with
increasing frequency in deeper water such as in the mid shelf and outer shelf regions
(Hersh and Duffield, 1990; Mead and Potter, 1990; Waring et al., 2011), and
noticeably larger bottlenose dolphins were commonly seen in the mid shelf and outer
shelf regions during this study (personal observation). Hemoglobin differences
between these bottlenose ecotypes likely support foraging strategy differences due
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to differences in oxygen storage capabilities (Hersh and Duffield, 1990; Klatsky et
al., 2007).
The diel sound production patterns observed in the mid and outer shelf
regions were likely due to differences in prey behavior. Stomach content analysis
indicates that bottlenose dolphins of the open Gulf forage on some of the same
species as inshore dolphins; however, a significant proportion of their diet is made
up of squid and schooling fish (Spanish sardine, Sardinella aurita: Barros and Odell,
1990; and other species which can form large schools in the Gulf of Mexico, e.g.,
Gulf menhaden, Brevoortia patronus, Leatherwood, 1975). Squid are also a common
prey item for Atlantic spotted dolphins in the Gulf of Mexico (Perrin et al., 1987 and
references therein), as are schooling fish (e.g., flying fish, family Exocoetidae,
Richard and Barbeau, 1994; menhaden, Fertl and Würsig, 1995). In shelf waters of
the Gulf of Mexico deeper than 20 m, slender and longfin squid (Loligo plei, L. pealei)
are demersal during daylight hours and become active in the water column at night
(Hixon et al., 1980; Marelli and Arnold, 1998). In addition, several types of fish calls
detected using the same acoustic array used in this study occur predominantly at
night (Wall et al., submitted). Therefore, the diel pattern observed here in dolphin
echolocation appears to reflect the diel patterns in some prey activity and sound
production. An observation of a large night-time feeding aggregation of Atlantic
spotted dolphins was observed by the author during this study (dolphins capturing
flying fish in water and above surface near work lights of research vessel).

Diel patterns in inner shelf regions
In the inner shelf regions, especially to the north, diel sound production had
significant levels of variation but there was little coherent pattern. Sound specific
variations were sometimes synchronized with each other, but at other times were
not, and sound production of some sort occured in all diel periods, with large peaks
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occurring at various times. Bottlenose dolphins are the predominant species on the
inner shelf (Fritts et al., 1983; Griffin and Griffin, 2003; Chapter 4), and can be
either residents of inshore communities, or dolphins normally found in the open Gulf
(Fazioli et al., 2006). There is also some indication that dolphins in this area only
rarely range into deeper waters (Fazioli et al., 2006). Based on group size, calving
period and site fidelity differences, it appears that the inshore resident and Gulf
resident bottlenose dolphins have very different social organization patterns (Fazioli
et al., 2006). Stomach content analysis and observations of coordinated group
feeding also indicates that Gulf resident dolphins have different foraging strategies
(Irvine et al., 1981; Barros and Odell, 1990; Barros and Wells, 1998; Barros et al.,
2010).
In waters shallower than 20 m (i.e., the inner shelf regions in this study), a
variety of known dolphin prey species occur (see Barros and Odell, 1990) which
include species typically found in coastal waters, and species normally found in deep
shelf waters (e.g., Hoese and Moore, 1998; Pierce and Mahmoudi, 2001; Knapp and
Purtlebough, 2008). Therefore, the differing behaviors of the prey species may
preclude strong diurnal patterns in dolphin activity on the inner shelf. For example,
some fish which are known prey items for bottlenose dolphins in this area produce
courtship sounds after darkness which can coincide with spawning aggregations
(e.g., seatrout, Cynoscion sp., silver perch, Bairdiella chrysoura, Locascio and Mann,
2008) and several sounds from unknown fish species are produced more at night
(Wall et al., 2012; Wall et al., submitted). These sounds may be used by bottlenose
dolphins for foraging purposes (Gannon et al., 2005). However, other prey species
are active during the daylight hours (e.g., toadfish, Opsanus sp., Wall et al.,
submitted) and may be cryptic after dark (e.g., pinfish, Muncy 1984). Therefore, as
the shallower areas of our study area are used by bottlenose dolphins of different
species and stocks, and these groups appear to have different foraging strategies,
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and potential prey items have different diel cycles of activity, we suspect that dolphin
foraging may follow multiple patterns which were not discernible in this study.
The inner shelf central region was the only area where detections of LFN
sounds were significantly different than even distribution across diel periods. A large
peak in LFN production took place in the afternoon. Other non-significant peaks also
were seen in other areas, and these usually occurred in daylight as well. Although
the results here are far from definitive, LFNs may be predominantly a daylight call.
If this call is in fact a social and / or sexual activity call (as suggested in Simard et
al., 2011; Chapter 3), patterns observed in LFN calls and social behavior observed at
the surface should be correlated. However, there is currently no information on the
diel patterns of socializing or mating for Gulf bottlenose or Atlantic spotted dolphins.

Summary
Sound production for all four sound types (whistles, echolocation, burstpulses and LFNs) was higher in inshore waters than offshore waters, largely
reflecting the overall dolphin distribution on the WFS (Irvine et al., 1982; Fritts et
al., 1983; Chapter 4). However, despite high dolphin density in coastal regions from
visual surveys (Irvine et al., 1981; Chapter 4), the production of these sounds was
lower than in the inner shelf regions immediately offshore, likely reflecting a
tendency for coastal and inshore dolphins to produce less sound (cf. Jones and
Sayigh, 2002). Particularly high levels of whistles, echolocation and burst pulses
were detected off Tampa Bay, where dolphin density was also found to be unusually
high (Irvine et al., 1982; Chapter 4) and mixed community groups were found to be
common (Fazioli et al., 2006). However, LFN sound production was lower off Tampa
Bay, which suggests lower levels of socio-sexual activity. This supports the results
of Sellas and colleagues (2005) which indicate that only low levels of genetic
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exchange between bottlenose dolphin communities, and therefore mixed community
groups are not primarily for genetic exchange.
Dolphin sound production in more offshore and southerly waters had a higher
proportion of whistles and a diel cycle of higher nighttime production for whistles,
echolocation and sometimes burst-pulses. This combined pattern appears to be
seasonally modulated, extending further north and inshore in warmer months. This
pattern is spatially and temporally similar to the seasonal movement pattern
suggested for Atlantic spotted dolphins on the WFS (Fritts et al., 1983 and
references therein; Chapter 4) and possibly for some WFS resident bottlenose
dolphins (Fazioli et al., 2006). The results of this study therefore suggest that these
deep water shelf dolphins have different acoustic behavior and foraging strategies
than inshore bottlenose dolphins. Further investigations using similar methods (e.g.,
autonomous recordings with increased duty cycles) and alternate methods (e.g.,
acoustic recording tags) would add greatly to furthering our understanding of sound
production patterns in these dolphins, and would allow us to better differentiate
changes in behavior from changes in distribution.
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CHAPTER 6: ACOUSTICALLY MEASURED DOLPHIN DENSITY ON
THE WEST FLORIDA SHELF, AND RELATIONSHIPS WITH
REMOTELY SENSED OCEANOGRAPHIC CONDITIONS

Introduction

Animals move and distribute themselves based on increasing access to
resources and increasing reproductive fitness (Turchin, 1998). While the
biogeography of a species is broadly defined by suitable habitat and environmental
conditions (e.g., temperature, depth, altitude, Badgley and Fox, 2000; Leduc, 2009),
the smaller scale movements that occur on shorter time scales are generally in
response to foraging or predation conditions (Isbell et al., 1998; Heithaus, 2001;
Brashares and Arcese, 2002; Austin et al., 2004; Block et al., 2011). In the marine
environment, physical processes frequently determine the distribution of prey, (as
many prey items are mobile in the water column), and hence the distribution of
predators (Sims and Quayle, 1998; Waluda et al., 2001; Ballance et al., 2006;
Polovina et al., 2006; Woodworth et al., 2012).
Cetaceans (whales, dolphins and porpoises) are homeothermic endotherms,
with large energy requirements, especially as many are either very large (e.g.,
mysticete whales) or may live in large groups (e.g., some dolphins, Lockyer, 2007).
As the costs associated with movement for cetaceans are relatively low (Williams,
1999), it is not surprising that cetaceans have frequently been associated with labile
oceanographic features which are thought to provide optimal foraging opportunities.
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For example, Davis and colleagues (1998) found that deep diving species such as
sperm whales (Physeter macrocephalus) were associated with horizontal sea surface
temperature gradients associated with mesoscale eddies in the Gulf of Mexico.
Bailey and Thompson (2010) reported that the foraging activity of common
bottlenose dolphins (Tursiops truncatus, henceforth referred to as bottlenose
dolphins) in the Moray Firth, Scotland, was associated with topographically controlled
fronts. While studies such as these have found relationships between cetacean
distribution and foraging activity with open ocean, mesoscale features or coastal
processes, few studies have been attempted on continental shelves. Continental
shelves are typically affected by multiple oceanographic factors and boundary
conditions, potentially masking coherent patterns (Boicourt et al., 1998). In
addition, cetacean species can be relatively dispersed in such areas (Chapter 4).
Thus, determining the relationships between oceanographic variables and cetacean
distribution could potentially be more difficult.
Most cetacean distribution studies use boat based visual surveys. Advantages
to this technique are the ability to calculate density or abundance using established
techniques (e.g., Barlow, 2006; Fazioli et al., 2006; Chapter 4), the ability to
accurately determine group size, group composition and species, and to collect
additional data (e.g., photographic identification, Fazioli et al., 2006). However, boat
based visual surveys are limited in terms of weather, daylight, and by the fact that in
most cases the survey area at a given time is limited to the location of a single
vessel (Mellinger et al., 2007). Limited survey effort leads to spatial and temporal
aliasing of distribution data. Many cetaceans produce sound, which can serve as an
indication of their presence even when they are not visible at the surface of the
water. While cetacean sound production can only be used as a proxy for distribution
(as sound production is influenced by myriad factors, see Chapter 1), the use of
autonomous acoustic recorders is a method of obtaining a more synoptic estimate of
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cetacean distribution, and one which is not impacted by poor weather or darkness.
Autonomous acoustic recording data can be collected on similar spatial and temporal
scales as other remotely sensed data (such as sea surface temperature [SST]),
making comparisons of multiple long-term time series possible.
Two species of dolphin are normally found on the West Florida Shelf (WFS):
bottlenose dolphins and Atlantic spotted dolphins (Stenella frontalis; Griffin and
Griffin, 2003; Chapter 4). Bottlenose dolphins are common in coastal waters (Irvine
et al., 1981; Fazioli et al., 2006), and decrease in number with increasing distance
from shore (Fritts et al., 1983; Chapter 4). Three “ecotypes” have been identified
for this species for the WFS and other areas based on morphological, genetic and
hematological characteristics: offshore, coastal and intermediate (Hersh and Duffield,
1990; Hoelzel et al., 1998). In some areas, the ecotypes have bimodal distribution
in relation to depth (with offshore dolphins spatially separated from inshore
dolphins); however, on the WFS the ecotypes likely mix (Waring et al., 2011).
Atlantic spotted dolphins are generally found in waters deeper than 20 m on the WFS
(Griffin and Griffin, 2003; Chapter 4).
A variety of physical and biological processes on the WFS likely influences
dolphin distribution. As typical for continental shelves, waters on the WFS are forced
by a variety of momentum and buoyancy fluxes from local and external forces
(Weisberg et al., 2005). A large geostrophic current (the Loop Current) lies offshore
of the WFS and influences the circulation of the shelf slope and shelf break and
occasionally the WFS itself (Huh et al., 1981; Weisberg et al., 2005). Most of the
WFS is not normally influenced by the Loop Current, but is instead influenced by
local winds, heat flux, and freshwater inputs (Mitchum and Clarke, 1986; Del Castillo
et al., 2000; Schmidt et al., 2001; Weisberg et al., 2001; Weisberg et al., 2005).
Temperature and chlorophyll variations can occur for a many reasons,
including advection by currents and the presence of sources or sinks (Weisberg et
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al., 2004). On the WFS, water temperature varies largely with net surface heat flux
(He and Weisberg, 2002; He et al., 2003), and surface temperatures range from
15° C - 20° C in winter to 25° C - 30° C in summer (He et al., 2003). Strong SST
gradients are typically observed in winter months, while surface temperatures are
relatively homogeneous in the summer (Muller-Karger et al., 1991). Vertical
stratification is generally deep in winter (e.g., 70 – 120 m) and shallow in summer
(e.g., 20 – 50 m, Muller-Karger et al., 1991). Chlorophyll concentration on the WFS
can range from less than 2 mg m-3 to 30 mg m-3 in bloom conditions (Vargo et al.,
1987; Gilbes et al., 1996), and typically peaks in winter throughout the Gulf of
Mexico (Muller-Karger et al., 1991; Gilbes et al., 1996). Larger variations in pigment
levels are observed in the summer months than winter (Muller-Karger et al., 1991).
Phytoplankton blooms appear to be from a variety of taxa, including harmful algal
bloom (HAB) associated dinoflagellates (Vargo et al., 1987; Hu et al., 2005; Hu et
al., 2008), Trichodesmium (Lenes et al., 2001), diatoms (Hu et al., 2003; Hu et al.,
2008) and possibly coccolithophorids (Gilbes et al., 1996). A seasonal plume of
increased pigment, colder and less saline water appears to be an annual springtime
feature of the WFS (Gilbes et al., 1996; Weisberg et al., 1996; He and Weisberg,
2002).
While temperature and chlorophyll both exhibit seasonal cycles on the WFS,
anomalous conditions can occur. For example, He and Weisberg (2003) investigated
an episode of cold water on the WFS in spring and summer 1998, where nearshore
bottom temperatures were as low as 18° C. This slope water intrusion was
determined to be caused by a combination of upwelling favorable events (He and
Weisberg, 2003). A Loop Current impact with the Dry Tortugas (Florida Keys)
created a pressure perturbation on the WFS which preconditioned isopycnals for a
slope water intrusion, while winds were favorable for upwelling and the
establishment of a shoreward directed bottom Ekman layer (He and Weisberg,
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2003). This slope water intrusion resulted in increased nutrient levels and primary
productivity on the WFS (Walsh et al., 2003; Weisberg et al., 2004). Variations can
also occur due to changes in freshwater discharge and transport (e.g., Mississippi
River, Muller-Karger et al., 1991) and variability in seasonal weather patterns
(Barnes et al., 2011).
In this study I investigate potential correlations between remotely sensed
dolphin detections (collected with an array of autonomous acoustic recorders) and
oceanographic features (bottom temperature, SST, sea surface temperature anomaly
[SST-A], vertical temperature gradient and chlorophyll concentration). While
investigations of physical-biological coupling are not uncommon in the marine
mammal literature, this is the first study which involves a synoptic, long-term set of
time series data for a continental shelf environment.

Methods

Acoustic Data
Between June 2008 and June 2010, autonomous acoustic recorders were
deployed on the WFS (Figure 6.1). In June – September 2008, 24 recorders were
deployed at 19 stations on a 25 km grid (several recorders were switched out midstudy). These recorders were deployed from approximately 28.1° N to 27.0° N
(offshore of Clearwater to Port Charlotte, FL), and out to near the 30m isobath.
From June 2009 – June 2010, 81 autonomous recorders were deployed at 63
stations on the WFS (again, several recorders were switched out mid-study). These
recorders were deployed from approximately 28.1° N to 27.2° N (offshore of Tarpon
Springs to Venice, FL), and out to near the 100 m isobath. Additional details on the
acoustic recorders, deployment and analysis methods can be found in Chapter 4,
Appendix 2, and Dudzinski and colleagues, (2011).
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Figure 6.1. Map of 2008 – 2010 DSG recorder stations. Source for Florida land and
bathymetry: Florida Fish and Wildlife Conservation Commission, 2012. Source for
other land: Price, 2012.

For this project, new acoustic recorders (Digital SpectroGram [DSG]
recorders) were designed, built and tested (Appendix 2). The DSG recorders and
battery packs (21 – 24 D-cells) were stored in watertight PVC housings with
bulkhead connectors for hydrophone attachment. Recordings were 16-bit and made
at a 50 kHz (2008) or 37 kHz (2009 – 2010) sample rate with a 3-pole low-pass
filter at 30 kHz (therefore there will be some intentional aliasing of higher frequency
signals, like echolocation, into the passband), and stored on a 16 GB SDHC card.
Hydrophones were HTI-96-MIN (-170 or -186 dBV/µPa, flat response 2 Hz – 37 kHz
[+/- 3 dB], High Tech, Inc., Long Beach, MS). There was 20 dB gain on the DSG
recorders. In 2008, all recorders were bottom mounted in concrete and fiberglass
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trawl-resistant housings. In 2009 – 2010, recorders were mounted in PVC cages
moored to the bottom and floating at approximately 10 m (or at the bottom if depths
were less than 10 m). Deployments and recoveries were conducted from the R/V
Eugenie Clark (14 m Newton, twin 320 hp diesel engines), the R/V Weatherbird II
(35 m, twin 500 hp inboard diesel engines), the R/V Fish Hawk (11 m Sea Hawk,
twin 450 hp inboard diesel engines) and the R/V Alicat (9 m Hydro Cat, twin 225 hp
outboard engines).
DSG recorders store files in a format which includes the time-date stamp as
part of the filename. Acoustic files were therefore converted to .wav format with the
software DSG2wav (Loggerhead Instruments, Inc.). Although automatic detection
algorithms were attempted for the expected large data set, these were not generally
successful across all sites and background noise conditions (Appendix 3). Therefore,
all acoustic files were manually inspected in Adobe Audition (Version 2.0, Adobe
Systems Inc., San Jose, CA) using 512 point spectrograms with Blackman-Harris
windowing. Although the type of dolphin sound was recorded (whistles, e.g., Cook et
al., 2004; echolocation, e.g., Simard et al., 2010; burst-pulses, e.g., Lammers et al.,
2003; low frequency narrow-band sounds, e.g., Simard et al., 2011; other low
frequency sounds, e.g., Herzing 1996), only the presence and absence of dolphin
sounds in each file was used in this study. A spreadsheet with all files names, date
and time, length of file, root mean square sound pressure level (2 kHz high pass
filtered) and columns for binary detection codes for dolphin sounds was created
using Sigchain software in MATLAB (Version 2009b, Mathworks Inc., Natick, MA).
Analysis of the acoustic time series and the calculation of normalized
detection rates were conducted using custom written MATLAB routines. Detection
rates per week were calculated as the number of detections (number of files with
detections of dolphin sounds) per hour of recording per the mean active space
(detection range, km2). The calculation for active space uses a logarithmic function
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with inputs for estimated source level, ambient noise levels, detection threshold, and
transmission loss. Details on these calculations can be found in Chapter 4, and
information specifically on the transmission loss model can be found in Frankel and
colleagues (submitted).

Bottom Temperature
In 2008, temperature loggers (HOBO Pendant UA-002-64, Onset Computer
Corporation, Cape Cod, MA) were attached to the DSG housings, and in 2009 – 2010
temperature loggers were attached the DSG housings and to the concrete mooring
blocks at stations deeper than 40 m. Temperature data were recorded every 6 or 12
seconds. Temperature data from the HOBO pendants were converted to CSV files
using HOBOware Pro (version 3.2.2, Onset Computer Corporation) for further
analysis in MATLAB (see below).

Satellite Sea Surface Temperature, Sea Surface Temperature Anomaly and
Chlorophyll
Remotely sensed SST, SST-A and chlorophyll (Chl-a) data were obtained for
each acoustic recorder station for the duration of the study. All satellite data was
obtained from the University of South Florida Institute for Marine Remote Sensing
(IMaRS). SST data were obtained from MODIS (Moderate Resolution Imaging
Spectroradiometer) infrared images from the NASA Aqua (EOS PM) and Terra (EOS
AM) satellites, using both daytime and nighttime passes. Data were processed with
SeaDAS (SeaWiFS Data Analysis System, version 6.4, NASA GSFC, Greenbelt, MD)
with a temperature range set from 10° C to 32° C. SST-A was calculated as the
weekly mean SST minus the corresponding weekly climatology from 2000-2010
MODIS SST data. Chl-a estimates were obtained from the ORBIMAGE SeaWiFS
(Sea-viewing Wide Field-of-view Sensor) ocean color data from the SeaStar satellite.
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Chl-a estimates were calculated using standard processing with a range of 0.05 to 10
µg/L. As an additional measure to quality control SST and Chl-a data, if the
standard deviation of pixel value of the station value and eight surrounding pixels
divided by the pixel value of the station was greater than 0.1, the value was not
used. The processing and quality control of the satellite data were conducted by
IMaRS researchers.

Vertical Temperature Gradient
For stations with both bottom temperature and SST data, the vertical
temperature gradient was calculated (SST – bottom temperature). As temperature
measurements from HOBO pendants were not calibrated against temperature
measurements from MODIS, the vertical temperature gradients calculated here
should only be considered a measure of relative water column temperature gradient
between other measurements. Therefore, higher values indicate a relatively
stratified water column (SST > bottom temperature), while lower numbers indicate a
well-mixed or possibly a thermally inverted water column.
Weekly means for bottom temperature, SST, vertical temperature gradient,
and Chl-a were calculated using a custom written MATLAB routine; SST-A was
provided by IMaRS as weekly values. For each station, a time lagged cross
correlation of normalized acoustic detections (detections / km 2 / hour) and bottom
temperature, SST, SST-A, vertical temperature gradient and Chl-a from four weeks
before the acoustic time series until the end of the acoustic time series was
calculated using a custom written MATLAB routine. In order to specifically
investigate short-time relationships between oceanographic variables and detection
rates (as opposed to seasonal cycles), a maximum time lag of four weeks was used
in cross-correlations. Although each station could be considered an independent
time series, Bonferroni adjusted alpha levels were calculated as a conservative
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measure of significance, as each station had as many as five cross correlations
calculated (one for each oceanographic variable).
Depth has been shown to be a significant influence on dolphin distribution and
species composition. For example, on the WFS overall dolphin density decreases
with distance from shore (Fritts et al., 1983; Chapter 4), inshore resident bottlenose
dolphins are only found several kilometers from shore (Irvine et al., 1981; Fazioli et
al., 2006), and Atlantic spotted dolphins are normally only found beyond the 20 m
isobath (Griffin and Griffin, 2003; Chapter 4). Dolphin sound production also varies
with depth on the WFS (diel patters, proportion of different sounds produced,
Chapter 5). Therefore, it is possible that relationships between oceanography and
dolphin distribution or activity vary with depth. For this reason, results of the timelagged correlations are presented in order of increasing depth in order to better
determine if depth related patterns exist.

Results
Thirteen recorders were recovered from 13 stations in 2008 (Table 6.1, Figure
6.2). From these recorders, 15,582 acoustic files were recorded totaling 34 hours 18
minutes of recording. Only the recorder at station A01 was operational over the
entire June – September 2008 study period (at other stations, recorders were
deployed for only part of the study period or malfunctioned).
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Figure 6.2. Recovered DSG recorders (deployed in 2008 and 2009, some recorders
deployed in 2009 were operational into 2010). Source for Florida land and
bathymetry: Florida Fish and Wildlife Conservation Commission, 2012.
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Station

Lat
Decimal
Deg.

Long
Decimal
Deg.

Depth
(m)

Date
start
(EST)

Date end
(EST)

No. files

Total
time
(h:mm)

Table 6.1. Summary of data recovered from 2008 DSG recorders.

A01
A02
A03
A04
A05
A06
A09
A11
A13
A14
A17
A19
A20
Total

28.05268
28.05343
28.05310
27.83500
27.87330
27.69338
27.51308
27.51328
27.33364
27.33334
27.15348
26.97371
26.97364

-82.83572
-83.03764
-83.23980
-83.03730
-83.24003
-82.83541
-82.83549
-83.24041
-82.83519
-83.03750
-83.03784
-82.63334
-82.83487

4
15
20
11
26
9
9
29
14
26
29
17
28

11-Jun-08
23-Jul-08
23-Jul-08
23-Jul-08
28-Jul-08
23-Jul-08
10-Jun-08
24-Jul-08
10-Jun-08
11-Jun-08
10-Jun-08
29-Jul-08
29-Jul-08

15-Sep-08
27-Sep-08
27-Sep-08
9-Sep-08
28-Sep-08
27-Sep-08
9-Jul-08
27-Sep-08
26-Jun-08
24-Jun-08
26-Jun-08
29-Sep-08
14-Sep-08

2266
1543
1544
1547
1458
1548
699
1527
379
323
381
1270
1097
15582

6:57
2:34
2:34
2:35
2:26
2:34
2:20
2:34
1:09
2:14
2:19
2:07
1:55
34:18

In 2009 – 2010, 27 recorders were recovered from 24 stations (at several
stations, recorders were switched-out mid study, Table 6.2, Figure 6.2), with
119,340 acoustic files totaling 235 hours 56 minutes of recording. Most stations had
operational recorders for only part of the study period; however, station B40 had
recordings from June 2009 – June 2010 and several recorders were operational until
April or May 2010. For the entire 2008 – 2010 study period, 134,992 acoustic files
totaling 270 hours 14 min of recording were available.
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B06
B07
B08

28.13199
28.13143
28.13058

-83.72015
-83.51614
-83.31213

35
28
24

B09

28.12942

-83.10813

15

B13
B15
B17
B33
B40
B42
B44
B45
B49
B50
B51
B52
B53
B58
B61
B62
Total

27.97631
27.97579
27.97408
27.66317
27.50814
27.50674
27.50415
27.50269
27.35193
27.35123
27.35023
27.34894
27.34735
27.19564
27.19220
27.19047

-84.02613
-83.61869
-83.21126
-83.41664
-83.72174
-83.31605
-82.91038
-82.73797
-83.62086
-83.41830
-83.21575
-83.01320
-82.81065
-83.52026
-82.91347
-82.71122

49
35
24
36
48
35
13
7
49
44
33
24
13
49
23
15

Total
time
(h:mm)

72
59
46
42

No. Files

-84.53619
-84.33218
-84.12817
-83.92416

Date end
(EST)

Long
Decimal
Deg.

28.13124
28.13187
28.13221
28.13225

Date start
(EST)

Lat
Decimal
Deg.

B02
B03
B04
B05

Depth
(m)

Station

Table 6.2. Summary of data recovered from 2009 DSG recorders.

10-Oct-09
1-Jun-09
1-Jun-09
1-Jun-09
3-Sep-09
3-Sep-09
28-Aug-09
1-Jun-09
28-Aug-09
1-Jun-09
4-Sep-09
3-Jun-09
4-Jun-09
5-Jun-09
4-Jun-09
3-Jun-09
4-Jun-09
4-Jun-09
4-Jun-09
3-Jun-09
3-Jun-09
4-Jun-09
4-Jun-09
4-Jun-09
3-Jun-09
4-Jun-09
4-Jun-09

10-Jun-10
15-Jul-09
23-Aug-09
17-Jun-09
20-May-10
1-May-10
27-Mar-10
14-Jul-09
18-May-10
4-Sep-09
8-May-10
14-Feb-10
19-Jul-09
3-Mar-10
21-Feb-10
2-Jun-10
3-Mar-10
30-Jun-09
25-Jun-09
6-Apr-10
16-Dec-09
31-Aug-09
20-May-10
3-Oct-09
22-Sep-09
6-May-10
24-Nov-09

5760
1041
1983
1690
6216
5764
5073
1035
6286
2285
6075
6136
1081
6512
6299
8721
6510
620
486
7006
4871
2129
8400
2487
2662
8065
4147
119340

11:12
2:37
4:58
4:13
12:06
11:13
9:52
2:35
12:14
5:43
11:30
11:56
2:06
12:41
12:13
17:00
12:40
1:12
0:57
13:39
9:09
4:08
16:21
4:48
5:11
15:37
8:05
235:56

Bottom Temperature
Bottom temperature data from the Hobo loggers were recovered from nine
2008 DSG stations, and five 2009 DSG stations (Table 6.3 and 6.4, respectively). In
2008, acoustic detections were significantly correlated with bottom temperature at
two stations. These correlations were both positive (i.e., detection rates increased
with increasing bottom temperature) with time lag of 0 and 4 weeks. These stations
were at approximately 11 m and 26 m depth. In 2009 – 2010, there were no
stations with significant correlations at the Bonferroni adjusted alpha level. Figure
6.3 illustrates a positively correlated bottom temperature – acoustic detection rate
time series from 2008.
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Table 6.3. Time-lagged correlations between weekly detection rates and bottom
temperature for the 2008 deployment. Time lag corresponds to value with lowest pvalue, and is in weeks. “*” = significant to the Bonferroni adjusted alpha level.
Bottom Temperature, 2008
Station
Depth
r
(m)
A01
3.7
0.4459
A06
8.8
-0.6238
A04
11.4
0.8762
A03
20.1
-0.6057
A05
25.6
0.9594
A14
25.6
0.2478
A20
28.3
0.9502

p

lag

Bonferroni

0.1267
0.0726
0.0009*
0.1495
0.0098*
0.8406
0.0498

2
1
0
3
4
0
3

0.0500
0.0100
0.0100
0.0100
0.0100
0.0125
0.0125

Table 6.4. Time-lagged correlations between weekly detection rates and bottom
temperature for the 2009-2010 deployment. Time lag corresponds to value with
lowest p-value, and is in weeks. No significant results at the Bonferroni adjusted
alpha level.
Bottom Temperature, 2009-2010
Station
Depth
r
p
(m)
B15
34.7
-0.9782
0.1330
B42
35.1
-0.4409
0.0102
B05
42.1
-0.3983
0.1584
B04
45.7
-0.6437
0.0326
B03
58.6
-0.9369
0.0631

lag

Bonferroni

4
4
2
2
4

0.0125
0.0100
0.0100
0.0100
0.0125

Figure 6.3. Bottom temperature and acoustic detection time series from Station A04
(2008, depth 11.4 m), positive correlation with 0 week time lag.
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Sea Surface Temperature
MODIS SST data were available for 12 stations in 2008 and for 24 stations in
2009 – 2010 (Tables 6.5 and 6.6, respectively). In 2008, acoustic detection rates
and SST were positively correlated at two stations with significance at the Bonferroni
adjusted alpha level. Both of these positive correlations had 0-week time lags, and
were at shallow depths (11 m and 14 m).

Table 6.5. Time-lagged correlations between weekly detection rates and sea surface
temperature for the 2008 deployment. Time lag corresponds to value with lowest pvalue, and is in weeks. “*” = significant at the Bonferroni adjusted alpha level.
SST, 2008
Station
Depth
(m)
A06
8.8
A09
8.8
A04
11.4
A13
14
A02
14.6
A19
17.4
A03
20.1
A05
25.6
A14
25.6
A20
28.3
A11
29.3
A17
29.3

r

p

lag

Bonferroni

-0.6799
-0.8465
0.7984
0.9997
-0.3543
-0.4456
-0.3098
0.5249
-0.8780
0.7631
-0.2272
0.9966

0.0439
0.0705
0.0099*
0.0151*
0.3152
0.2293
0.4172
0.1817
0.3178
0.0460
0.5279
0.0522

1
1
0
0
3
3
0
4
1
3
2
0

0.0100
0.0250
0.0100
0.0500
0.0167
0.0167
0.0100
0.0100
0.0125
0.0125
0.0167
0.0500

In the 2009 – 2010 deployment, nine stations had significant correlations
between acoustic detection rates and SST at the Bonferroni adjusted alpha level
(Table 6.6). At stations shallower than 25 m, both significant correlations were
positive, while at stations deeper than 34 m, most significant correlations were
negative (5 / 7 stations). Both shallow water positive correlations had 0-week time
lags. The time lags of the deeper correlations ranged from 0 to 4 weeks (mean 2.6
weeks). Figures 6.4 and 6.5 show a positive correlation (from shallow water) and a
negative correlation (from deeper water), respectively.
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Table 6.6. Time-lagged correlations between weekly detection rates and SST for the
2009-2010 deployment. Time lag corresponds to value with lowest p-value, and is in
weeks. “*” = significant at the Bonferroni adjusted alpha level.
SST, 2009-2010
Station
Depth
(m)
B45
6.7
B44
12.7
B53
13.1
B09
14.5
B62
14.8
B61
22.7
B17
23.7
B52
23.7
B08
24.4
B07
28.1
B51
33.1
B06
34.7
B15
34.7
B42
35.1
B33
35.6
B05
42.1
B50
43.9
B04
45.7
B40
48
B13
48.8
B49
49.4
B58
49.4
B03
58.6
B02
71.5

r

p

lag

Bonferroni

-0.7764
0.9234
0.4888
0.2790
0.3883
0.6829
0.2377
0.5992
0.0803
0.3046
0.1167
-0.6121
0.3320
-0.3949
-0.4341
-0.2526
-0.6346
0.4452
-0.3865
0.4220
-0.4552
0.5624
0.9263
0.1661

0.2236
0.0251
0.0465
0.0549
0.0500
0.0000*
0.1451
0.0000*
0.6044
0.1081
0.6912
0.0001*
0.4669
0.0129
0.0082*
0.0799
0.0003*
0.1469
0.0051*
0.0104*
0.0019*
0.0188
0.0027*
0.3479

4
1
0
3
3
0
0
0
0
0
2
0
1
4
4
0
1
2
4
4
2
1
3
3

0.0500
0.0250
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0125
0.0100
0.0167
0.0100
0.0167
0.0100
0.0167
0.0167
0.0167
0.0167
0.0125
0.0167

Figure 6.4. Sea surface temperature and acoustic detection time series from Station
B52 (2009, depth 23.7 m), positive correlation with 0 week time lag.
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Figure 6.5. SST and acoustic detection time series from Station B50 (2009, depth
43.9 m), negative correlation with 1 week time lag.

Sea Surface Temperature Anomaly
MODIS temperature anomaly data were available for nine stations in 2008
and for 23 stations in 2009 – 2010 (Tables 6.7 and 6.8, respectively). In 2008, a
station at 28 m (A20) had a strongly negative correlation between sound production
and SST-A with a two week time lag which was significant at the Bonferroni adjusted
alpha level.

Table 6.7. Time-lagged correlations between weekly detection rates and SST-A for
the 2008 deployment. Time lag corresponds to value with lowest p-value, and is in
weeks. “*” = significant at the Bonferroni adjusted alpha level.
SST-A, 2008
Station
Depth
(m)
A06
8.8
A09
8.8
A04
11.4
A02
14.6
A19
17.4
A03
20.1
A05
25.6
A20
28.3
A11
29.3

r

p

lag

Bonferroni

0.8555
0.6554
-0.8364
-0.5385
0.4360
0.6357
0.8244
-0.9948
-0.5745

0.0298
0.3446
0.0379
0.1685
0.3281
0.0903
0.1756
0.0004*
0.1363

3
4
0
2
1
0
1
2
1

0.0100
0.0250
0.0100
0.0167
0.0167
0.0100
0.0100
0.0125
0.0167
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In 2009-2010, eight stations had significant correlations between acoustic
detections and sea surface temperature anomaly at the Bonferroni adjusted alpha
level. Most correlations at deeper stations were negative (deeper than 34 m, 4 / 5
recorders), and time lags were variable (0 – 4 weeks, mean 1.6 weeks). In
shallower waters (< 25 m), 2 / 3 significant relationships were positive and time lags
ranged from one to three weeks (mean 1.6 weeks). Figure 6.6 illustrates positively
correlated sea surface temperature anomaly and acoustic detection time series from
a shallow water station from the 2008 deployment, and Figure 6.7 shows negatively
correlated time series from a deep water station from the 2009 – 2010 deployment.

Table 6.8. Time-lagged correlations between weekly detection rates and sea surface
temperature anomaly for the 2009-2010 deployment. Time lag corresponds to value
with lowest p-value, and is in weeks. “*” = significant at the Bonferroni adjusted
alpha level.
SST-A, 2009-2010
Station
Depth
(m)
B44
12.7
B53
13.1
B09
14.5
B62
14.8
B61
22.7
B17
23.7
B52
23.7
B08
24.4
B07
28.1
B51
33.1
B06
34.7
B15
34.7
B42
35.1
B33
35.6
B05
42.1
B50
43.9
B04
45.7
B40
48
B13
48.8
B49
49.4
B58
49.4
B03
58.6
B02
71.5

r

p

lag

Bonferroni

-1.0000
-0.6989
0.2321
0.5713
0.5172
0.2679
0.6561
-0.0689
0.3448
0.6091
-0.4714
0.8488
-0.4629
-0.4528
-0.4952
-0.2382
0.9358
-0.4502
0.3553
-0.4393
-0.6626
-0.7592
-0.4086

0.0000*
0.0245
0.1936
0.0208
0.0015*
0.2403
0.0000*
0.7176
0.1753
0.0816
0.0151*
0.1512
0.0172
0.0516
0.0013*
0.3926
0.0006*
0.0046*
0.0813
0.0151*
0.0518
0.1366
0.0425

3
1
4
0
1
0
1
4
1
3
0
2
1
2
2
4
2
0
0
4
4
0
0

0.0250
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0125
0.0100
0.0167
0.0100
0.0167
0.0100
0.0167
0.0167
0.0167
0.0167
0.0125
0.0167
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Figure 6.6. SST-A and acoustic detection time series from Station B52 (2009, depth
23.7 m), positive correlation with 1 week time lag.

Figure 6.7. SST-A and acoustic detection time series from Station B49 (2009, depth
49.4 m), negative correlation with 4 week time lag.

Vertical Temperature Gradient
Bottom temperatures and MODIS SST data were available for six stations in
2008 and five stations in 2009 – 2010, allowing for the calculation of the vertical
temperature gradient (Tables 6.9 and 6.10, respectively). In 2008, a single
significant negative correlation between vertical temperature gradient and acoustic
detections was found station A03 (Figure 6.8). This suggests that acoustic
detections increased when bottom temperatures were warming in relation to surface
temperatures. The significant positive correlation had a 0-week time lag, and
occurred at 20 m depth.
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Table 6.9. Time-lagged correlations between weekly detection rates and vertical
temperature gradient for the 2008 deployment. Time lag corresponds to value with
lowest p-value, and is in weeks. “*” = significant at the Bonferroni adjusted alpha
level.
Vertical Temperature Gradient, 2008
Station
Depth
r
p
(m)
A06
8.8
-0.5817
0.1304
A04
11.4
0.5225
0.2289
A03
20.1
-0.8619
0.0028*
A05
25.6
0.4194
0.3010
A14
25.6
0.2664
0.8283
A20
28.3
0.6751
0.0961

lag

Bonferroni

1
2
0
0
0
0

0.0100
0.0100
0.0100
0.0100
0.0125
0.0125

Figure 6.8. Vertical temperature gradient and acoustic detection time series from
Station A03 (2008, depth 20.1 m), negative correlation with 0 week time lag.

In 2009, one station had a significantly positive correlation between vertical
temperature gradient and acoustic detections (Table 6.10). This suggests that
acoustic detections increased when surface temperatures were increasing in relation
to bottom temperatures (increased stratification). This positive correlation occurred
at 35 m depth and had a 1-week time lag (Figure 6.9).
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Table 6.10. Time-lagged correlations between weekly detection rates and vertical
temperature gradient for the 2009-2010 deployment. Time lag corresponds to value
with lowest p-value, and is in weeks. “*” = significant at the Bonferroni adjusted
alpha level.
Vertical Temperature Gradient, 2009-2010
Station
Depth
r
p
lag
(m)
B15
34.7
0.9301
0.0072* 1
B42
35.1
0.1519
0.3913
3
B05
42.1
0.3140
0.2742
3
B04
45.7
0.6098
0.0612
3
B03
58.6
0.9251
0.0243
3

Bonferroni
0.0125
0.0100
0.0100
0.0100
0.0125

Figure 6.9. Vertical temperature gradient and acoustic detection time series from
Station B15 (2009, depth 34.7 m), positive correlation with 1 week time lag.

Chlorophyll-a
SeaWiFS Chl-a data was available for eight stations in 2008 and 20 stations in
2009 – 2010 (Tables 6.11 and 6.12, respectively). No significant correlations were
found in the 2008 data.
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Table 6.11. Time-lagged correlations between weekly detection rates and Chl-a for
the 2008 deployment. Time lag corresponds to value with lowest p-value, and is in
weeks. No significant correlations at the Bonferroni adjusted alpha level.
Chl-a, 2008
Station
Depth
(m)
A06
8.8
A04
11.4
A02
14.6
A19
17.4
A03
20.1
A05
25.6
A14
25.6
A11
29.3

r

p

lag

Bonferroni

0.6631
-0.9993
-0.9200
0.9712
-0.9583
0.4224
0.6068
-0.8517

0.3369
0.0242
0.2564
0.1531
0.1845
0.5776
0.5849
0.1483

0
2
1
2
1
0
4
1

0.0100
0.0100
0.0167
0.0167
0.0100
0.0100
0.0125
0.0167

In 2009, 11 stations had significant correlations between Chl-a and acoustic
detections. In shallower waters (< 30 m), the correlations tended to be negative (5
/ 6) and lag times were between 0 and 3 weeks (mean lag time 1.8 weeks). At
stations deeper than 35 m, all correlations were positive, and lag times were
between 0 and 4 weeks (mean lag time 1.2 weeks). Figures 6.8 and 6.9 are
examples of a negative correlation between Chl-a and acoustic detections in
shallower water and a positive correlation in deeper water, respectively.
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Table 6.12. Time-lagged correlations between weekly detection rates and Chl-a for
the 2009-2010 deployment. Time lag corresponds to value with lowest p-value, and
is in weeks. “*” = significant at the Bonferroni adjusted alpha level.
Chl-a, 2009-2010
Station
Depth
(m)
B53
13.1
B09
14.5
B62
14.8
B61
22.7
B17
23.7
B52
23.7
B08
24.4
B07
28.1
B51
33.1
B06
34.7
B42
35.1
B33
35.6
B05
42.1
B50
43.9
B04
45.7
B40
48
B13
48.8
B49
49.4
B58
49.4
B02
71.5

r

p

lag

Bonferroni

-0.6558
-0.5099
0.9408
-0.6195
0.6226
-0.5958
-0.4798
-0.6602
-0.8144
0.2421
0.6199
0.7678
0.4149
0.9125
0.9281
0.1593
-0.3833
0.6251
-0.6498
0.4842

0.1573
0.0129*
0.0052*
0.0010*
0.0174
0.0021*
0.0131*
0.0074*
0.0933
0.3181
0.0104
0.0095*
0.0392
0.0006*
0.0076*
0.4469
0.3085
0.0024*
0.1625
0.0165*

0
0
3
0
3
3
2
3
3
1
0
3
1
3
0
2
4
0
1
0

0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0167
0.0100
0.0167
0.0100
0.0167
0.0100
0.0167
0.0167
0.0167
0.0167
0.0167

Figure 6.8. Chl-a and acoustic detection time series from Station B07 (2009, depth
28.1 m), negative correlation with 3 week time lag.
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Figure 6.9. Chl-a and acoustic detection time series from Station B04 (2009, depth
45.7 m), positive correlation with 0 week time lag.

Discussion

A fundamental problem with in situ investigations on physical – biological
interactions is the difficulty in obtaining sufficient biological observations with
simultaneous environmental data (Davis et al., 2000). Since the launch of Seasat in
1978, space-based oceanographic sensors have allowed researchers to consider
ocean properties over synoptic time and space scales (Wilson et al., 2006). With the
increasing use of autonomous acoustic recorders (e.g., Clark, 1995; Bailey et al.,
2010), researchers now have the ability to study sound producing animals over
similar time and space scales.
While autonomous acoustic recorders can provide long term synoptic data on
sound producing animals, the results must be viewed with caution. While the
detection of dolphin sounds indicates dolphin presence, the absence of dolphin
sounds does not necessarily indicate dolphin absence. Dolphin sound production can
vary between species (e.g., Oswald et al., 2008), locations (e.g., Jones and Sayigh,
2002), sympatric communities (e.g., Deecke et al., 2005) as well as over various
time scales (Chapter 5). Estimates of dolphin sound production rates are normally
made during boat based surveys; however, the presence of boats can influence
sound production (Buckstaff, 2004). In addition, the low duty cycle (time recording
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vs. time not recording) of the recorders in this study could potentially lead to
inaccuracies in the detection time series; however, there were no statistical
differences between several sample time series in this study relative to concurrent
time series using an experimental data compression method with a high duty cycle
(Chapter 4).
The environmental data in this study also had limitations. While bottom
mounted temperature loggers were used in this study, few were recovered so most
environmental data were surface properties. As surface properties can result from
two-dimensional processes at the surface or from three-dimensional processes
occurring throughout the water column (Weisberg et al., 2004), the ability to
determine how dolphins respond to ocean processes was limited in this study. With
ocean color data, obtaining accurate chlorophyll levels in shallow water (such as the
shallower waters in this study) is difficult due to the high levels of CDOM (colored
dissolved organic matter), detritus and bottom reflectance (Hu et al., 2000a; 2000b;
Shanmugam and Ahn, 2007). Finally, January 2010 was an unusually cold month on
the WFS, and current cloud filters used for SST calculations from AVHRR satellite
data are currently inadequate to accurately measure such extreme cold events
(Barnes et al., 2011). Finally, it is important to consider that the relationships
between physical and biological properties are often subtle and complex (e.g., water
properties can be advected from the area of interest, Wall, 2006) and factors other
than prey and oceanography can influence cetacean distribution (e.g., calving areas,
Davis et al., 2002).
In this study, several correlations were found between oceanographic
variables and acoustic detections of dolphins. Little previous work has been
conducted on dolphin distribution or sound production in relation to oceanography on
the temporal and spatial scales of this study. Correlations appeared to be depth
related, and the sign of the correlations, as well in some cases the time lags, tended
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to be different for shallow versus deep water. Although these trends must be viewed
with caution, as they were not necessarily seen at every station in a given depth,
they are nevertheless evidence for fundamental differences in the ecology of inshore
and offshore environments of the WFS.

Shallow Water Patterns (< 25 m)
The shallow waters of the WFS are used mainly by bottlenose dolphins (Fritts
et al., 1983; Chapter 4). The bottlenose dolphins have been found to be bay and
estuary residents (e.g., Sarasota Bay) closer to shore, and Gulf residents with
increasing depth (Fazioli et al., 2006). Atlantic spotted dolphins become relatively
common in waters deeper than 20 m (Griffin and Griffin, 2003; Chapter 4).
In shallow water, all significant correlations between bottom temperature,
SST and acoustic detections of dolphins were positive (i.e., dolphin detections
increased with increasing temperature). Time lags were typically low (in most cases
0 weeks). Short time lags suggest that temperature was influencing higher trophic
levels, likely the distribution of dolphin prey. For example, pinfish (Lagodon
rhomboides) are a common prey item for inshore bottlenose dolphins (Barros and
Odell, 1990). These fish are commonly found in the shallow WFS (e.g., 6 – 30 m:
Nelson, 2002) and their movements are partially determined by temperature
(Muncy, 1984).
Only one significant correlation was found for vertical temperature gradient
and dolphin sound detections (negative, with no time lag). In other words, dolphin
sound production increased with decreased vertical stratification / increased vertical
mixing. Although it is difficult to draw conclusions from this single result, this result
is counterintuitive as a well-mixed water column is generally associated with cooler
surface water temperatures (Mann and Lazier, 2006).
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Significant negative correlations were common between Chl-a concentration
and dolphin acoustic detections (i.e., dolphin detections increased with decreasing
Chl-a concentration). Time lags were variable but tended to be longer than for SST
(mean 1.8 weeks). The negative correlation is counterintuitive as this would suggest
that increases in Chl-a concentration would lead to decreases in dolphin density or
activity. However, 50% of inner WFS seafloor is hardbottom (Locker et al., 2003)
which supports diverse benthic communities (e.g., macroalgae, sponges) and
demersal fish assemblages (Dupont, 1999). Stable isotope analysis indicated that
bottlenose dolphins resident to Sarasota Bay were not part of a phytoplankton-based
food web, but instead were dependent on a benthic (seagrass-based) food web
(Barros et al., 2010). The diel acoustic activity of dolphins in the shallow WFS
(Chapter 5) suggests that foraging patterns are similar to those observed in
estuarine resident bottlenose dolphins (e.g., Shane, 1990; Mate et al., 1995).
Therefore, it is plausible that the dolphins of the inner WFS are dependent on a
benthic based food web, and therefore increases in Chl-a concentration are not as
influential on their foraging ecology. This hypothesis is also supported by the
observed relationships between temperature and dolphin detections, as the shorter
time lag correlations suggest that temperature is influencing the higher trophic levels
(dolphin prey) instead of indicating potential nutrient influxes for phytoplankton.

Deep Water Patterns (> 35 m)
The deeper waters of the WFS are inhabited by both bottlenose dolphins and
Atlantic spotted dolphins (Fritts et al., 1983; Griffin and Griffin, 2003; Chapter 4).
The bottlenose dolphins are increasingly made up of offshore and intermediate
ecotypes (Waring et al., 2011), while bottlenose dolphins from shallower areas (e.g.,
10 m) rarely range into the deeper Gulf (Fazioli et al., 2006), although little is known
about dolphin ranging patterns over the shelf.
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In deeper waters of the study area, the correlations between dolphin
detections and oceanographic variables tended to reverse themselves. Significant
correlations between SST, SST-A and dolphin sound production were nearly all
negative (i.e., dolphin detections increased with decreasing SST and SST-A). While
acoustic detection – SST time lags tended to be short in shallower water, the time
lags observed in deeper water tended to be longer (mean = 0.0 weeks in shallow
water, mean = 2.6 weeks in deeper water). Correlations between dolphin
distribution and cooler SST have been previously observed in Gulf of Mexico
continental shelf waters, and this relationship was thought to be primarily
determined by the location of oceanographic fronts (Baumgartner et al., 2001).
Wells and colleagues (1999) also found that a satellite tagged bottlenose dolphin
made dramatic changes in swimming (to southward) corresponding to the passage of
major cold fronts. As opposed to shallow waters, the longer time lags found here
suggest that temperature is not directly influencing prey items, but instead is
affecting lower trophic levels. Decreases in water temperature could indicate mixing
in the water column (upwelling), which would influence primary productivity in
phytoplankton (Mann and Lazier, 2006).
A single positive significant correlation was found between dolphin sound
production and vertical temperature gradient in deeper water (i.e., dolphin
detections increased with increasing temperature gradient or vertical stratification).
As in the case with the single negative correlation in shallower water, it is difficult to
draw conclusions from such low levels of significant observations. However, a
correlation between increased sound production and increased vertical stratification
with a 1-week time lag in combination with the correlation between increased sound
production and decreased SST with a mean time lag of 2.6 weeks may indicate that
upwelling events are important considerations in dolphin distribution and / or sound
production.
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All significant correlations between Chl-a and dolphin sound production in
deeper water were positive (i.e., dolphin detections increased with increasing Chl-a
concentrations). Positive correlations between dolphins of the genus Stenella in the
oceanic Gulf of Mexico were also found to correlate with increased chlorophyll
concentrations (Davis et al., 2002). Time lags were variable, but tended to be
shorter in deeper waters (mean = 1.2 weeks) than in shallow water (mean = 1.8
weeks). These positive correlations suggest that dolphins in deeper water are part of
a phytoplankton-based food web. This has been previously suggested by Barros and
colleagues (2010), who used stable isotope analysis to suggest that deep water
bottlenose dolphins foraged in a phytoplankton-based (Trichodesmium) food web.
The depth range of 25 – 35 m appears to be a discontinuity for a variety of
biological measures, many of which are dolphin prey (see Perrin et al., 1987; Barros
and Odell, 1990). For example, pinfish and pigfish (Orthopristis chrysoptera) are not
common beyond 20 – 30 m depth (Pierce and Mahmoudi, 2001; Nelson, 2002).
Slender and longfin squid (Loligo pealei, L. plei) are not known to range inshore of
40 m and 20 m, respectively (Hixon et al., 1980). Different prey preferences have
been documented for shallow water and deep water bottlenose dolphins (Barros and
Odell, 1990), as well as differences in the primary producers in the food webs
(Barros et al., 2010), and the prey preferences of Atlantic spotted dolphins appear
to resemble deep water bottlenose (Perrin et al., 1987 and references therein).
Offshore dolphins appear to have different foraging strategies than inshore dolphins
(e.g., group foraging, Leatherwood, 1975; nocturnal foraging, Chapter 5).
Therefore, a shift in the nature of the food web from inshore to offshore is not
unexpected.
In summary, synoptic scale dolphin sound production data from autonomous
acoustic recorders is a valuable tool for investigations of dolphin ecology, as the
resulting large spatial and temporal scale time series can be analyzed in relation to
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remotely sensed oceanographic data. The results of this study suggest that the
ecosystems for dolphins in the deep and shallow waters of the WFS are
fundamentally different, and appear to transition in waters between 25 m and 35 m.
In shallow water, dolphin distribution (or sound production) increased with warmer
water temperatures with short or no time lags, likely due to movements of prey.
Dolphin sound detections in shallow water decreased with increasing Chl-a
concentrations, with a longer time lag (mean = 1.8 weeks). This suggests that
dolphins in the shallow WFS are not dependent on a phytoplankton based food web,
but instead are part of a food web with benthic primary producers. In deeper water,
dolphin distribution (or sound production) tended to increase with cooler water
temperatures with longer time lags (mean = 2.6 weeks for SST), and also increased
with higher Chl-a levels with shorter time lags (mean = 1.2 weeks). These results
suggest that the dolphins in the deeper WFS are dependent on a phytoplankton
based food web.
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CHAPTER 7: CONCLUSION

The Gulf of Mexico faces significant anthropogenic impacts including
petrochemical exploration and exploitation, commercial fishing and recreational
fishing and boating (e.g., Coleman et al., 2004; Sidman et al., 2004; Ache et al.,
2008). These potential sources of disturbance can impact cetaceans, with effects
ranging from behavioral changes to mortality. For example, common bottlenose
dolphins (Tursiops truncatus, henceforth referred to as bottlenose dolphins) avoid
areas with high boat traffic (Wells, 1993; Allen et al., 2001), and oil spills can cause
morbidity and mortality in cetacean populations (the magnitude of which may be
underestimated, Williams et al., 2011). As many anthropogenic impacts are
increasing yearly (e.g., recreational boating, Sidman et al., 2004), there is great
need to monitor cetacean populations over time in order to identify changes in
abundance, distribution and behavior.
In western Florida, coastal and estuarine communities of bottlenose dolphins
are the subjects of several long term and intensive studies (e.g., Irvine et al., 1981;
Weigle, 1990; Wells, 1991). Gulf of Mexico waters off western Florida (the West
Florida Shelf, WFS) are not as well studied. The WFS is habitat for bottlenose
dolphins, Atlantic spotted dolphins (Stenella frontalis) and occasionally roughtoothed dolphins (Steno bredanensis, Fritts et al., 1983; Griffin and Griffin, 2003;
Chapter 4). These dolphins are all known to produce both whistles and echolocation
clicks in their natural environments (Steiner, 1995; Herzing, 1996; Simard et al.,
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2010; Frankel et al., submitted; Chapter 2). Atlantic spotted dolphins and
bottlenose dolphins are also known to make burst-pulses and various low frequency
sounds (Herzing, 1996; Simard et al., 2011; Chapter 3). By using multiple
methodologies (boat-based visual surveys and acoustic recordings, and acoustic
recordings from stationary autonomous recorders), this dissertation increases our
current knowledge of WFS dolphin distribution and acoustic behavior. The acoustic
data from the stationary recorders provide a permanent record of dolphin sound
production (and by proxy, distribution) from multiple locations from June 2008 to
June 2010. As recorders are still maintained at several stations since the
termination of field work for this dissertation, the acoustic data set is particularly
valuable for long term monitoring of WFS dolphins.

Echolocation
Echolocation has been well studied with trained dolphins performing
echolocation tasks (see Au, 1993 for review), although studies on free-ranging
dolphins are not common. Studies using trained dolphins have shown that
echolocation pulse rate is dependent on the distance to the target; the echo from a
pulse is generally received by the animal before the next pulse is produced (Johnson,
1967; Au et al., 1974). In this study, the echolocation of free-ranging bottlenose
dolphins was investigated (Chapter 2). Distance to target estimates based on pulse
rate modes (maxima in pulse rate occurrence) were as high as 91.8 m. As this
estimate was based on a common pulse rate, not the minimum pulse rate, this result
suggests that free-ranging bottlenose dolphins are commonly echolocating on targets
at least 92 m away. This result supports the maximum echolocation distances
estimated for trained bottlenose dolphins (e.g., 113 m, Au and Snyder, 1980) and
free-ranging bottlenose dolphins (140 m, Akamatsu et al., 1998).
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The lag time (the time between the return echo and the production of another
echolocation click) was estimated in this study at 5.29 ms. This was considerably
shorter than lag time estimates from trained dolphins (e.g., 19 ms – 45 ms, Au et
al., 1974). Short lag times in free-ranging odontocetes have been previously
reported (finless porpoise, Neophocaena phocaenoides, Akamatsu et al., 2005),
possibly indicating that free-ranging odontocetes can process echolocation
information faster than the estimates from most studies on trained, captive animals.
In this study, the mean pulse rates of bottlenose dolphin echolocation click
trains were negatively correlated to water depth. In other words, deeper water
groups had a slower mean click rate, while shallow water groups had faster click
rates. This suggests that echolocation pulse rate is dependent on distances to
potential targets, and potential targets are a function of water depth. As pulse rate
in trained dolphins increases with decreasing distance to target, the results from this
study provide evidence that free-ranging bottlenose dolphins use echolocation in a
similar manner as observed in captive studies.
In this echolocation study, bottlenose dolphin groups were recorded in waters
up to 30 m deep. Determining if the relationship between mean pulse rate and
depth in deeper shelf waters or oceanic waters holds would be a logical continuation
of this study. As the range of echolocation has a maximum (due to background
noise masking, reverberation, attenuation and spreading loss, Au, 1993), I
hypothesize that the relationship found here would not continue in a linear manner
with increasing depth. Although the frequency spectra of echolocation clicks were
analyzed in a preliminary manner, the recording sample rate was too low to analyze
full bandwidth clicks. Therefore, further investigations would benefit from increased
sample rate so that the relationship between depth and frequency content could be
addressed. Too few recordings and in too narrow a depth range were available for
Atlantic spotted dolphins to conduct analysis. However, with increased sample size
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and deeper depth recordings this analysis could easily be conducted for Atlantic
spotted dolphins on the WFS.

Low Frequency Narrow-Band (LFN) Sounds
Low frequency dolphin sounds have received comparatively little attention by
the scientific community, although various forms have been observed in several
species of dolphin (bottlenose dolphins, Schultz et al., 1995; Herzing, 1996; Janik
2000; Pacific humpback dolphins, Sousa chinensis, Van Parijs and Corkeron, 2001;
Risso’s dolphins, Grampus griseus,Corkeron and Van Parijs, 2001).

In this study,

low frequency narrow-band sounds (LFN sounds, previously described for bottlenose
dolphins, Schultz et al., 1995) were recorded from inshore bottlenose dolphins in
Tampa Bay and Boca Ciega Bay, Sarasota Bay, and Mississippi Sound (Chapter 3).
These sounds appeared to be used in social contexts, and may have a function in
socio-sexual interactions. LFN sounds were recorded at low levels throughout the
WFS, although they could not be attributed to species (Chapter 5). No seasonal
pattern was found for LFN production; however, some evidence was found for
increased LFN production in daytime and evening hours (Chapter 5). The peak
frequency of LFN sounds (500 Hz – 1000 Hz) is well below what is considered the
best range of hearing for bottlenose dolphins, and is prone to potential masking by
boat noise (Chapter 3).
Understanding of the function of the LFN sounds could be improved in several
ways. Detailed behavioral records synchronized with recordings from a multielement hydrophone array (allowing for the location of the sound producing animal
to be estimated, cf. Janik 2000; Frankel et al., submitted) are necessary to
determine the function of this sound with more confidence. An additional benefit
would be a more accurate source level estimate for the LFN sound. Studying these
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sounds in captive settings would also add to our understanding of the function of
these sounds, as behavior would be easier to monitor and record.

West Florida Shelf Dolphin Distribution and Sound Production
The WFS is year-round habitat for bottlenose dolphins and Atlantic spotted
dolphins (Fritts et al., 1983; Griffin and Griffin, 2003; Chapter 4). Visual surveys
have indicated that bottlenose dolphins are more common in inshore waters,
especially along the coast and off Tampa Bay, while Atlantic spotted dolphins are
normally found in shelf waters 20 m or deeper (Irvine et al., 1981; Irvine et al.,
1982; Fritts et al., 1983; Griffin and Griffin, 2003; Chapter 4). The results of this
dissertation research, especially when considered with previous studies, suggest that
there are fundamental ecological differences between the dolphins in the shallow
WFS and those in the deep WFS, and these differences correspond with differences in
various biological and abiotic factors. Here I propose that an ecological delineation
exists on the WFS which determines the distribution of dolphins. This delineation
appears to occur between 25 m and 35 m depth, and the exact location is likely
modulated by a series of bottom-up events (i.e., initiated by oceanographic and
atmospheric events leading to biological responses by lower trophic levels).

Dolphin Ecology of the Shallow West Florida Shelf
In shallow water (< 20 m), bottlenose dolphins are common and Atlantic
spotted dolphins are not frequently seen (Fritts et al., 1983; Griffin and Griffin,
2003; Chapter 4). The bottlenose dolphins in this area are made up of bay and
estuary residents that range into the Gulf, and resident dolphins of the WFS, for
which the offshore ranges remain to be determined (Fazioli et al., 2006). The
resident bottlenose dolphins of the shallow WFS appeared to have seasonal
migrations, as some individuals were not seen in the winter and many new
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individuals were observed in the spring (Fazioli et al., 2006). Wells and colleagues
(2011) determined that some of the dolphins in these nearshore WFS waters had
resighting histories over periods of decades. Patterns of sound production (diel
sound production, proportion of sound types produced) suggested a movement of
dolphins towards offshore and / or more southerly areas in the winter, which may
correspond to the movements of these dolphins (Chapter 4; Chapter 5). While some
resident WFS bottlenose dolphins appear to leave the area in the winter, the bay and
estuary dolphins make greater use of the nearshore Gulf in winter (Irvine et al.,
1981; Fazioli et al., 2006).
In this study, the acoustic behavior of coastal region dolphins (≤ 2 km from
shore) had similar patterns to previous studies on inshore dolphins, which is not
surprising as bottlenose dolphins in this area are frequently identified as bay and
estuary residents (Irvine et al., 1981; Fazioli et al., 2006), and there are likely
ecological similarities between the coastal WFS and the adjacent bays and estuaries.
Acoustic detections were relatively low in the coastal regions despite visual sighting
rates being high, suggesting a low sound production rate by dolphins, and
echolocation was more common than whistles (Chapter 4; Chapter 5). Jones and
Sayigh (2002) found that bottlenose dolphins in Sarasota Bay produced fewer
sounds than three inshore communities in North Carolina, and although not directly
addressed in their study, echolocation was more commonly recorded than whistles in
Sarasota Bay (see Figure 1 in Jones and Sayigh, 2002). Peaks in sound production
also occurred during daylight hours in this study, suggesting diurnal activity patterns
(Chapter 5), which supports the diurnal activity reported in previous studies in
Tampa Bay and Sarasota Bay (Scott et al., 1990; Mate et al., 1995). The similarity
of acoustic behavior between the shallow coastal regions of the WFS and the
adjacent bays and estuaries may be due to similar environmental conditions (e.g.,
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water depth, prey preferences), and may also reflect the acoustic and diel activity
patterns of bay and estuary bottlenose dolphins ranging into the shallow WFS.
In the waters immediately offshore of the coastal regions (inner shelf regions,
approximately 5 – 20 m), no cohesive diel pattern of sound production was
observed. When considered with the coastal regions with their tendency for daytime
peaks, and regions in the deeper WFS with their tendency for nighttime peaks in
sound production (discussed below), the inner shelf may have a mixture of activity
patterns, possibly due to the area being used by both shallow WFS dolphins and
deep WFS dolphins. However, a higher proportion of echolocation to whistles was
found for dolphins on the inner shelf regions, suggesting that environmental
conditions in these regions are similar to those in shallower areas.
Stomach content analysis of stranded deceased bottlenose dolphins indicated
that dolphins from Sarasota Bay had different diets than bottlenose that stranded on
Gulf of Mexico beaches, which likely reflected prey distribution (Barros and Odell,
1990; Barros and Wells, 1998). The Gulf dolphins analyzed by Barros and Odell
(1990) likely would have represented some WFS dolphins resident to relatively
shallow water (cf. Fazioli et al., 2006; Wells et al., 2011). Some of the common fish
species consumed by Gulf dolphins were the same as found for Sarasota Bay
dolphins (e.g., pinfish, Lagodon rhomboides, Barros and Odell, 1990; Barros and
Wells, 1998). This is not surprising, as many preferred prey items of bottlenose
dolphins are found both in estuaries and the open Gulf. For example, pinfish and
pigfish (Orthopristis chrysoptera) are common at 20 – 30 m depths at various times
of year on the WFS (Darcy and Gutherz, 1984; Pierce and Mahmoudi, 2001; Nelson,
2002; see Chapter 1). Therefore, it is likely that bottlenose dolphins in the shallow
WFS are often feeding on some of the same species as bay and estuary dolphins.
Dolphin sound production in the shallow WFS was closely correlated to
changes in temperature. Since at least some prey species of bottlenose dolphins are
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known to move in response to temperature changes (Muncy, 1984), this may be a
driving factor in dolphin movements and / or acoustic behavior (Chapter 6). Dolphin
sound production in the shallow WFS was also negatively correlated to chlorophyll
levels, and with longer time lags, suggesting that dolphins in the shallow WFS were
not necessarily dependent on a phytoplankton-based food web. Barros and
colleagues (2010) used stable isotope analysis to determine that Sarasota Bay
resident bottlenose dolphins were part of a benthic seagrass based food web. Given
the similarities between Sarasota Bay dolphins in certain prey items (Barros and
Odell, 1990; Barros and Wells, 1998) and acoustic behavior (Chapter 4; Chapter 5),
it is possible that the bottlenose dolphins in the shallow WFS are also part of a
benthic primary production food web. Detailed analysis on the stable isotopes, fatty
acid signatures or stomach contents of known shallow WFS residents would be
valuable in testing this hypothesis.

Dolphin Ecology of the Deep West Florida Shelf
The deeper waters of the WFS (> 20 m) are habitat for both bottlenose
dolphins and Atlantic spotted dolphins (Fritts et al., 1983; Griffin and Griffin, 2003;
Chapter 4). Dolphins in this area are found in lower densities (Fritts et al., 1983;
Chapter 4) and larger group sizes (Fritts et al., 1993). Bottlenose dolphins in this
area have been found to be increasingly composed of the intermediate and offshore
ecotypes (Waring et al., 2011). These ecotypes have several physical differences
from the inshore ecotype, including hemoglobin and hematocrit differences which
likely reflect differences in diving capabilities and foraging strategies (Duffield et al.,
1983; Hersh and Duffield, 1990; Klatsky et al., 2007). WFS resident bottlenose
dolphins from shallower water (≤10m) were rarely found in deeper WFS waters by
Fazioli and colleagues (2006).
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The distribution of dolphin species and the patterns observed in acoustic
behavior may reflect prey distribution. While prey species for inshore bottlenose
dolphins are rarely found in deeper shelf waters (e.g., pinfish, Pierce and Mahmoudi,
2001), several species of squid move inshore in warmer months (to 20 – 40m
depending on species) and are nocturnally active (Hixon et al., 1980; Marelli and
Arnold, 1998). Stomach content studies by Barros and Odell (1990) found that squid
were consumed by Gulf dolphins, while no squid were consumed by resident
Sarasota Bay bottlenose dolphins (Barros and Wells, 1998). Squid have also been
identified as a common prey item for Atlantic spotted dolphins (Perrin et al., 1987
and references therein). The seasonal distribution and diel activity patterns of squid
resemble the patterns observed in the seasonal distribution and diel acoustic activity
of dolphins in the deeper WFS waters in this study (e.g., mid shelf regions, > 20 m,
see Chapter 5). A strong nocturnal peak in sound production was found for deeper
WFS waters (e.g., mid shelf regions, > 20 m), and this pattern appeared to be
seasonally modulated, extending into shallower and more northern waters in the
spring (Chapter 5). In addition, evidence was found for a northerly and inshore
movement of Atlantic spotted dolphins (Chapter 4), supporting proposed migrations
for this species suggested in earlier studies (Fritts et al., 1983 and references
therein). If such seasonal migrations do occur for Atlantic spotted dolphins and / or
deeper WFS resident bottlenose dolphins, it is likely that these movements are
determined by squid movements or possibly some unidentified prey.
Stable isotope analysis indicates that bottlenose dolphins in the open Gulf of
Mexico are part of a phytoplankton-based food web (Trichodesmium; Barros et al.,
2010). In this study, dolphin sound production was positively correlated with
increased chlorophyll concentrations with a mean lag time of 1.2 weeks in waters
deeper than 35 m (Chapter 6), suggesting that dolphin density or acoustic activity
increased when chlorophyll levels increased. Therefore, it appears that in the deeper
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WFS, dolphins are dependent on a phytoplankton based food web, supporting the
results of Barros and colleagues (2010).

Potential Improvements
At the time of the 2008 and 2009 deployments, the maximum memory card
available was 16 GB. Given that a long deployment was necessary, and the “stutter”
data compression testing was a high priority, this required a low duty cycle
(recordings were made for only a small proportion of time) for the raw (unstuttered)
files. While lack of correlation between visual sighting rates and acoustic detection
rates are likely in part due to dolphin acoustic behavior (e.g., some dolphins are
quiet), the results here suggest that the sparse nature of the data sets, and in
particular the low duty cycle of the acoustic data, were largely responsible for the
lack of correlation (Chapter 4). Other studies using high acoustic duty cycle in
combination with intensive visual search effort have found high correlation between
visual and acoustic detections (Philpot et al., 2007; Bailey et al., 2010). Therefore,
future studies with larger memory cards (e.g., 128 GB) and higher duty cycles will be
able to more confidently estimate dolphin density. However, increasing quantities of
data will require more efficient means of identifying dolphin sounds (e.g., detection
algorithms).
We currently do not know if changes in sound detections are indicating
changes in dolphin distribution, acoustic behavior or some combination of these
factors. When patterns are observed in a time synchronous manner over a large
area (e.g., nighttime sound production in deeper WFS waters, Chapter 5), we can
more comfortably conclude that the patterns reflect the behavior of the animals, and
not a daily migration out of the entire area. However, when patterns are isolated in
space or time (e.g., the large peak in burst-pulses observed in the coastal north
region, Chapter 5), it is not as clear if the increase was caused by an influx of
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dolphins or was an increase in burst-pulses by dolphins that had been there all
along. Increased boat-based studies on WFS dolphins would be beneficial to better
understand their distribution patterns, their acoustic behavior and the relationship
between visual survey density estimates and autonomous acoustic recorder density
estimates.

The active space estimation model used in this study was based on the

Bellhop sound propagation model for 30 m on the WFS (Frankel et al., submitted;
Chapter 4). However, the DSG recorders ranged in depth from 6.7 m to 71.5 m, and
operated over the full range of seasonal extremes of water temperatures. Thus the
active space estimation could be improved by site- and temperature-specific models,
and by conducting sound pressure level studies around the recorders for in situ
model verification. In addition, the sound production rates of dolphins without boats
present are critical information, and of course must be calculated in terms of group
size. This is not easily accomplished, especially in offshore areas, but is necessary to
estimate the probability that dolphins were present but not making sounds. Shorebased visual-acoustic surveys (e.g., Bailey et al., 2010) and passive acoustic tags
(e.g., Madsen et al., 2002) can be used to estimate this variable. With additional
information on these subjects, we will be able to interpret fluctuations in detections
from autonomous acoustic recorders with more confidence, and can work to convert
relative density estimates (such as in Chapter 4) to actual density estimates of
dolphin populations (e.g., Van Parijs et al., 2002).
For correlating dolphin distribution with environmental factors, an increase in
spatial and temporal resolution would be useful. While remotely sensed data has
tremendous value in such large scale studies, in situ measurements of temperature
and chlorophyll concentrations could increase data availability (e.g., in cases of cloud
cover making satellite observations impossible). In this study, the analysis of
relationships with bottom temperatures was limited by a sparse data set. Additional
bottom temperature sensors and the use of modeled bottom temperature would
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increase our ability to draw conclusions on the relationship between sub-surface
temperature changes and dolphin distribution, and would increase the possibility of
detecting unusual events (e.g., He and Weisberg, 2003) which may produce
substantial biological reactions.

Summary
Dolphins in the shallower waters of the WFS appear to have a similar sound
production patterns (proportion of sound types produced, sound production rates) as
adjacent bay and estuarine dolphins. This is likely due to similarities in social
structure and feeding ecology, and like bay and estuarine bottlenose dolphins,
shallow WFS dolphins may be part of a benthic based food web. Deeper water
dolphins appear to have very different acoustic and foraging behaviors which likely
reflect the seasonal and diel movements and activities of their prey. These dolphins
are likely part of a phytoplankton based food web. There also appears to be an
intermediate zone where mixed patterns of sound production occur.
The delineation of these groups (based on species distribution, details of
sound production and relationships to oceanographic variables) appears to be about
20 – 40 m. In addition to changes in dolphin distribution and sound production, this
depth range appears to be a transition in geological, physical and biological
oceanography. Sediment type has been shown to be a major factor in the
composition of local finfish communities (Darcy and Gutherz, 1984; Pierce and
Mahmoudi, 2001), and a major transition from quartz-rich sand to carbonate rich
sediments occurs at 15 – 20 m depth (Darcy and Gutherz, 1984; Brooks et al.,
2003). Limestone outcrops (“live bottom”), which support rich benthic communities,
increase in occurrence beyond the 10 m isobath, and occur on about 50% of the
inner WFS (Locker et al., 2003; Dupont, 2009). Weisberg and colleagues (2001;
2005) define the inner shelf as an area where Ekman layer divergence establishes a
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cross-shelf pressure gradient. This region extends to approximately the 50 m
isobath near Tampa Bay. Given the unique circulation patterns in this region, as well
as the influence of freshwater input (Zheng and Weisberg, 2004), the physical
environment for organisms will be very different than in deeper waters. Finally,
species distribution and species composition shifts in have been observed in several
groups between shallow (< 20 m) and deeper (> 40 m) waters of the WFS (e.g.,
zooplankton, Lester, 2005; finfish, Pierce and Mahmoudi, 2001; Wall et al.,
submitted; squid, Marelli and Arnold, 1998 and references therein). Therefore, it
appears that a large ecosystem transition takes place at 20 – 40 m on the WFS,
which influences biology at multiple levels and is an important conservation and
management consideration.
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APPENDIX 2: DIGITAL SPECTROGRAM (DSG) RECORDERS

Digital SpectroGram recorders (DSG recorders, Loggerhead Instruments,
Sarasota, FL) are low power consumption, compact and low cost digital acoustic
recorders designed to work in terrestrial or underwater (even deep-sea)
environments. They are capable of recording at high sample rates (necessary to
record dolphin sounds), up to 80 kHz continuously and up to 400 kHz burst, and
have 16 bit A/D resolution. Gain is 20 dB (input voltage +/- 0.1V). DSGs are built
on a low power embedded computer (dsPIC33F; 100 mA running, 2 mA sleeping),
and record onto a SDHC (Secure Digital High Capacity) card. For the research in this
dissertation 16 GB cards were used, however DSGs can now record on 128 GB cards.
The files saved on the card are in a format (dsg) which puts the time date stamp into
the filename. These files can be converted to wav files if necessary for analysis
(using the software DSG2wav, Loggerhead Instruments), although dsg files can be
analyzed in their original format with Sigchain software (Loggerhead Instruments).
DSG recorders are programmable by the user (for duty cycle, sample rate, start and
end times) with the software DSGschedule (Loggerhead Instruments, Figure A2.1).
DSGschedule also allows for a data compression system known as “stutter”, where
short time segments are saved from a continuous recording, resulting in a smaller
file size containing an intermittent signal (compressed in the time scale).

338

Figure A2.1. DSGschedule software GUI. Note that bottom left window allows the
user to preview the schedule file of the recorder, while the bottom right panel shows
the startup code.

For underwater recording, DSGs are housed in PVC housings (Figures A2.2
and A2.3), although aluminum housings are available for deep-sea deployments.
Hydrophones are HTI-96-MIN (High Tech, Inc., Long Beach, MS, various sensitivities
available), and are connected to the waterproof housings with a Sea Con bulkhead
connector (Sea Con, El Cajon, CA). Various deployment options have been used and
are generally customized by the user to suit the environmental conditions. Figures
A2.4 and A2.5 illustrate the moorings used in the 2008 and 2009 deployments from
this study (see Dudzinski et al,. 2011).
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Figure A2.2. DSG recorder components (2008 model) showing PVC housing, battery
pack, DSG board and hydrophone.
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Figure A2.3. DSG recorder components (2009 model) showing PVC housing, battery
pack, DSG board and hydrophone. New model DSGs are similar to this design.

341

Figure A2.4: Mooring arrangement of 2008 deployment.

Figure A2.5: Mooring arrangement of 2009 – 2010 deployment.
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APPENDIX 3: AUTOMATIC DETECTION ALGORITHMS

With autonomous acoustic recording technology becoming more accessible,
and as battery technology and compact data storage improve, studies involving
passive acoustic data are becoming more common in the scientific literature. The
dramatic increase in data storage (along with the concurrent decrease in price per
unit storage) is also leading to increased amounts of data being recorded (e.g.,
increased duty cycles, increased deployment duration). Therefore, researchers using
passive acoustic monitoring are faced with increasing amounts of data to analyze,
and hence an increasing need for the development of effective automatic detection
algorithms. This is currently an active area of research (e.g., Halkias and Ellis,
2006; Mellinger and Clark, 2006; Mellinger et al., 2011; Zimmer, 2011).
During this dissertation research, various detection algorithms were designed
by the author, Carrie Wall, and David Mann. This appendix is a summary of the
major attempts to develop detection algorithms for dolphin sounds. All algorithms
were MATLAB based (Mathworks, Inc., Natick, MA) and used the Signal Processing
Toolbox and / or the Image Processing Toolbox. For all the algorithms described
here, months of iterative testing were conducted on a variety of test data sets. This
appendix only includes the most successful (or otherwise noteworthy) testing results
for each algorithm. Unless otherwise stated, all programming and testing were
conducted by the author.
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DPASS
DPASS (Dolphin Passive Acoustic Surveillance System) was written by David
Mann, and was tested by the author (Simard and Mann, 2007). Further testing was
conducted as a computer science undergraduate thesis (Widener, 2008).

This

program was primarily used as a whistle detector; however, an echolocation detector
was also available but was not tested. DPASS was a GUI (graphical user interface)
based program allowing users to easily modify parameters to optimize detection
performance. Steps in the detection algorithm are outlined in Figure A3.1.

Raw signal

Band pass filter

Short-time FFT series

Peak frequency tracking

Threshold values for frequency change
and duration of signal to identify whistles
Figure A3.1: Processing steps in the DPASS whistle detection algorithm.

Initial testing was conducted on 50 high signal to noise ratio (SNR) whistles
(presumably from common bottlenose dolphins, Tursiops truncatus) and 100 noise
files recorded in New Pass, Sarasota Bay, FL. Testing resulted in high correct
classification rates (95.8% of files correctly classified, Table A3.1).

Table A3.1: DPASS testing results for 50 files with high SNR whistles and 100 files
with whistles absent (results from Simard and Mann, 2007).
Detection
No detection
Whistles present
46/50 (92.0%)
4/50 (8.0%)
Whistles absent
2/100 (2.0%)
98/100 (98.0%)
Overall correct classification rate: 144/150 (96.0%)
Proportion of detected whistles correct: 46/48 (95.8%)
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The false rejections were caused by snapping shrimp (Family Alphaidae)
sounds interrupting the dolphin whistle and the peak frequency tracking. These
interruptions resulted in whistle segments that were too short to be classified
correctly by the algorithm. Unfortunately for our purposes, snapping shrimp are
common in estuaries, bays and shallow shelf waters of the Gulf of Mexico (Erdman
and Blake 1987; Fonseca et al., 1996) and their clicks are a ubiquitous feature of the
underwater soundscape (personal observation). Additional false detections were
caused by whistles with unusual time or frequency characteristics (e.g., unusually
short whistles). False detections were caused by boat noise, where narrow-band
harmonics would mimic dolphin whistles, and narrow-band electrical interference.
Using the parameters from Simard and Mann (2007), DPASS was used on a
more realistic data set in a study comparing the efficacy of dolphin detection with
visual surveys and with acoustic recording (Simard et al., 2007). This data set was
11 hours 38 minutes in length, with 345 files with no whistles and two with whistles
(determined by manual browsing spectrograms). Using this more realistic data set,
with whistles both uncommon and with a low SNR, DPASS was unable to detect
either whistle and the correct classification rate was low (51.2%; Table A3.2).

Table A3.2: DPASS testing results for two files with low SNR whistles and 345 files
with no whistles (results from Simard et al., 2007).
Detection
No detection
Whistles present
0/2 (0.0%)
2/2 (100.0%)
Whistles absent
167/345 (48.4%)
178/345 (51.6%)
Overall correct classification rate: 178/347 (51.2%)
Proportion of detected whistles correct: 0/167 (0.0%)
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The false rejections were explained by the very low SNR of the whistles.
False detections were generally caused by boat noise, while some were caused by
narrow-band electrical noise. However, some false detections were not easily
explained upon inspection of the files.

Pulses Detect
Pulses detect was a basic energy detector algorithm used to detect
echolocation and burst-pulsed sounds. This program was a modified version of the
algorithm written to perform bottlenose dolphin echolocation analysis (Simard et al.,
2010; Chapter 2) and the analysis of white-beaked dolphin (Lagenorhynchus
albirostris) burst pulses (Simard et al., 2008).

Raw signal

Tukey windowing function

High pass filter

Rectification

Low pass filter

Energy detector (with RMS*constant) threshold
to identify echolocation
Figure A3.2: Processing steps in Pulses Detect echolocation detection algorithm. RMS
= Root mean square.

This algorithm was tested on a test data set containing 209 files with
echolocation (likely from bottlenose dolphins or Atlantic spotted dolphins, Stenella
frontalis) and 1,747 files with no echolocation recorded during the 2008 DSG
deployment (see Chapters 4 - 6). The most successful results of this testing resulted
in a correct classification rate of 74.6% (Table A3.3).
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Table A3.3: Pulses Detect testing results for 209 files with echolocation and 1,747
files with no echolocation
Detection
No detection
Echolocation present
164/209 (78.5%)
45/209 (21.5%)
Echolocation absent
452/1,747 (25.9%)
1295/1,747 (74.1%)
Overall correct classification rate: 1,156/1,956 (74.6%)
Proportion of detected echolocation correct: 43/677 (26.6%)

False detections were mostly due to the presence of snapping shrimp clicks,
which the algorithm was not able to differentiate from echolocation. In files with
little or no snapping shrimp noise, the performance of this algorithm improved. The
performance of this algorithm was also hampered by the relatively low sample rate
of the recordings (50 kHz) and the nature of the low pass filter of the recorder (3pole low-pass filter at 30 kHz, therefore there was some intentional aliasing of higher
frequency energy into lower frequencies). Thus echolocation clicks frequently
appeared to be high amplitude at low frequencies (< 5 kHz). If used in areas
without snapping shrimp and with higher frequencies being analyzed, this algorithm
would likely be effective (as it has proven to be in other situations, e.g., Carstensen
et al., 2006).

Pulses CV
This echolocation detection algorithm was built on the basic Pulses Detect
model (energy detector) with addition of adding time domain statistical components
to attempt to differentiate echolocation from broadband noise. The pulse rate of
echolocation is non-random, tending to slowly increase or decrease with time, while
snapping shrimp clicks are stochastic in nature. Therefore, low variance (low
coefficient of variance [CV]) of energy peaks were used to identify echolocation
trains.
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Raw signal

Tukey windowing function

High pass filter

Rectification

Low pass filter

Energy detector (RMS*constant)

time series divided into segments

coefficient of variation of inter-pulse interval
determined for segments

threshold CV used to distinguish
echolocation from noise
Figure A3.3: Processing steps in Pulses CV echolocation detection algorithm.

Table A3.4: Pulses CV testing results for 252 files with echolocation and 13,106 files
with no echolocation.
Detection
No detection
Echolocation present
35/252 (13.9%)
217/252 (86.1%)
Echolocation absent
51/13,106 (0.4%)
13,055/13,106 (99.6%)
Overall correct classification rate: 13,090/13,358 (98.0%)
Proportion of detected whistles correct: 35/86 (40.7%)

The results for the Pulses CV algorithm were encouraging, with the highest
overall correct detection rate of any algorithm developed in this study (98%).
However, the sparse nature of the data set in this study, the echolocation detection
component was inadequate as the false detections still outnumbered the correct
detections.
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Echo Spec Detect / Image Detect
The Algorithm Echo Spec Detect was developed to detect echolocation in the
frequency domain, taking advantage of differences in the frequency content between
echolocation and snapping shrimp clicks. This algorithm was also the first to be
developed in the Sigchain program (Loggerhead Instruments, Sarasota, FL).
Sigchain is a GUI which allows users to build signal analysis chains of MATLAB
functions. The steps of the Echo Spec Detect algorithm are summarized in Figure
A3.4.

Raw signal

Short-time FFT (Fast Fourier Transform) function

mean amplitude determination
for two frequency bands

threshold value for difference between bands

division of time series into bins

threshold value (# bins) for echolocation detection
Figure A3.4: Processing steps in Echo Spec Detect echolocation detection algorithm.

This algorithm was tested on the same test set used for Pulses Detect (209
files with echolocation, 1,747 files with ambient noise). Results of the testing are
found in Table A3.5. The algorithm performed poorly, with an overall correct
classification rate of only 59.1%. The low performance of this algorithm for
echolocation detection was likely due to the low sample rate and the nature of the
low pass filter on the DSG recordings as described above.
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Table A3.5: Echo Spec Detect testing results for 209 files with echolocation present
and 1,747 files with echolocation absent.
Detection
No detection
Echolocation present
43/209 (20.6%)
166/209 (79.4%)
Echolocation absent
634/1,747 (36.3%)
1,113/1,747 (63.7%)
Overall correct classification rate: 1,156/1,956 (59.1%)
Proportion of detected echolocation correct: 43/677 (6.4%)

Image Detect was a slightly modified version of Echo Spec Detect which was
designed to detect whistles. The basic steps of the algorithm are the same as shown
in Figure A3.4. To test this algorithm, a test set of 70 whistles recorded during the
2008 DSG deployment was used, along with the 1747 ambient noise recordings used
in the testing of Pulses Detect and Echo Spec Detect. The final results of this testing
are found in Table A3.6.

Table A3.6: Image Detect testing results for 70 files with whistles present and 1,747
files with whistles absent.
Detection
No detection
Whistle present
31/70 (44.3%)
39/70 (55.7%)
Whistle absent
280/1,747 (16.0%)
1467/1,747 (84.0%)
Overall correct classification rate: 1,498/1,817 (82.4%)
Proportion of detected whistles correct: 31/311 (10.0%)

This algorithm was more promising for whistle detection than for echolocation
detection, with an overall correct classification rate of 82.4%. When files with false
detections and false rejections were inspected for both Echo Spec and Image Spec
Detect, there were few salient features indicating which acoustic features were
problematic.

While DPASS and Pulses Detect (and later algorithms) had graphics to

indicate what features were being identified as signals (e.g., peak frequency plot in
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DPASS, red dots on waveform for Pulses Detect), Echo Spec and Image Spec Detect
did not as they simply operated on mean values frequency ranges.

Cancan
The Cancan algorithm was developed by Carrie Wall as a whistle detector
based on the principles of edge detection. This Sigchain based algorithm was
modified and tested by the author. Figure A3.5 summarizes the steps in the Cancan
algorithm.

Raw signal

conversion to image file

noise reduction

Sobel edge detection (potential whistles)

threshold values for frequency and time
parameters to form “bounding box”

bounding box applied to potential whistles

RMS of potential whistle inside bounding box compared to SNR
outside bounding box

Threshold value used to identify whistles
Figure A3.5: Processing steps in the Cancan whistle detection algorithm.

The Cancan algorithm was tested on a test data set of 70 whistles (likely
bottlenose and Atlantic spotted dolphins, from the 2008 DSG deployment) and 747
files with no whistles (also from the 2008 DSG deployment), as well as all the files
from a 2008 DSG (12 files with whistles, 1,821 files with no whistles). The results of
these tests are found in Table A3.7 and A3.8, respectively.
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Table A3.7: Cancan testing results for 70 files with whistles present and 747 files
with whistles absent.
Detection
No detection
Whistle present
22/70 (31.4%)
48/70 (68.6%)
Whistle absent
128/747 (17.1%)
619/747 (82.9%)
Overall correct classification rate: 641/817 (78%)
Proportion of detected whistles correct 22/150: (14.6%)

Table A3.8: Cancan testing results for 12 files with whistles and 1,821 files with no
whistles.
Detection
No detection
Whistle present
4/12 (30.0%)
8/12 (60.0%)
Whistle absent
430/1,821 (23.6%)
1,391/1,821 (73.7%)
Overall correct classification rate: 1,395/1,833 (76%)
Proportion of detected whistles correct: 4/434 (0.009%)

Overall correct classification rates were promising for Cancan (78% and
76%). However, given the sparse nature of signals (dolphin sounds) on the West
Florida Shelf, the whistle classification component was far from adequate. For
example, in the test on the entire DSG, the number of false detections (i.e., whistles
detected when none were present) outnumbered the number of correct detections,
making the identification of spatial or temporal signals impossible.

Conclusion
No automatic detection algorithms for whistles or echolocation were
developed that adequately met the needs of this study. While algorithms could be
designed to work well with one set of data, applying the algorithm to a different data
set (e.g., data from a different recorder with different background noise) resulted in
poor performance. Several factors were involved, including low SNR signals, highly
variable signals (especially whistles), highly variable noise types between recorders,
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low sample rate recordings (for echolocation), and aliasing (a problem for
echolocation).
The use of large, realistic data sets in the testing of automatic detection
algorithms was found to be paramount. For example, the initial testing of DPASS
indicated a highly successful algorithm (Table A3.1); however, the algorithm
performed poorly when applied to a somewhat larger data set with lower SNR
whistles (Table A3.2). All algorithms tested here were initially developed and tested
using small numbers of high quality signal files, but were then tested on increasingly
large sets of test files in order to fine tune the algorithm parameters.
Ambient noise is a limiting factor to automatic detection. For example, the
Gulf of Mexico has a great deal of noise from snapping shrimp and boat traffic. Noise
was also encountered from electrical interference and mooring equipment (e.g.,
chain or rope rubbing on housing). Although algorithms could be tailored for the
noise floor in a given set of files, noise can vary between locations and over time.
Therefore, detection algorithms were often not able to be applied to different data
sets.
Although a sharp (high-pole) anti-aliasing filter was not used in the DSG
recordings in order to increase the probability of echolocation being detected despite
using a low sample rate, the loss of natural structure in the frequency content of the
echolocation clicks proved problematic. Several echolocation detection algorithms
performed well when tested on boat based recordings from systems with an antialiasing filter (e.g., the recordings used in Simard et al., 2010 and Chapter 2).
However, with the DSG recordings, the algorithms failed to perform well because of
the large amount of aliased energy folding into low frequency ranges. Whistles
presented their own problem, as they are highly variable both time and frequency
characteristics. For example, in order to decrease false detections in Cancan the
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minimum time duration would be increased, leading to shorter whistles being
missed.
Finally, when dealing with autonomous recordings, the need for highly
accuracy detection algorithms is very important. Dolphin sounds can be very sparse.
For example, in this study only 7.5% of recordings had dolphin sounds (10,140
detections in 134,922 files, files 6 seconds – 11 seconds long). Even low levels of
false rejection can make potential patterns in time and space impossible to see. In
addition, given the high numbers of files with no dolphin sounds, even low levels of
false detections can produce numbers over time that are larger than the true signal
(e.g., Table A3.7). However, a combined approach may be the solution to the
massive amounts of data produced by modern acoustic monitoring projects. For
example, an algorithm which performs well in correct detections but has high levels
false positives could be used for initial analysis, leaving a much smaller data set
which requires manual identification.
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